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Starting from high quality oxygen deficient BaSnOg films we have monitored the evolution of their electrical
conducting and photoconducting properties after subsequent post-thermal annealing in oxygen. In this way,
we have been able to modify the electrical conductivity of the film by at least three orders of magnitude (from
18.2 to 0.013Q ! m~1!) by simply reducing the oxygen vacancies concentration after each thermal annealing.
Even though the film holds its semiconducting-like behavior, we have observed a modification of the hopping
parameters concomitant with a decrease of the Fermi energy level as the electrical conductivity is reduced.
Similarly, the effective energy gap extracted from photoconductance spectroscopy measurements decreases as
the Fermi energy level decreases suggesting the presence of in-gap states generated by oxygen vacancies. A
direct energy bulk gap value of (3.84+0.1) eV was obtained. While the photoconductivity increases from ~ 4.6
to 73 % its slow time constants become less dominant as the electrical conductivity is decreased in accordance

with a reduction of the oxygen vacancies density which play a key role as electron-traps.

PACS numbers: 72.40.+w, 72.20.Jv

BaSnOg is a transparent wide band gap semiconduc-
tor that has attracted the attention in the last years
as a possible alternative to transparent conductive ox-
ides (TCO’s) based on Indium (i.e. Indium Tin Oxide),
which is a rather scarce material’>. This route of re-
search has been triggered by successful efforts to fabricate
high quality BaSnOj films3®. One of the most relevant
properties of this material is the high electronic mobil-
ity that it can reach when it is doped with Lanthanum
or Antimony®%6 which is a key parameter for the devel-
opment of field effect transistors®7°. Another remark-
able feature of BaSnOj5 resides in its oxygen stability. In
that regard, there is a growing number of related studies
which are based on oxygen deficient films where the oxy-
gen vacancies play an important role'® 4. An intriguing
question that arises is if these intrinsic defects can serve
as electron dopants in this system'5 7 and more impor-
tantly, if there is a simple and reliable method to con-
trol these oxygen vacancies. In that regard, it is known
that the study of photoconducting properties in metal
transition oxides is not only appealing for optoelectronic
applications? but it can also provide information about
the role of these defects as trapping centers!® 22,

The present work offers a simple approach to tackle
these questions. Starting from oxygen deficient BaSnOj3
films we have performed a sequence of post-thermal an-
nealing in oxygen in order to reduce the concentration
of these defects and to decrease in this way the doping
of the films. After each thermal annealing, the electrical
conductivity properties have been measured detecting a
behavior that is in accordance with a decrease of the
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Fermi energy level and the doping. In addition, a tracing
of the photoconducting properties shows a reduction of
the effective energy gap as the Fermi energy level is de-
creased suggesting the presence of in-gap states generated
by oxygen vacancies which also act as electron traps.

BaSnOgj films were grown by pulsed laser deposition
(PLD) on (001) SrTiO3 (STO) substrates (dimensions:
5 x 5 x 0.5 mm?) at 700°C with an oxygen pressure of
20 mTorr using a Nd:YAG laser operated at a wavelength
of 266 nm?? with an energy density of 1.8 Jcm™2, a repe-
tition rate of 10 Hz and a deposition rate of 0.06 nms~!.
X-ray diffraction patterns using CuKa (A = 1.5406 A)
show that the fabricated films grew epitaxially in the
[001] direction with cubic structure, see 6-26 scan of
Fig. 1a. The resulting out-of plane lattice parameter is
a = 4.19 A which is slightly longer compared to the ones
reported for BaSnO3 single crystals (a = 4.116 A)'424
due to an in-plane compressive strain in the film in order
to match a smaller STO lattice parameter (a = 3.91 A),
as it was previously reported® ®'4. An w-scan around the
(002) reflection of BaSnOj3 (see inset of Fig. 1a) shows a
sharp peak with a full width at half maximum (FWHM)
of ~ 0.2° confirming the high texture of the fabricated
films. Low angle 6-26 scans (see Fig. 1b) show the pres-
ence of Kiessig fringes?® which indicate that the resulting
films grew with a very low surface roughness and a uni-
form thickness. From this latter curve a film thickness
value of d ~ 130nm was estimated. Electrical conduc-
tivity and photoconductivity measurements details were
described elsewhere?™23. In particular, for the photo-
conductivity measurements a standard cryostat equipped
with an optical window and a 1000 W Xe lamp plus a
monochromator has been employed?®. The wavelength
can be varied from 200 to 800 nm with a flux density of



~ 10 uW cm~2 in the UV range.

A sequence of post-thermal annealing in oxygen at
500°C with Pp, = 10 Torr and a minimum step time of
30 min were performed in the as-grown oxygen deficient
film. After each thermal annealing the electrical conduc-
tivity in dark, og44k, and the photoconducting proper-
ties of the sample were measured. Fig. lc shows how
Odark Of the film at room temperature decreases as the
accumulated annealing time increases indicating a reduc-
tion of the oxygen vacancies concentration in the BaSnOjg
film and hence of its carrier density' 1315 This curve
can be well fitted using an exponential function with a
time constant of 7 = 1590s and from this value the oxy-
gen diffusion constant for BaSnO3 can be obtained via?”
Do = d?/m?1 giving a value of 1 x 10~ cm? 571,

The temperature dependence of o4, in the film (in
a range from 35K to 300 K) was investigated after each
thermal annealing, see Fig. 2a. As it can be observed, all
the curves exhibit a semiconducting-like behavior becom-
ing more insulating as the accumulated annealing time in
oxygen increases. After a careful analysis evaluating dif-
ferent electrical conduction models we have found that
the best expression that fits the T-dependent conductiv-
ity curves of Fig. 2a is2®29:
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where €; represents the energy required to promote an
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FIG. 1. (a) Typical 0 — 20 X-ray scan of the BaSnOg3 film.
The step like feature observed at 26 ~ 44.6° is due to the K
absorption edge of the Ni filter, which reduces the intensity of
X-rays with wavelength shorter than 0.14879nm. The inset
shows an w-scan around the (002) peak of the film. (b) Low-
angle 0 —260 scan on the film displaying typical Kiessig fringes.
(¢) 0dark at room T (normalized by the conductivity of the as-
grown film, ¢3,,) as a function of the accumulated annealing
time.

electron from the Fermi energy level, Er, (in the proxim-
ities of a defect like an oxygen vacancy) to the conduction
band, CB, see sketch of Fig. 2a. In the case of €3, which
is defined as the activation energy for hopping, its in-
terpretation has been a subject of intense debate in the
last decades?®32. Tt has been interpreted as the effective
energy width of the impurity band?® but also as the en-
ergy needed to promote an electron from Er to a defect
where the density of defect states g(E) is maximum?,
see sketch of Fig. 2a. From these fits, the dependence
of €1 and €3 with 044, at room T can be extracted, see
inset of Fig. 2b. As it is expected, €; is higher than €3
in less than one order of magnitude?®32. Besides, both
parameters decrease as 044k INCreases, suggesting an in-
crease of the Fermi level which in turn approaches to the
conduction band minimum, E¢, reducing in this way the
energy required to promote an electron to it, that is €q,
see sketch of Fig. 2a. On the other hand, it is known that
the energy difference E — Er can be expressed as>3:

FEc — Ep ~ ]{BT].D(NC eﬂ/adark) (2)

where N, is the CB effective density of states (N, =
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FIG. 2. (a) Temperature dependence of o4qrk recorded after
each thermal annealing. Some of the fittings using Eq. (1) are
also shown (black curves). The inset shows a sketch of the
energy diagram in the proximities of the CB. (b) Extracted
hopping parameters as a function of ggqrr at room T (inset)
and kT In(Nc ep/0dark) (main panel). The empty symbols
correspond to the hopping parameters for the as-grown film.
The lines are guide to eyes.



8.96 x 1018 cm~3 for BaSnO3) and p is the electronic mo-
bility (1 ~ 0.9cm? V~1s71 extracted from Hall effect
measurements on the as-grown film) which is assumed
constant. From the previous discussion, if in the plot
presented in the inset of Fig. 2b the abscissa is rewritten
using Eq. (2) evaluated at room T, a nearly one-to-one
linear relation between €; and Eq. (2) is obtained, see
main panel of Fig. 2b. More surprisingly, a linear rela-
tion with a similar slope is also obtained for €3, see main
panel of Fig. 2b. These results are in agreement with the
predicted relation?®: €¢; ~ Ey+e3 (where Ej is the differ-
ence between F¢ and the energy where g(E) peaks, see
sketch of Fig. 2a) and also with the interpretation that
a decrease of Ec — Er due to an increase of both o4,
and Er will lead to a reduced ez, see sketch of Fig. 2a.

Photoconductance spectroscopy measurements at
room T were performed in the film after each thermal
annealing, typical spectrum is shown in Fig. 3a. In a
first approximation, the photoconductivity, PC, (defined
as PC = (0 — 0dark)/0dark) can be assumed to be pro-
portional to the optical absorption coefficient in the prox-
imities of the onset??. In addition, since BaSnOs has a
direct energy bulk gap811:15:34-40, Eg“”“, the effective en-
ergy gap, Fg, can be extracted assuming that the rela-
tion PC? o« E — E¢ holds in a certain range of energies,
see Fig. 3a. In contrast to Eg“”“, which represents a band
to band transition, E¢ is an optoelectronic gap defined
as the energy needed to promote a photoelectron from
the valence band, VB, to a state where it can conduct,
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FIG. 3. (a) Typical PC? spectrum and its corresponding lin-
ear fit at room 7" for an accumulated annealing time of 3600 s.
The inset shows the extracted Eg values as a function of o4ari
at room T. (b) Energy diagram sketch. (c) E¢ as a function
of kpT In(Ncep/cdqerr). The inset shows E?;“lk ~ e + Eg
as a function of kT In(N¢ ep/0dark). The lines are guide to
eyes.

see sketch of Fig. 3b. The inset of Fig. 3a shows how the
extracted E¢ increases and then it tends to saturate at
FEq ~ 3.7e¢V when 0441 at room T is increased. Since it
would be expected that Eg increases as both gg.-1r and
Er increase approaching E¢ (see sketch of Fig. 3b) it is
reasonable to plot the curve of the inset of Fig. 3a using
again Eq. (2) as abscissa. The results are summarized in
the main panel of Fig. 3c. As it can be observed, a linear
relation between Eg and Eq. (2) is obtained, confirming
the linear increase of Fg as Fc — Er decreases, see sketch
of Fig. 3b. According to this and taking into account that
€1 ~ Ec—FEp, the relation Eg“”“ ~ ¢1+FEqg should be sat-
isfied for all o441 values with the same value of Eg“”“ ,
see sketch of Fig. 3b. Using the ¢; and Eg values of
Fig. 2b and Fig. 3c respectively we have obtained a con-
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FIG. 4. (a) PC as a function of time under UV illumina-
tion at room 7. Each curve was recorded after each thermal
annealing. The employed incident light energy was close to
E¢. The corresponding fittings using Eq. (3) are also shown
(black curves). Extracted PC saturation values (b) and time
constants (c) as a function of ogerr at room 7. (d) odark
dependence of @y (black squares, left axis) and Az/A; (blue
circles, right axis). A fit using Eq. (5) is also shown (red
curve). The empty symbols correspond to the parameters for
the as-grown film.



stant EZ* value of (3.840.1) eV, see inset of Fig. 3c. The
wide dispersion in the literature values of E%“*  which
range between ~ 3.1 and 4.0eV611:15:34740 'ymay he due
to the fact that actually Fg is being reported.

This picture implies the presence of a high density of
defect states (i.e. due to oxygen vacancies) or an hy-
bridization between these states and the CB resulting
in a band tail within the band gap*'*?, see sketch of
Fig. 3b. The latter scenario has already been proposed
in BaSnO3®.

Time dependent photoconductivity measurements at
room T were carried out in the film after each thermal
annealing, the results being summarized in Fig. 4a. Pho-
toconductivity with values ranging from ~ 4.6 to 73 %
was observed, with a higher PC for lower values of 044k,
see Fig. 4b. The time dependent curves of Fig. 4a can be
well fitted by the sum of two exponential functions!'819:

PC = Yo + A1€7t/7’l + 1426715/7-2 (3)

where 71 and 79 are a fast and slow time constants
respectively. Their resulting values for each 044, value
are summarized in Fig. 4c. As it can be observed, these
time constants do not vary with o44.x. Each exponential
term represents a certain type of carrier trap where the
weight factors A; and A, are related to their correspond-
ing concentration'®. The 044 dependence of the ratio
As/A; is presented in Fig. 4d (blue circles, right axis).
As it can be observed, after a sharp increase at low o447k
values, As/A; slowly tends to a saturation as o4q.k is in-
creased, suggesting that the concentration of traps of the
type 2 grows with ogq.,. Since an increase of ogq.i i re-
lated to a growth of the oxygen vacancies concentration,
the type 2 traps can be associated to these electron trap
defects'™. On the other hand, the behavior observed in
Fig. 4b can be explained using the following phenomeno-
logical expression that relates PC and o gq,12643:

eun®r’

PC =
Odark Al(]. + (Q)/(I)O)n)

(4)

where ® is the photon absorption rate, n is the quan-
tum efficiency and @ is the photon absorption rate when
trap saturation occurs. A and [ are the cross section
and the length of the film respectively. 7’ is the pho-
toelectron carrier lifetime associated with the most effi-
cient type of traps centers. Hence it is plausible to as-
sume that 7/ ~ 7. Taking n = 0.7 and assuming that
N~ 12643 the 0gqr dependence of @y can be extracted
(black squares, left axis of Fig. 4d). At first glance, ®q
follows a similar dependence to that of As/A; which is
a logical result considering that ®q is related to a trap
concentration associated to the slow time response 7.
The dependence observed in Fig. 4d involves not only
the growth of oxygen vacancies concentration as ogqri 1S
increased but also the loss of efficiency of these electron
traps as they become occupied as 044, increases and Fr

approaches E¢, see sketch of Fig. 3b. From these argu-
ments, we propose that the concentration of these empty

traps is proportional to féﬂf 9(E,04ark)dE with a den-
sity of defect states g(FE,04qri) that grows with ogark.
That is: g(E,0dqark) =~ N(0dark) G(E) with N(cgark) =
ozagmk, where a and § are fitting parameters. Evalu-
ating the latter integral we get: fEEFC 9(E,04qrk)dE =
N(04ark)(G(Ec) — G(EF)) where G(E) is the primitive
function of G(E). Performing a Taylor series expansion
of G(Er) at Ec and keeping the first order terms we

. E
obtain: fEFC 9(E, 04qri)dE = aogmkG(Ec)(EC — Ep).
Finally, using Eq. (2), the latter integral can be written
as:

Ec
As /Ay ~ / g(E)dE = a3 O'gm,k In(N.ep/ogark) (5)
Er

where oy = akpT G(E¢). As it can be observed, the
data of Fig. 4d can be well fitted using Eq. (5) with a g8
value of 0.4 supporting in this way the proposed scenario.

In summary, the electrical conducting and photocon-
ducting properties of oxygen deficient BaSnOj3 films have
been gradually monitored as subsequent post-thermal
annealing in oxygen have been performed. The incre-
ment of the hopping parameters and the reduction of
the F¢ values as the film is oxygenated responds to a
reduction of EFr and of the donor doping with oxygen
vacancies. These defects also play a relevant role as
electron traps in the observed photoconductivity.
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