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We report a study of the photoconducting properties of semiconducting SrTiO3 thin films. The

photoconducting spectrum shows a pronounced rise around 3.2 eV with a typical indirect gap

dependence, involving a transversal optical phonon of 25 meV. While these features remain

unaltered under the influence of an applied electric field in ambient conditions, in a vacuum the rest

of the spectrum does not, shifting to lower energies for higher electric fields. Time dependent

photoconductivity response while illumination is applied confirms the loss of efficiency of the

3.7 eV transition. At low-temperatures, the photoconducting spectrum at low-electric fields has

striking similarities to the ones at room-temperature for high-electric fields. This ability to control

the photoconducting response through external parameters is explained considering a model of a

downward band bending generated by oxygen vacancies at the surface in concomitant with recent

findings at the surface of SrTiO3. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4976944]

The improvement of the fabrication techniques of transi-

tion metal oxide thin films1 has allowed the emergence of a

field of interfaces and surface phenomena.2 In that regard,

SrTiO3 (STO) plays a key role as an ingredient of the most

celebrated bilayer in the last few years: LaAlO3/SrTiO3 in

which a downward band-bending at the interface originates a

high-mobility 2D electron gas (2DEG).3,4 On the other hand,

recent discoveries have exposed the complex nature at the

bare STO surface, which hosts a 2DEG or liquid5–7 with a

delicate interplay of the spin, charge, and orbital degrees of

freedom.8,9

The properties of this surface can be modified under the

exposure of an intense ultraviolet light (UV) of �55 eV,7,10

the presence of adsorbed oxygen,10 or the generation of oxy-

gen vacancies, VO;7,11 the latter are easily produced in STO

by a simple thermal annealing in a vacuum12 and they tend

to accumulate on the surface increasing in this way the

downward band-bending.7 At the same time, this simple pro-

cedure easily dopes STO with electrons.12 Since STO has an

UV indirect gap of �3.2 eV (whose transition involves the

creation or destruction of a phonon in order to conserve the

momentum)13 and a direct one of �3.7 eV,14 previous stud-

ies have explored the photoconducting properties of bulk

crystals resulting in a persistent photoconductivity effect

(PPC),15,16 which is very dependent on the presence of deep-

levels inside the gap generated by oxygen vacancies.15,16 In

thin films, it is expected that the surface effects becomes

more pronounced and sensitive to external perturbations. In

this sense, we have fabricated STO thin films in oxygen defi-

cient conditions with reduced strain17 and we have been able

to tune their photoconducting properties by means of

external parameters like excitation voltage, ambient condi-

tions, and temperature.

Homoepitaxial STO thin films were grown by pulsed

laser deposition (PLD) on metallic n-doped (001) SrTiO3

substrates12,16,18 at a temperature of 685 �C and a base pres-

sure of 7� 10�5 Torr (see supplementary material for

details). After the fabrication, the film was post-annealed at a

temperature of 500 �C and a pressure of 7� 10�5 Torr during

30 min that is believed that generates a higher concentration

of oxygen vacancies at the surface.12,19–22 The films studied

in this work have thicknesses that range between 7 and 9 nm.

For the electrical transport measurements, sputtered Au pads

(�10 nm thick and �0.2 mm width) were deposited on top of

the semiconducting film and on the bottom of the metallic

STO substrate, resulting in ohmic contacts.12,23 The resistan-

ces measured on top of the STO thin films have typical val-

ues of�3� 104X. For the same distance between contacts

(�0.3 mm), the corresponding resistance measured on the

bottom of the STO substrate is �1.5� 103X with a metallic

resistive behavior and a negligible photoconducting response.

Most of the measurements were performed employing an

out of plane configuration (see sketch of Fig. 1(a)) where

the metallic STO substrate was used as a bottom electrode.

The film was illuminated from top on its whole area (�10 mm

� 10 mm), and the light penetration depth is estimated to be

around �100 nm for the wavelengths used in this work (see

supplementary material for further details).

The photoconducting response of the film when the inci-

dent light energy is varied from low to higher values is

depicted in Figure 1(a) at room-temperature in air ambient

conditions. In this case, a scanning speed of 0.5 nm s�1 was

used; slower scanning speeds have essentially led to the

same overall results. As it can be observed, there is an onseta)Electronic mail: gbridoux@herrera.unt.edu.ar
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of photoconductivity with a maximum slope at �3.2 eV,

which corresponds to the indirect gap transition of STO.13 If

the energy is further increased, a maximum of conductivity

is attained at �3.7 eV (which coincides with the STO direct

transition in these conditions); above this value, photocon-

ductivity starts to decrease due to the fact that at this energy

the recombination rate overpasses the generation of photo-

electrons to the conduction band (CB). We have measured

these photoconductance spectra for different applied excita-

tion voltages; they remain unaltered by their influence. We

have repeated these experiments in a vacuum (�10�1 Torr),

and the results are summarized in Figure 1(b). Remarkably,

they show that while the onset and the rise of photoconduc-

tivity remain unchanged under the influence of the applied

electric field, the rest of the spectrum is very sensitive to it,

shifting to lower energies for higher applied voltages. In

fact, if the maximum slope of each spectrum is extracted,24

its position remains at �3.2 eV independently of the applied

electric field (see Fig. 1(c)), which is an indicative that the

indirect gap transition is unaffected by this external parame-

ter. At first sight, it can also be noticed that the photoconduc-

tivity decreases as the electric field is increased, which is

more evident if the normalized conductivity, r/r3.0eV,

extracted from these spectra at �3.7 eV is plotted as a func-

tion of the applied voltage, see Fig. 1(d).

For a closer examination of photoconductivity, PC
(defined as PC ¼ (r � rdark)/rdark), in the range of energies

where it is more sensitive to the applied electric field, its

time dependent response has been studied when illumination

is applied (energy close to �3.7 eV), and the results are

shown in the main panel of Figure 2. At first glance, it can

be noticed that after a fast increase in photoconductivity, it

slowly tends to saturate reaching a steady state, which is a

balance of the photo-generation and recombination pro-

cesses. In air conditions, PC is higher than in a vacuum,

while in the latter case, PC is lower for higher electric fields,

confirming the observations of Figure 1(b). The best fit of

our data was attained using the sum of three exponential

functions25 with relaxation times si, where i¼ 1, 2, and 3.

Several trial functions like a stretched exponential or a power

law did not give satisfactory results. While the fast time

responses s1� 3 s and s2� 35 s are the same for all the

curves, the slow time response s3 is �230 s for the curve in

air and �300 s and �950 s for the curves in a vacuum at 5 V

and 25 V, respectively.

In order to explain the photoconducting features

exposed in Figs. 1 and 2, we make use of a model where sur-

face effects and band-bending26 are playing a major role in

these films. In this model, oxygen vacancies created during

the fabrication of the STO film12,19–22,27 and the post-

annealing generate a positive charge accumulation close to

the surface, which results in a downward band-bending in

vacuum conditions as it is described in the energy diagram

sketch of Fig. 3. Other authors have found that in STO films,

minor amounts of Strontium deficiency could drive to an

electrical polarization,28,29 which in turn can build a down-

ward band-bending in vacuum conditions. Using the band-

bending expression:26 / ¼ eN e d2=2er e0, where d is the

depletion layer that ranges between 1 and 5 nm,7,30,31 eN is

the effective charge density, er is the relative dielectric con-

stant of STO,32 and e0 is the vacuum permittivity, it is possi-

ble to estimate a band-bending energy value of / ’ 0:5 eV.

In air conditions, the oxygen adsorbed on the surface33,34

compensates the downward band-bending resulting in an

upward band-bending and only a band-to-band transition

takes place along the whole thickness of the film (process

labeled as 1, see left panel of Fig. 3). In this situation, the

application of a high-electric field is somehow blocked by

FIG. 1. (a) Conductivity (normalized at its 3.0 eV value) as a function of

the incident light energy at room temperature in air ambient conditions.

Different scans at different excitation voltages of 5 V (blue squares), 10 V

(empty diamonds), and 25 V (black triangles) are shown. The sketch shows

the measurement configuration setup. (b) Different scans for different

applied voltages of 5 V (blue squares), 15 V (brown circles), 20 V (empty

triangles), and 25 V (black triangles) at room-temperature in a vacuum

(�10�1 Torr). (c) Energy position of the maximum slope for different

applied voltages. (d) Conductivity (normalized at its 3.0 eV value) at

�3.7 eV extracted from the spectra of (b) as a function of the applied

voltage.

FIG. 2. Evolution of photoconductivity (defined as PC ¼ (r � rdark)/rdark))

as a function of time while an incident light of �3.7 eV is applied at room-

temperature. Experiments under air at 5 V (green circles) and vacuum

(�10�1 Torr) at 5 V (blue triangles) and 25 V (black squares) were

performed. The red lines are the corresponding fittings with the sum of

three exponential decaying functions. From these measurements, a voltage-

dependent photoconductivity is observed, which is concomitant with the

trend noticed in Fig. 1(d) despite those being measured in another film

grown in the same conditions.
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these adsorbed species resulting in an unchanged spectrum,

see Fig. 1(a).

In a vacuum at low-electric fields, the scenario is

different (see the central panel of Fig. 3); the downward

band-bending is recovered, and while away from the surface,

process 1 still occurs, in a portion of width d near the surface

this process is replaced by a transition to a localized level

close to the bottom of the conduction band according to a

simple calculation (labeled as process 2). In this calculation,

we have numerically evaluated the eigenvalue equation for a

triangular potential well (with an infinite barrier on the

surface side) of height / � 0:5 eV and width d� 2 nm. We

have obtained a localized state very close to the border of

the potential well and another two levels below it. In these

conditions, the photo-generation is less efficient than in the

former case and consequently it is understandable that

the photoconductivity in air at 5 V is higher than the one in a

vacuum at the same voltage, in agreement with the time

dependent experiment shown in Fig. 2.

On the other hand, if higher electric fields are applied in

a vacuum, the downward band-bending becomes more pro-

nounced (see right panel of Fig. 3), and according to our cal-

culations, the mentioned localized level is lowered down

enough to be covered by Fermi level energy, EF. In this situ-

ation, it is not possible to promote electrons to this level; pro-

cess 2 is inhibited in the region of width d and only process 1

takes place at distances higher than d. Moreover, as voltage

is increased, this inhibited region for photoconduction of

width d grows at the expense of the region where the effi-

cient transition 1 is attained. Hence, it is expected that the

overall photoconductivity at high-electric fields (right panel

of Fig. 3) becomes lower than the one at low-electric fields

in a vacuum (central panel of Fig. 3) where process 2 is still

occurring in the region of width d. This is concomitant with

the decreased photoconductivity in the former conditions

(see Figs. 1(b) and 2) and the shift of the maximum of the

spectra (see Fig. 1(b)) to lower energies when the voltage is

increased, since this maximum takes place approximately at

the energy value above which the recombination process

starts to overpass the photo-generation.

If the voltage polarity is reversed, similar results to the

ones of Fig. 1 are obtained. In vacuum conditions when the

reverse applied bias is increased, the band will eventually

bend upward, and the corresponding valence band can con-

fine holes in a region d close to the surface. Then, if illumi-

nation is applied, it will not be not so easy to take out

electrons from this region and there the transition will be as

inefficient as process 2 in the case of the direct polarity.

The photoconducting response at low-temperatures has

also been explored. Without illumination, the temperature

dependent conductivity measured on top of the film exhibits

a typical semiconducting-like behavior, see Fig. 4(a). Above

T’ 80 K, the curve has a metallic temperature dependence

that comes from the bottom substrate as we have checked

using a parallel resistor network model. At low temperatures,

the data were well described by a variable range hopping

model (VRH), r / e�ðT0=TÞ1=4

, where T0’ 4� 103 K is

related to the density of states at the Fermi energy, N(EF), of

shallow levels. It is believed that these shallow levels are

related to oxygen vacancies, VO, which are generated during

the fabrication and the post-annealing of the film.12,16,19–22

Hence, using the relation35 NðEFÞ ¼ 18=kB T0 a3
H with an

effective Bohr radius of aH’ 140 Å for STO,36 it gives

N(EF)’ 4.4� 1019 eV�1 cm�3, which is a rather high value

for an impurity band considering that for a metallic STO

crystal23 N(EF)’ 5� 1020 eV�1 cm�3. When illumination is

applied, a temperature dependent metallic behavior is

attained. This metal-insulator transition (MIT) induced by

light has already been reported in bulk STO crystals16 and

it is related to the appearance of an optical phonon below T
’ 77 K,13,37 which enhances the efficiency of the indirect

gap transition. We have also studied the photoconductivity

spectrum at low-temperatures (T¼ 37 K), and the results are

FIG. 4. (a) Temperature dependence of r300K/r (where r300K is the photo-

conductivity at 300 K) without illumination (blue circles) and under the

application of an incident light of �3.4 eV (empty triangles). (b)

Conductivity (normalized at its 3.0 eV value) as a function of the incident

light energy at T¼ 37 K. The excitation voltage is 5 V. At the inset, one can

notice that the energy dependent photoconductivity, PC, follows a PC1=2

behavior in two different regimes that start at �3.18 eV and �3.23 eV,

respectively. The red lines are guides to the eye.

FIG. 3. Sketch of the STO film energy diagram. VB denotes the valence

band. In air ambient conditions (left panel), the oxygen adsorbed on the

STO surface neutralizes the downward band-bending and the transition takes

place between the top of the VB and the bottom of the CB at the energy gap

EG� 3.7 eV (represented by an arrow and labeled by 1). In a vacuum at low-

electric fields (see central panel), the downward band-bending is recovered

(in a quantity /) and not only the transition 1 occurs but also a transition

(labeled as 2) to a localized level close to the minimum of the CB. At higher

electric fields (right panel), the band-bending is increased and this level is

covered by the Fermi energy level EF (represented by a red dashed line) pre-

venting transition 2.
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summarized in Fig. 4(b). Like at room-temperature, the onset

of photoconductivity takes place around �3.2 eV, but a more

detailed analysis is shown in the inset of Fig. 4(b).

Considering that the optical absorption coefficient, a, has a

a1=2 dependence with energy for an indirect transition24 and

assuming that a / PC in this range of energies, it is possible

to notice that there are actually two regimes that follow a

(PC)1=2 behavior, one starts at 3.18 eV and the other at

3.23 eV. They correspond to an indirect transition with an

indirect gap of 3.20 eV involving the destruction and creation

of a 25 meV phonon, respectively. This finding shed light on

a large debate about the nature of the phonon that assists the

indirect transition in STO at low-temperatures, a 25 meV

transverse optical phonon as it was proposed in photolumi-

nescence studies37 or a 50 meV longitudinal optical one.13 It

is also important to highlight that, in general terms, this low-

temperature spectrum at low-excitation voltages is very simi-

lar to the ones performed at high-electric fields in a vacuum

at room-temperature, see Fig. 1(b). In both spectra, the maxi-

mum is shifted to lower energies (it is attained at �3.4 eV in

the low-temperature one) and a small shoulder appears at

�3.7 eV when the photoconductivity is already falling, see

Figs. 1(b) and 4(b). These striking similarities lead to infer

that at low-temperatures the situation is analogous to the one

described in the right panel of Fig. 3, that is, at such tempera-

tures, the pressure is very low (around �10�6 Torr) and the

band-bending will be more pronounced than the one at

room-temperature with 5 V and �10�1 Torr (see central

panel of Fig. 3) and the maximum of the spectrum will be

shifted to lower energies like in the high-electric field spectra

of Fig. 1(b). The appearance of a maximum at �3.4 eV could

also be related to a direct transition X50 ! X3 that was previ-

ously observed in STO at low-temperatures in optical

absorption experiments.13

See supplementary material for thin film fabrication,

structural characterization, and photoconductivity measure-

ment details. This work was supported by CIUNT under

Grant No. 26/E530, SNMAG, and SINALA facilities.
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