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  The ability to control functional properties with external fi elds 
or stimuli is a major theme in oxide heterostructure research, 
with particular emphasis on functionalities not present in 
conventional semiconductors such as magnetism, ferroelec-
tricity, correlated electron behavior, and fi rst order electronic 
phase transitions. For example, substantial efforts are currently 
focused on switching magnetism with electric fi elds in mag-
netoelectrics [  1–3  ]  or controlling abrupt metal-insulator transi-
tions with electrostatic gating. [  4–8  ]  An additional property of 
 AB O 3- δ   oxides, absent from conventional semiconductors, is 
the range of compositions that can be stabilized, with many 
oxides accommodating oxygen vacancy concentrations between 
 δ   =  0–0.5. While the propensity for oxygen vacancies is largely 
viewed as a critical challenge in perovskite fi lm synthesis, [  9  ]  the 
ability to dynamically control the oxygen composition in oxide 
heterostructures [  10,11  ]  may provide additional electronic or elec-
trochemical device functionalities not accessible with conven-
tional semiconductors as variations in anion composition can 
give rise to dramatic differences in macroscopic properties. 
For example, the room temperature electrical conductivity of 
metallic LaNiO 3  and insulating LaNiO 2.5  differs by over four 
orders of magnitude, [  12  ]  and the optical absorption coeffi cient 
of LaNiO 3- δ   is sensitively dependent on  δ . [  13  ]  Accessing these 
changes for functional devices requires dynamic control of 
oxygen composition. Temperature, electric fi eld, or environ-
ment-induced changes to oxygen content have been studied 
extensively in bulk oxides, largely motivated by cathodic opera-
tion in solid oxide fuel cells [  14–16  ]  and the desire to identify mate-
rials for catalysis. [  17,18  ]  For instance, thermogravimetric analysis 
of bulk oxide ceramics has been used to demonstrate large 
changes in weight due to reduction and oxidation reactions 
(oxygen release and storage). [  19–22  ]  However, in such studies, 
the resultant effects on electronic structure are not reported 
and the temperatures for oxygen uptake and release are typi-
cally on the order of 400–500  ° C for bulk ceramics. Further, the 
controlled coupling between anion composition and electrical 
properties has not been extensively studied in epitaxial hetero-
structures, which are the material architectures used for elec-
tronic devices. 

 Here we demonstrate reversible control of oxygen composi-
tion in La 1- x  Sr  x  FeO 3- δ   (LSFO) epitaxial thin fi lms at tempera-
tures as low as 200  ° C. Oxygen loss (reduction) within the fi lms 
leads to an increase in room temperature resistivity of up to 
6 orders of magnitude and a reduction in optical absorption. 
The effect is enhanced as the temperature is increased and fi lm 
thickness is decreased. The changes to functional properties 
can be reversed by annealing in an O 3 /O 2  mixture at 200  ° C, 
allowing the fi lms to be cycled between stoichiometric and 
oxgyen defi cient compositions. This mechanism for optical and 
conduction modulation may serve as a platform for new devices 
or sensors in which external stimuli, electric fi elds or sample 
environment, are used to dynamically control the composition 
of complex oxide heterostructures. 

 La 1- x  Sr  x  FeO 3  fi lms ( x   ≈  0.7, exact compositions can 
be found in the supplemental information) grown on 
La 0.18 Sr 0.82 Al 0.59 Ta 0.41 O 3  (LSAT) substrates are found to undergo 
dramatic changes in resistivity when heated in ambient envi-
ronment at temperatures as low as 200  ° C.  Figure   1 a displays 
the room temperature resistivity of a 39.5 nm thick LSFO fi lm 
as a function of heating time at 200  ° C. The resistivity increases 
by approximately two orders of magnitude after an hour; after 
fi ve hours of heating time the fi lm is over four orders of magni-
tude more resistive than in the nominally oxygen stoichiometric 
state. The fi lm can be returned to the stoichiometric state by 
annealing in a mixed O 3 /O 2  ( ∼ 5/95%) environment at the same 
temperature of 200  ° C for 30 minutes. The process can be 
cycled again by heating the sample at 200  ° C in air to reduce 
the fi lm, and subsequently reannealing in O 3 /O 2  to oxidize the 
fi lm. Surprised by this change in electronic properties due to 
low temperature heating in air, we next performed the same 
experiment on more commonly studied perovskite materials, 
LaNiO 3  and La 0.7 Sr 0.3 MnO 3 , to determine how common the 
effect is among perovskites and to act as control experiments. 
Figure  1 b shows the normalized room temperature resistivity 
of the three samples; no change in resistivity is observed for 
LaNiO 3  and La 0.7 Sr 0.3 MnO 3 .  

 In addition to the change in resistivity, heating the fi lm has 
the effect of turning it from dark brown and opaque to light 
yellow and translucent. The change in appearance is refl ected 
in the optical absorption spectrum of the fi lm as measured 
after heating in air and after the O 3 /O 2  anneal, as shown in 
Figure  1 c. The nominally oxygen stoichiometric fi lm exhibits 
an absorption coeffi cient above 1.5 × 10 −5  cm −1  over the meas-
urement range of 1.2–5 eV, with broad absorption features cen-
tered at 2.9 and 4.1 eV. In contrast, the fi lm heated in air shows 
a clear decrease (increase) in absorption at energies below 
(above) 3.4 eV. 
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 We attribute the resistivity and absorption changes to a loss 
of oxygen content within the fi lm, induced by heating in air. 
The Fe 4+  valence state is unfavorable compared to the Fe 3+  
valence state, and LSFO has been shown to exhibit a propen-
sity for oxygen vacancies, which act to compensate for the Sr 
doping on the La site thereby reducing the nominal iron valence 
state. [  23–29  ]  In bulk ferrites, the presence of oxygen vacancies 
is known to increase resistivity by orders of magnitude, [  30  ]  

consistent with the present observation. Similarly, the absorp-
tion spectrum of the oxygen defi cient fi lm resembles that 
measured from LaFeO 3  fi lms; [  28  ]  in both materials an increase 
in absorption near 2.5 eV and a strongly absorbing feature 
between 4.0 – 5.0 eV is observed. The observation that the spec-
trum of reduced LSFO is simliar to pure LaFeO 3  is consistent 
with an enhanced population of nominally Fe 3+  cations induced 
by oxygen defi ciency. An expansion of the lattice is an addition 
consequence of oxygen vacancies in LSFO that has been previ-
ously observed. [  31,32  ]  

 The  c -axis lattice parameter of the fi lm was measured 
using x-ray diffraction after the various heating times to pro-
vide further confi rmation of oxygen loss.  Figure   2 a presents 
the (002) diffraction peak measured from the 39.5 nm LSFO 
fi lm during both the fi rst and second heating cycle. The  c -
axis parameter of the fi lm expands upon heating in atmos-
phere at 200  ° C, increasing from 3.878 to 3.955 Å, as can be 
seen in Figure  2 b. Similar to the resistivity, the  c -axis param-
eter can be reduced back to 3.878 Å with the O 3 /O 2  treat-
ment. Despite the large structural change, thickness fringes 
persist in the diffraction data throughout the reduction 
and oxidation cycle of the fi lm, indicating that the surface 
and interfacial morphologies are not degraded throughout 
the process. Figure  2 c shows the relationship between the 
resistivity and the  c -axis parameter obtained from two LSFO 
fi lms, each  ∼ 39 nm thick.  

 While there is no readily available measurement technique 
capable of quantifying the oxygen composition in thin complex 
oxide fi lms, we can obtain a rough estimate of the oxygen con-
tent by comparing the measured resistivity and lattice constants 
to previously reported values for bulk LSFO. Multiple groups 
have reported a room temperature resistivity of  ∼ 1×10 −3   Ω -cm 
in bulk La 1/3 Sr 2/3 FeO 3 . [  33,34  ]  This is the same value that we fi nd 
in our oxygenated fi lms on LSAT, indicating that the fi lms after 
the O 3 /O 2  anneal are nominally oxygen stoichiometric. Addi-
tionally, Blasco and coauthors measured a pseudocubic lattice 
volume of 58.04 Å 3  for La 1/3 Sr 2/3 FeO 2.99 , [  31  ]  in excellent agree-
ment with our measured values of  ∼ 58.03 Å 3  for the oxidized 
fi lms. Zhou and Goodenough reported a room temperature 
resistivity of  ∼ 0.7  Ω -cm and a lattice volume of 58.31 Å 3  for 
bulk La 1/3 Sr 2/3 FeO 2.88 . [  35  ]  These results suggests a  c -axis param-
eter between 3.9 and 3.935 Å corresponds to an oxygen vacancy 
concentration of approximately 0.12 per formula unit for 
reduced LSFO on LSAT. The oxygen loss process is anticipated 
to terminate at an oxygen composition of La 0.3 Sr 0.7 FeO 2.65 , [  23  ]  
leading to a nominal 3+ valence on the iron cations and the 
removal of all 4+ sites. The resistivity of this compound has 
not been reported, although the crystal structure of LaSr 2 Fe 3 O 8  
was studied and found to exhibit a brownmillerite-like structure 
in which oxygen vacancies order along every third FeO 2  plane 
with an average pseudocubic  c -axis parameter of 3.962 Å. [  36  ]  
This suggests that ordering of the vacancies is likely as the 
fi lms become highly oxygen defi cient; however, we have not 
observed Bragg refl ections associated with this ordering, such 
as a (0 0 5/3) peak, in the reduced fi lms. It is unclear if this is 
due to the weak intensity of such peaks making them unobserv-
able with our diffractometer, or because the oxygen vacancies 
are not perfectly ordered over large enough length scales to give 
rise to coherent diffraction. 

      Figure 1.  Resistivity in a 39.5 nm thick LSFO fi lm as a function of time 
heated at 200  ° C in air (a). The squares correspond to the fi rst heating 
cycle, while the triangles correspond to the second heating cycle after 
the fi lm had been reoxidized by annealing in a mixed O 3 /O 2  environ-
ment at 200  ° C. In (b), the normalized resistivity of the LSFO fi lm is 
compared with other commonly studied conducting perovskite fi lms, 
La 0.7 Sr 0.3 MnO 3  and LaNiO 3 . The optical absorption for the LSFO fi lm in 
the oxygen stoichiometric and defi cient state is shown in (c). 
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time at 300  ° C results in resistance values that are too high 
for us to measure. The increased resistivity suggests that not 
only are the kinetics enhanced but the concentration of oxygen 
vacancies is also increased by heating at a higher temperature. 
A lower annealing temperature of 100  ° C is insuffi cient to 
cause oxygen loss over the time scale of a few hours.  

 Reducing the fi lm thickness provides an additional means to 
increase the speed of the oxygen loss process and the vacancy 
concentration. Figure  4 b shows the room temperature resis-
tivity for 4 different LSFO fi lms as a function of heating time 
at 200  ° C in atmosphere. The 6.9 nm thick fi lm exhibits a resis-
tivity increase of  ∼ 6 orders of magnitude in just 10 minutes, 
with further annealing it becomes too resistive to measure. 
The thickness dependence is systematic, as a 11.4 nm fi lm 
exhibits slower kinetics than the 6.9 nm fi lm, but faster kinetics 
compared to 16.5 and 39.5 nm fi lms. The higher resistivities 
( ≥ 10 3   Ω -cm) measured in thinner fi lms and the fi lm annealed 
at 300  ° C likely indicate that the 16.5 and 39.5 nm fi lms are not 
reduced to a state where the Fe cations are uniformly in the 3+ 
state, after 5 hours of heating at 200  ° C. 

 The thickness dependence has important implications for 
creating devices, such as switches, sensors, or transistor-like 
devices, based on this phenomenon. For applications based on 
this effect, this result highlights how thinner fi lms will lead 
to enhanced performance in the form of increased operating 
speed, on/off ratio, or sensing capabilities. One such envisioned 
device would consist of a heterojunction between LSFO and 

 To better understand the effect of oxygen loss on the elec-
trical properties, variable temperature resistivity measure-
ments were carried out on a 23.1 nm thick fi lm throughout 
the heating process. The nominally oxygen stoichiometric fi lm 
exhibits an increase in resistivity at 181 K, a feature observed 
in La 1- x  Sr  x  FeO 3  (0.5  ≤   x   ≤  0.8) that is attributed to charge dis-
proportionation. [  37  ]  This transition appears to persist even after 
40 min of heating, although the resistivity change at the tran-
sition becomes quite broad ( Figure   3 a). Interestingly, the tran-
sition temperature is relatively unchanged by the oxygen loss. 
At temperatures above the transition, the resistivity is best fi t 
to a non-adiabatic polaron conduction mechanism, in which 
D = D0T 3/2e E A/kT , where  k  is Boltzmann's constant,  E A   is the 
activation energy, and   ρ   0  is the resistivity prefactor. The resis-
tivity from 185 – 300 K was well described by this model for all 
heating times, as shown in Figure  3 b. The obtained activation 
energies increase four fold over the fi rst 120 min of heating 
before stabilizing at approximately 240 meV with longer 
heating times (Figure  3 c), suggesting that the oxygen vacan-
cies act to trap the polarons requiring increased thermal energy 
to move the carriers through the system. Our observation of 
polaronic transport is consistent with previous studies of bulk 
La 1- x  Sr  x  FeO 3  ( x   ≤  0.3) and reduced La 1/3 Sr 2/3 FeO 2.88 . [  35,38  ]   

 The oxygen loss can be accelerated by heating the fi lm to 
300  ° C, as shown in  Figure   4 a for the 39.5 nm thick fi lm, with 
300  ° C heating producing over 5 orders of magnitude higher 
resistivity than 200  ° C heating after 1 hour. Further heating 

      Figure 2.  X-ray diffraction results measured for the 39.5 nm LSFO fi lm (002) peak at various heating times (a). The LSAT (002) peak is at  ∼ 46.93 ° . The 
 c -axis parameters for the fi lm obtained from the diffraction data is presented in (b). In (c), the resistivity is plotted as a function of the  c -axis parameter 
for two separate samples of comparable thickness. 

      Figure 3.  Temperature dependent resistivity measured from a 23.1 nm thick fi lm as a function of different 200  ° C annealing times (a). In (b), the resis-
tivity data is shown fi t to the polaron conduction model (solid lines). An increase in activation energy occurs upon reducing the fi lms (c). 
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environment, may serve as a platform for electronic, optical, or 
sensing devices based on complex oxide heterostructures, with 
LSFO particularly well suited to such applications due to its 
ability to be reduced and oxidized at low temperatures.  

  Experimental Section 
 The oxide fi lms were deposited using molecular beam epitaxy, in which 
the cations were evaporated from effusion cells and a 5/95 mixture of 
O 3 /O 2  was used as the oxidizing environment. Growth temperatures and 
pressures were typically 575–650  ° C and 2–8 × 10 −6  Torr, respectively. 
Following growth, the LSFO fi lms were annealed in a tube furnace under 
fl owing O 3 /O 2  (5/95%) at 200  ° C for 30 min. This same procedure was 
used to reoxidize fi lms after they had been reduced. X-ray diffraction 
and refl ectivity measurements were performed using a Rigaku SmartLab 
instrument. The thickness of the fi lms was determined by quantitative 
analysis of x-ray refl ectivity data; the data and simulations (carried 
out using the GenX software package [  41  ] ) are shown in Figure S1, 
Supporting Information. The fi lm compositions were determined based 
on Rutherford backscattering spectroscopy of fi lms (Figure S2) grown 
simultaneously on MgO substrates. Film reduction was carried out 
by heating fi lms in ambient environment on a hot plate; the hot plate 
temperature was verifi ed by a thermocouple to be within ±3  ° C of the 
set point temperature. Electrical resistivity of the fi lms was measured 
in a Quantum Design Physical Properties Measurement System using 
external Keithley electronics to source current (model 6220) and 
measure voltage (model 2182A). Films were measured in a linear four 
point geometry with silver paint used to make contacts. After each room 
temperature resistivity measurement, the contacts were removed using 
acetone and IPA in ultrasonicator. The optical absorption spectra were 
obtained using a J.A. Woolam M-2000U variable angle spectroscopic 
ellipsometer. Details about the elliposometry measurements and 
analysis methods can be found in Ref.  [  28  ] .  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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