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Photoresistivity and its spectral response has been systematically studied in oxygen deficient

SrTiOs single crystals for a wide range of resistivities, p, and carrier densities, n.

At room-

temperature we have found a persistent photoresistance that gradually decreases as p is diminished
or n is increased in addition to relaxation times of seconds to a few minutes suggesting that trap-
ping of carriers is playing a major role. An analysis of the photoresistance excitation spectra shows
two distinctive features that are related to the indirect gap of SrTiOs at (3.25 £ 0.04) eV and to a
direct transition at (3.40 + 0.03) eV. The photoresistive crystals present a temperature dependent
resisitivity under illumination that experiences a metal-insulator transition below 7" ~ 85 K. Low-
temperature photoresistance spectrum reveals as a suitable technique to understand the origin of
this transition, pointing to an enhanced efficiency of the ~ 3.25eV gap to promote electrons to the

bottom of the conduction band.

SrTiO3 (STO) is the building block for many of the
functional oxide thin films grown nowadays and a suitable
platform for the development of oxide-based electronics
[1, 2]. It is well established that STO is a band gap in-
sulator with an indirect gap of 3.2 — 3.27 eV [3, 4] but it
also experiences direct transitions like the X — X3 at
3.46eV observed in optical absorption experiments [4].
Although during the 60’s this material was studied by
several groups, in the last decade there has been a re-
newed interest on STO due to the discovery of a high
mobility 2D electron gas at the interface of the bilayer
LaAlO3/SrTiOg [5-7] in which photoresistivity has been
reported [8, 9]. Photoresistivity on bulk STO is known
since the pioneering work of Yasunaga et al. [10] but not
enough attention has been paid to it up to the recent
work of Tarun et al.[11]. These authors have remarkably
found photoresistivity with a permanent effect in Stron-
tium enriched STO single crystals where the generated
Ti vacancies seem to play an important role on this ef-
fect [11]. Even though permanent photoresistance is an
appealing ingredient for information storage devices it
might be not required in the design of optoelectronic de-
vices where photoresistivity with faster relaxation times
is needed [12].

Sr'TiO3 can be easily doped with electrons by means
of oxygen vacancies generation [13] produced with a sim-
ple thermal annealing in vacuum. In this way, carrier
density, n, can be increased in several orders of mag-
nitude, filling the first band of STO and reaching the
metallic state [14]. This powerful and simple procedure
led, for example, to the discovery of superconductivity
on STO for n > 5.5 x 10! cm™ below 86 mK [15, 16].
Following this technique and knowing the relevance that
oxygen vacancy defect-levels inside the gap can have in
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the optical and optoelectronic properties of oxide semi-
conductors [17, 18], we present a systematic photore-
sistance study on several thermal annealed SrTiOg3 sin-
gle crystals with different room-temperature resistivities
and carrier concentrations ranging from 1.7 x 10 Q cm to
1.5Qcm and n < 10" em™3 to 1.4 x 10'® cm ™3 respec-
tively. At room temperature we have found persistent
photoresistance with a value of ~ 33% for the crystal with
1.7 x 103 Qcm, and it gradually decreases as resistivity
is diminished and carrier concentration increased, up to
become negligible in the low resistive metallic state. In
addition, the temporal response of seconds to a few min-
utes has been explained in terms of deep-level traps gen-
erated by Ti-O vacancy pairs. The photoresistance exci-
tation spectrum reveals a fingerprint of the indirect gap
at ~ 3.25eV but also of a direct transition at ~ 3.40eV.
To conclude, a metal-insulator transition induced by light
has been observed in the temperature dependent resistiv-
ity at T'~ 85K, linked to an improvement of the photo-
electron generation of the ~ 3.25eV gap, as confirmed
by low-temperature photoresistance spectra.

For this study, commercial (100) SrTiOgs single crys-
tals like those used in previous studies [19, 20] were an-
nealed at a fixed temperature between 550 and 800°C
during 30 min at 10~7 Torr in order to produce a n-type
doping on these crystals [16, 20]. Oxygen diffusion co-
efficients [21-23] of D ~ 107°-107%cm?s~! warranty a
reduction in the whole volume (2.5 mm x 2.5 mm x 0.5
mm) of the STO single crystals. Ohmic contacts with
linear and symmetric I — V' curves were achieved by
using sputtered Au pads on the STO crystals. Resis-
tivity and Hall effect measurements were performed in
a current source-nanovoltmeter configuration while for
high resistivity measurements (above 10°Qcm) a volt-
age source-ammeter configuration was more appropriate.
In the latter case, an excitation voltage of 5 V was used
and the electrical current was measured with a resolu-
tion of ~ 0.5nA. Measurements were carried out in a



standard cryostat equipped with an optical window, a
1000 W Xe lamp plus a monochromator (applied inci-
dent light from 200 to 800 nm with an estimated flux
density of ~ 10mW cm~2) and an electromagnet (mag-
netic fields up to 0.85 T).

At room-temperature, the typical behavior of the
time dependent photoresistivity (defined as PR = (p —
Pdark)/Pdark)) 18 presented in Figure 1 for three crystals
with different resistivities in the dark (without illumina-
tion), pdark. As it can be noticed, the photoresistance is
higher for the samples with higher resistivities, reaching
a value of 33% for the crystal with pgare = 1.7x10% Qcm.
Table I summarizes the properties at room-temperature
of the different STO crystals studied in this work and it
confirms that photoresistance starts to decrease when n
is increased (and p is diminished) up to become negligi-
ble within our experimental uncertainty for samples deep
into the metallic state [14].

The decrease of photoresistance when the carrier den-
sity is increased can be explained assuming that the
photocurrent PC' = AI/Ij is proportional to An/ng,
where ng is the carrier density without illumination and
An is the variation of carrier density due to the illu-
mination. The ratio of PC’s between the sample with
ng = 4 x 10" cm ™3 and the one with ng = 1 x 102 cm™3
under the mentioned hypothesis and assuming that An
is the same for both samples, gives a calculated value of
2.5, which is not far from ~ 4 obtained directly from
the experimental PC values of these samples (PC ~
7.6 x 1073 for the crystal with ng = 4 x 10" cm ™3 and
PC ~ 1.77 x 1073 for the one with ng =1 x 102 cm™3).

The photocurrent growth and decay curves at room-
temperature are shown in Fig. 2a and Fig. 2b respec-

tively. While the main panels of Fig. 2a and Fig. 2b
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FIG. 1. Photoresistivity (defined as (p — pdark)/Pdark) as

a function of the time for the sample with pgerr = 1.7 X
108 Qcm at T = 298 K. The applied incident wavelength was
A = 365nm (~ 3.40eV). The inset shows the corresponding
photoresistance for the samples with pgare = 1.8 x 106 Qcm
(black squares) and pgark = 8 x 10° Qcm (green triangles).

present the data for the sample labeled as S1, the respec-
tive insets show the curves corresponding to the crystal
S2. At first glance, it can be noticed that higher values
of relaxation times are obtained for crystals with higher
photocurrents, which is in agreement with the propor-
tionality between photocurrent and relaxation time in a
photoresistive semiconductor [24]. Several trial functions
like a stretch exponential [9] or a power-law decay [24, 25]
have been tested to fit our curves without satisfactory re-
sults in all the measured range, but our data can be well
described by two characteristic relaxation times whose
values are estimated fitting a sum of two exponentials
[24, 26-28], see Fig. 2. The resulting relaxation times
are 71 ~ 60s and 75 ~ 1100s for the sample S1 and
71 ~ 10s and 75 =~ 200s for sample S2. In the case of the
STO crystal labeled as S3 the fitting gives 71 ~ 3s and
7o =~ 40s, hence the ratio 7o/7; remains approximately
the same for all the crystals that present photoresistance.

It is well established that these relaxation times of sec-
onds to a few minutes implies that trapping centers are
playing an important role in the photocurrent decaying
curves [24]. The location of these level-defects relative to
the minimum of the conduction band can be estimated by
E; ~ kp.T.In(v.7). Using the obtained relaxation times
and an attempt to escape frequency of v ~ 5 x 1012571
[24] it gives Ey ~ 0.76 — 0.9 eV below the bottom of the
conduction band. Some theoretical works [18, 29] pro-
pose that these deep-levels are originated by oxygen va-
cancies, Vp, resulting from the hybridization of Ti 3d and
O 2p states and experimental evidence of mid-gap states
at ~ 1eV below the minimum of the conduction band has
been found by means of x-ray absorbtion spectroscopy
(XAS) [30] and soft x-ray resonant photoemission spec-
troscopy (PES) [31]. On the other side, according to the-
oretical calculations [32], a more complex defect based
on a Ti-O vacancy pair, Vp;_o, which has a very low for-
mation energy in reduced STO crystals can also generate
deep-levels which are very efficient as carrier-trapping as

TABLE I. Room temperature (T' = 298K) properties of
the annealed STO single crystals studied in this work. The
first column presents the resistivity values of the different
crystals (without illumination), the second column shows
the corresponding carrier densities (without illumination) ex-
tracted from the Hall effect measurements and the third
one the corresponding percent photoresistivity, defined as
(P - pdar'k) X 100/pdark-

Pdark [Qcm] no [cm™?] PR [%] Sample
1.7 x 108 <1x10% 33.0 S1
1.8 x 10° 4 x 10% 0.8 S2
8.0 x 10° 1 x 10'2 0.1 S3
96.4 2 x 10 a S4
10.6 1 x 10Y7 a S5
1.5 1.4 x 108 2 S6

2 Photoresistivity was not observed.



confirmed by positron-annihilation spectroscopy (PAS)
studies on STO [11, 33]. Furthermore, it should be con-
sidered that STO single crystals contain iron impuri-
ties and several experiments corroborate the presence of
deep-levels generated by a Fe-Vp complex [34, 35]. From
the above discussion, pre-established Vr; or defects pro-
duce efficient trapping centers when they combine with
a moderate concentration of Vo [11] resulting in higher
relaxation times like in sample S1, see Fig. 2. As Vp
concentration increases exceeding the pre-established Vi,
density, the Vp;_o vacancy pairs traps with a —2 charge
state are somehow screened by the +2 Vjp, lowering in
this way the trapping effect and the relaxation time for
samples with higher carrier concentration like crystals S2
and S3, see Table I and Fig. 2.
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FIG. 2. a) Time evolution of electrical current, I, (normalized
at its initial value Iy) during the application of an incident
light of A = 365nm for the sample S1 at 7' = 298 K. The
data are well fitted by a two exponential decaying function
(red line). The inset shows the corresponding data and fit for
the sample S2. b) Time dependence of electrical current, I,
(normalized at its initial value Iy) after an applied incident
light of A = 365 nm was removed (sample S1 at T' = 298 K).
Again, the data are well fitted by a two exponential decaying
function (red line). The inset shows the corresponding data
and fit for the sample S2. Other trial functions have been
tested to fit our data without succeed.

On the other hand, in resemblance with other indirect
gap semiconductors [36] in STO one could ascribe the
slow time response, 79, to an indirect gap transition as-
sisted by a phonon [37], while the fast time response, 71,
would be caused by a direct transition. If each one of
these relaxation times are affected by similar time-delay
caused by the same type of deep-level traps, the ratio
79 /71 should have the same value for all the photoresis-
tive crystals which is in agreement with our observations.
That is, while 7 and 75 are still dependent of the trap-
ping process, the ratio 7o/7 is not and it only contains
detailed information about the parameters involved in
the transition probabilities for the indirect and direct
processes [36]. The previous description is supported
by the photoresistance excitation spectrum, depicted in
Fig. 3 at T = 110K for the crystal S3, but its behav-
ior is representative of the other crystals in the range
between T' ~ 85 K and room-temperature. The scanning
speed of the incident light wavelength was 0.1 nms~! but
lower scanning speeds led to the same results. Fig. 3a
shows a sweep from low to higher energies (which we de-
note as L-H scan). At energies below the indirect gap of
STO, the resistivity remains nearly constant due to the
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FIG. 3. a) Resistivity (normalized at its 3.0 eV value) as a
function of the incident light energy for the sample S3 at T =
110 K. The arrow marks the direction of the scan (denoted as
L-H scan). The maximum slope is reached at (3.25+£0.04) eV.
b) Resistivity (normalized at its 3.9 eV value) as a function of
the incident light energy for the same sample at 7' = 110 K.
The arrow marks the direction of the scan (denoted in this
case as H-L scan). A minimum is reached at (3.40 £0.03) eV.



absence of efficient states that can produce a significant
promotion of electrons to the minimum of the conduction
band. When the indirect gap energy is reached, a drop
in the resistivity occurs, whose maximum slope value is
(3.25 £ 0.04) eV. If energy is subsequently increased up
to values above any efficient transition, the recombina-
tion rate starts to dominate, a minimum is reached and
eventually resistivity starts to increase, see Fig. 3a. At
this point, we perform a scan from high to lower ener-
gies (which we denote as H-L scan), see Fig. 3b. As
can be observed, resistivity starts to decrease when en-
ergy is diminished, which is concomitant with the high
energy regime of the previous L-H scan. A minimum
is attained at (3.40 £ 0.03) eV, which is related with a
direct X;» — X3 transition in agreement with optical
absorption experiments [4]. If energy is subsequently de-
creased from this value, the recombination rate starts to
dominate and resistivity increases. In this situation, the
efficiency of the 3.25eV indirect gap to generate photo-
electrons is low enough and it can not avoid this incre-
ment of resistivity. Our results are summarized in the
energy diagram sketch of Fig. 4.

The performance of the resistivity when the temper-
ature is modified has also been explored. Without il-
lumination the crystals that show photoresistance at
T = 298K exhibit a semiconducting-like behavior, in-
creasing resistivity when temperature is diminished, as
can be seen in the inset of Fig. 5a. At temperatures
200KS T < 298K, the curves can be well fitted with
the expression p o e2/¥8T where €5 is the energy dif-
ference between shallow donors levels created by oxy-
gen vacancies, Vp, and the bottom of the conduction
band [38]. For sample S3 a value of g5 ~ 60meV is ob-
tained, while for samples S2 and S1 &5 gives 200 meV
and 300 meV respectively. From this discussion, we as-
sert that an increase in the Vo concentration (which is
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FIG. 4. Sketch of the STO energy diagram. VB and CB
denote the valence and conduction band respectively. A direct
transition of 3.40eV (labeled as 1 and represented by a solid
arrow) between the maximum of the VB and the minimum of
the CB is attained at the X point. An indirect transition of
3.25eV (labeled as 2 and also represented by a solid arrow)

takes place between the maximum of the VB at the point I'
and the minimum of the CB at the X point.
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higher for samples with higher carrier densities) decreases
€9 thereby increasing the closeness of these levels to the
minimum of the conduction band. Considering the cap-
ture cross-section of defects, S = m.r2, and that r can be
expressed in terms of the Coulomb energy E = €?/K.r,
where K is the dielectric constant of STO [24], it is possi-
ble to compare the capture cross-section of these shallow
donor levels, Sy, (with an energy e2 ~ 200 meV for sam-
ple S2) with the one corresponding to the Vr;_o deep-
level traps mentioned above (which have an estimated
energy of E; ~ 0.86eV for sample S2), resulting in a
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FIG. 5. a) Resistivity (normalized at its room-temperature
value) as a function of temperature under the application of
an incident light of A = 365nm. The curves correspond to
the sample S1 (blue circles), S2 (black squares) and S3 (green
triangles). For sample S1, resistivity measurements below
~ 200K are above our instrument range. Inset: Resistivity
(normalized at its room-temperature value) without illumi-
nation as a function of temperature for the STO crystal S1
(blue circles), S2 (black squares) and S3 (green triangles). b)
Resistivity (normalized at its 3.9 eV value) as a function of
the incident light energy for the sample S3 at T' = 31 K. The
arrow marks the direction of the scan (denoted in this case
as H-L scan). The scanning speed of the incident light wave-
length was 0.1nms~'. Instead of a minimum, a plateau is
observed between ~ 3.40eV and ~ 3.25eV. Inset: Photocur-
rent, PC, as a function of the incident light energy for the L-H
scan. The data follows a PC/? dependence with the energy.



ratio Sy, /Svr._, =~ 19. This estimation indicates that
the capture cross-section due to the exceeding Vp's is at
least one order of magnitude higher than the one corre-
sponding to Vp;_o’s confirming that the V’s are able to
screen the V;_o’s decreasing in this way their capabili-
ties as trapping centers as Vi density is increased above
the Vp;,_o concentration.

When illumination is applied, the results are remark-
ably different, see main panel of Fig. ba. A metal-
insulator transition (MIT) induced by light takes place
around 7" ~ 85K for the samples S2 and S3 and it is
more pronounced for the latter crystal. Resistivity mea-
surements in sample S1 below ~ 200K are above our
instrument range. At first sight, this drop of resistiv-
ity can be due to an enhancement of carrier mobility, p,
below the transition temperature, Ths7, or to a sudden
increment of the promoted electrons to the conduction
band when illumination is applied, An. It is known that
carrier mobility in STO increases when temperature is
diminished as p o T727 for T > 150K and it nearly
saturates below that temperature [39-41]. Consequently,
an increment of An below Ty seems to be taken place.
As a first approximation, An is proportional to the ab-
sorption coefficient, hence the photoresistance excitation
spectrum at T' < Tjs; can provide us useful informa-
tion about the origin of this transition. In Fig. 5b a H-L
scan at T = 31 K is presented for sample S3, but simi-
lar curves have been observed for the crystal S2 at that
temperature. Again, we have chosen a scanning speed
below which all the scanning curves are equal within our
experimental resolution. The L-H scans at this temper-
ature are very similar to the ones higher temperatures,
see Fig. 3a, with a maximum slope at (3.25 £ 0.04) eV
confirming in this way that at low temperatures the in-
direct gap is still efficient to produce photoelectrons. If
after this sweep the H-L scan is performed at T' = 31K,
instead of the ~ 3.40eV minimum found in the higher
temperatures H-L scans, a plateau is observed between
(3.40 £0.03) eV and (3.25 £ 0.04) eV, see Fig. 5b. While
the direct transition at ~ 3.40eV still seems to play an
important role in the photoresistivity at low tempera-
tures, it is also evident that the indirect gap has become
a more efficient mechanism to generate photoelectrons at

these temperatures, just compare this H-L scan with the
one at higher temperatures where at ~ 3.25eV the re-
combination rate was dominant and the resistivity was
already increasing, see Fig. 3b.

Since the ~ 3.25eV gap is an indirect one, the trans-
ference of photo-electrons from the top of the valence
band to the bottom of the conduction band is assisted
by a phonon. Several experiments like optical absorption
[4], Raman spectroscopy [42], photoluminescence [17] and
tunneling [43] confirm the appearance of a longitudinal
optical phonon at T' < 77K that might be the responsi-
ble of this enhanced efficiency of the indirect gap. On the
other hand, it is well established that STO experiences
a cubic to tetragonal transition at 7" ~ 105K [44-46],
and it has been proposed that it will produce a folding of
the Brillouin zone (BZ) that would affect the ~ 3.25eV
indirect gap converting it in a direct one with the same
energy for T < 105K [47, 48], thereby increasing An at
low temperatures. Considering that the photocurrent,
PC, is proportional to the absorption coefficient [24, 49],
we have found that the L-H scan at T < Ty follows
a PC'/? dependence with the incident light energy (see
inset of Fig. 5b) concomitant with the presence of an in-
direct gap at these temperatures [4, 50]. Hence, the gap
conversion effect due to the BZ folding is not a plausible
scenario.

In summary, we report a systematic photoresistivity
study in reduced STO single crystals. Indirect and direct
gap transitions with the intervention of trapping defects
are responsible of the room-temperature persistent
photoresistance. A metal-insulator transition induced by
light has been observed at T' ~ 85 K probably related to
the appearance of an efficient phonon that can mediate
the indirect gap transition at low temperatures. Our
results can help to understand the noteworthy pho-
toresistance observed in bilayers based in STO crystals
at room-temperature [8] but also at low temperatures
[9, 26].
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