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similar to that of a binary device, the active 
material in it is expected to store multiple 
bits enhancing the storage capability by few 
orders with no extra burden on fabrication. 
Among numerous resistive switching (RS) 
materials, [ 5,6 ]  metal oxides are preferred 
from the fabrication point of view and have 
been extensively studied. [ 7,8 ]  Besides sev-
eral RS devices with binary states, [ 9,10 ]  there 
are examples of 3 or 4 resistive states [ 11–35 ]  
but only a few attempts have been made 
to achieve 5 or more states. [ 36–43 ]  As the 
number of memory states ( n ) increases, 
the number of switching events in between 
the states increases which can be defi ned in 
terms of probability as   n P  2 . In practice it is 
rather challenging to achieve all switching 
events reliably over many cycles. With 
binary memory, high degree of endurance 
is commonly achieved. [ 9 ]  For a MRS device 
with three states, the possible switching 
events are six and only one example [ 15 ]  is 
found in the literature showing all possible 

switching events, while in another example [ 18 ]  the switching pos-
sibility was only partial. Four-bit MRS devices have 12 switching 
events out of which 10 events have been successfully dem-
onstrated. [ 27 ]  In a study by Huang et al. on a 5-state device, [ 41 ]  
nearly half of the total 20 switching events were attempted. 
Recently, Zhao et al. fabricated a MRS device with as many as 
eight states, but switching was possible only in between the 
neighboring states. [ 44 ]  However, if the advantage offered by mul-
tilevel memory is to be effectively utilized, switching between 
any combination of resistive states should be facile with no 
room for failure. Surprisingly, there is very little discussion 
in the literature on measurement or quantifi cation of the effi -
ciency of a MRS device to randomly switch between all possible 
states. Thus far, most MRS devices reported have not considered 
switching events other than, from and to the “0” state. Ideally, a 
MRS device should host a large number of memory states and 
should allow all possible switching combinations. 

 A resistive memory device works based on the principle of 
fi lament formation and oxygen vacancy migration, etc. Oxides 
as dielectric materials become leaky beyond a critical electric 
fi eld, which along with other parameters decides the resist-
ance of the “leaky” (memory) state. Unlike binary devices, MRS 
devices require relatively well defi ned resistive states, a pre-
requisite for controllable switching between the states. Many 
oxides and oxide containing hybrids have been tried out in this 
context. Simple oxides such as NiO, [ 45 ]  SiO 2 , [ 46 ]  ZnO, [ 47 ]  HfO  x   [ 48 ]  

 Resistive random access memory (RRAM) is the most promising candidate 
for next generation nonvolatile memory. In this article, resistive switching 
in PdO thin fi lm is investigated. The fabricated in-plane devices showed 
voltage pulse induced multilevel resistive switching (MRS) with as many 
as fi ve states under ambient conditions with high degrees of retention and 
endurance. The  I – V  characteristics of the different memory states are linear 
and only a small reading voltage (≈10 mV) is necessary. Raman mapping of 
PdO (B 1g  mode, 650 cm –1 ) and temperature-dependent electrical transport 
measurements provide an insight into possible redox mechanism involving 
PdO/Pd particles. For the fi rst time, the switching effi ciency of a MRS device 
is uniquely defi ned in terms of a parameter called “multiplex number ( M ),” 
which is the sum of the total number of memory states and the ratio between 
the number of switching events observed in a device and the total number of 
possible switching events. The present PdO MRS device exhibits the highest 
 M  value compared to the values evaluated from the literature examples. Such 
high performance MRS in PdO devices makes them potential candidates for 
RRAM and neuromorphic circuit applications. 

  1.     Introduction 

 Resistive random access memory (RRAM) as a next generation 
nonvolatile memory is promising because of the simple device 
geometry, ease of fabrication and operation. [ 1,2 ]  In the recent past, 
multilevel resistive switching (MRS) for multiple memory states 
has gained much attention not only in the context of high den-
sity of information storage but also due to its relevance in neuro-
morphic circuitry. [ 3,4 ]  While the overall size of the device may be 
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have shown promising resistive switching but the number of 
resistive states are usually limited. The fabrication of a MRS 
device using metal oxide relies on the ability in precisely con-
trolling the oxygen vacancy migration and the formation of con-
ducting fi laments which in turn, demand a clear insight into 
the switching mechanism. Such stringent requirements have 
prompted researchers to look out for new materials for resis-
tive switching. Toward this end, multilayered NiO/Pt nanowire 
arrays have been fabricated in which fi ve resistive states could 
be realized. [ 41 ]  In this case, the fabrication required sophistica-
tion and the switching was possible only in between the neigh-
boring states. Recently, a three-layer vertical AlO δ /Ta 2 O 5− x  /TaO  y   
stack has been formulated to achieve a 3D MRS device, [ 49 ]  but it 
involved laborious lithography processes for fabrication. 

 Here, we have chosen palladium oxide (PdO) as a novel active 
element for RS because of multiple redox states achievable in 
the Pd-O system. [ 50 ]  The devices confi gured in planar geom-
etry have been explored for the multilevel resistive switching 
and fi ve distinct memory states have been achieved with well-
defi ned reset voltage pulses. Further, a detailed insight was 
obtained on the switching mechanism by employing Raman 
spectroscopy and low temperature resistance measurements. 
For the fi rst time, an effort has been made to examine all the 
possible switching events. We have defi ned a new parameter 
called as “multiplex number,” to quantify the number of pos-
sible switching events for a MRS device. The present PdO 
device is found to exhibit the highest multiplex number.  

  2.     Results and Discussion 

 The fi rst few steps in device fabrication involve synthesis of 
PdO fi lm on a mica substrate as shown in the schematic of 

 Figure    1  a. Pd hexadecylthiolate was drop-coated on the sub-
strate to form yellowish colored fi lm which was thermalized at 
600 °C in oxygen. As the organic components were removed, 
the fi lm turned to brownish black marking the formation of 
PdO. The X-ray diffraction (XRD) pattern in Figure  1 b shows 
the presence of nanocrystalline tetragonal phase of PdO which 
is indexed with JCPDS No. 431024. The scanning electron 
microscopy (SEM) image in the inset of Figure  1 b shows par-
ticles of size 20–40 nm well packed into a continuous fi lm of 
measured thickness ≈60 nm. An optical band gap of ≈1.7 eV 
was estimated from the UV–vis absorption data (Figure  1 c and 
see Supporting Information, Figure S1), which may be com-
pared with the literature value of ≈2 eV for PdO. [ 51 ]  The PdO 
thin fi lm is ≈40% transparent at 550 nm (see Supporting Infor-
mation, Figure S1). This is also evident from the photograph 
shown in the inset of Figure  1 c, where the letters behind the 
PdO fi lm are clearly seen. 

  A planer resistive switching device was fabricated by depos-
iting Au metal electrodes on top of a PdO fi lm by shadow 
masking a gap of ≈7 µm (see inset in  Figure    2  a) across the 
entire length (3 mm) of the fi lm. To initiate resistive switching, 
the device was taken through a forming process (Figure  2 a) 
by varying the applied voltage in ambient conditions. As the 
voltage was increased from 0 to 7 V, the current increased 
sublinearly before showing a breakdown around 6 V. This is 
a forming step in which a conducting pristine device (≈100 Ω) 
is taken to a less conducting state (≈2 kΩ) irreversibly. In the 
RESET process, a 0 to 10 V voltage sweep was performed (see 
black curve) as shown in Figure  2 b. The device showed a linear 
increase in current up to ≈5 V, beyond which it saturated and 
became unsteady. The dotted line indicates the resistance state 
of the device (also see Supporting Information, Figure S2), 
which was read out with a 0 to 1 V sweep (blue curve) and 
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 Figure 1.    a) Schematic illustration of the synthesis of PdO thin fi lm. Characterization of PdO thin fi lm, b) XRD pattern indexed with JCPDS fi le number-
431024, where standard peaks have been marked in red. Inset shows a typical SEM morphology. c) Variation in absorption coeffi cient with photon 
energy. Inset shows the photograph of the PdO thin fi lm.
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this value is assigned as a high resistance state (HRS). In the 
following voltage cycle, 0 to 5 to 0 V, the curve (red) trailed 
HRS up to ≈3.6 V, beyond which it became unsteady only to 
increase and settle in a low resistance state (LRS) at ≈5 V. This 
state of the device was again measured by a sweep, from 0 to 
1 V (green). Thus, two resistance states, namely, LRS and HRS 
were defi ned for the fabricated PdO device with  V  RESET  (LRS to 
HRS) and  V  SET  (HRS to LRS) at ≈10 and 5 V, respectively and 
with  V  Read  of <1 V. Likewise, we could activate several devices 
(see Supporting Information, Table S1). From these measure-
ments, it is evident that PdO can potentially be used to defi ne 
resistive memory states. In order to explore possible presence 
of multiple resistive states, higher  V  RESET  voltages were tried 
out with another device (Figure  2 c). Beginning with the LRS 
(“0”) state, four high resistance states (HRSs, red curve, “1”, 
green, “2”, blue, “3” and brown, “4”) were observed in sweeps 
with applied bias voltages of 8, 10, 12, and 15 V, respectively. 
Beyond 15 V, the device became unstable. Importantly, the 
device was retrieved back to the “0” state by cycling the voltage 
from 0–5 V. Note-1 in the Supporting Information provides the 
details of the voltage sweep/cycles. The voltage cycling was also 
tried out to switch the device in-between the states as depicted 
in Figure S3 of the Supporting Information. 

  The switching between MRSs could also be achieved by 
applying a voltage pulses instead of voltage sweeps. In this 
approach, a set of increasingly higher voltage pulses, 5, 8, 10, 
12, 15 V, were applied successively to the PdO device each for 
20 ms ( Figure    3  a, top panel) while the resistance being read in 
between by a readout voltage of 10 mV (see bottom panel). The 
detailed information regarding voltage pulsing is provided in 
the Supporting Information, Note-2. Thus, it was possible to 
switch steadily from the “0” state to any one of the four (“1”, 
“2”, “3”, and “4”) states and vice-versa with the predetermined 
voltages. In this way, several devices were initiated into MRS 
(see Supporting Information, Figure S2), emphasising the ver-
satile and consistent nature of PdO for memory device applica-
tions. These designated states are persistent and well defi ned, 
as evident from Figure  3 b, where each state was monitored in 
the ambient for 10 3  s using 10 mV reading voltage. The resist-
ance variation was less than 3%, 0.5%, 0.9%, 1%, and 1.7%, 
respectively, for the “0” to “4” states, demonstrating high sta-
bility of the PdO MRS device. Further, in the retention test per-
formed over 25 cycles (see Figure  3 c), the device showed a con-
sistent, reliable and controllable multilevel resistive switching. 

  In order to understand the electrical nature of the memory 
states, temperature dependent resistivity measurements were 
carried out while the device was held in different memory 
states ( Figure    4  a). In each state, the resistivity was found 
to increase with decreasing temperature revealing a semi-
conducting nature. Generally, metallic conduction has been 
observed in many resistive switching materials such as in 
HfO 2  [ 19 ]  and CuO  x   [ 37 ]  with metallic species resulting from oxide 
reduction forming fi lamentous paths in the insulating matrix. 
The resistivity data (Figure  4 a) was fi tted with variable range 
hopping (VRH) equation 

     ( ) exp[( / ) ]0 0
aR T R T T=   (1) 

          E  a  =  K  B  T  (2) 
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 Figure 2.    a)  I – V  characteristics of the voltage-controlled forming process, 
optical image of PdO thin fi lm device along with in-plane Au electrodes 
(scale bar 5 µm). b) Typical switching characteristics of the device. LRS, the 
low resistance state and HRS, high resistance state are marked. Blue and 
green lines near origin refer to reading of the respective state. c) Consecu-
tive voltage cycling from 0 to 5 V (arrows indicate the direction of voltage 
sweeps). Following RESET voltage sweeps 8 V (red), 10 V (green), 12 V 
(blue), and 15 V (brown) and each RESET process is followed by a SET 
process by applying a 0–5 V cycle. Arrows indicate the direction of sweep.
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 where  R ( T ) is temperature dependent resistance,  R  0  is temper-
ature independent prefactor,  T  0  is characteristic temperature, 
 a  is exponent,  E  a  is activation energy, and  K  B  is Boltzmann con-
stant. The best fi t for the low temperature data was obtained 
with  a  = 1/3, indicating a 2D VRH type conduction in the 
nanocrystalline thin fi lm. [ 52 ]  The estimated activation energy 
(using Equation  ( 2)  ) values from the VRH model, the room 
temperature resistance and the corresponding  V  RESET  values 
are shown in Figure  4 b in the form of a plot against the desig-
nated memory states. The activation energy is seen to increase 
with the state complementing the variation in resistance, indi-
cating an increase in the barrier height for the charge carriers. 
It remains to be seen what is responsible for this activated 
behavior in different resistive states. 

  This novel behavior of PdO MRS device deserves careful 
microscopy analysis ( Figure    5  ). Following the forming step, 
SEM imaging revealed a crack of width 1–3 µm in the PdO 
fi lm (Figure  5 a,b) near the centre of the gap electrodes along 
the entire length (≈3 mm), while the regions close to the elec-
trodes remained unchanged (marked as “c” in Figure  5 b). 
Such crack formation has been commonly observed in metal 
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 Figure 3.    Electrical characteristics of the PdO MRS device: a) Top panel, 
resistance states achieved with different RESET voltage pulses 5, 8, 10, 
12, and 15 V (pulse duration 20 ms) and bottom panel, resistance read 
out using a reading voltage 10 mV (pulse duration 20 ms, each memory 
state was read for 10 times). In bottom panel, the RESET voltage time 
scales are magnifi ed (×5) and reading voltage scales are magnifi ed (×100) 
for better visibility. b) Retention and c) endurance of the MRS device.

 Figure 4.    a) Resistivity measurements of all fi ve resistive memory states 
from 150 to 300 K. b) A plot between estimated activation energy from 
VRH model and REST voltage and room temperature resistance for each 
memory state. 
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oxide based resistive switching devices. [ 4,36 ]  The magnifi ed view 
of the crack region “d” in Figure  5 b shows random distribution 
of particle agglomerates in the range 0.2–2.5 µm (Figure  5 d). 
What is noteworthy from the Energy-dispersive X-ray spectros-
copy (EDS) analysis (Figure  5 c,d) is that signifi cant differences 
exist   the two regions particularly in respect to the oxygen 
signal. The agglomerates (colored white) in region “d” show 
the predominant presence of Pd with very little oxygen. This 
is clearer in EDS mapping shown in Figure  5 f,g corresponding 
to the magnifi ed portion of the PdO-crack in Figure  5 e. In the 
forming process due to large current through the PdO thin 
fi lm, joule heating is expected which can locally convert PdO to 
Pd, provided favourable temperature (≈700 °C) is achieved. [ 53,54 ]  
As heat dissipation is relatively less in the gap region unlike 
the regions nearer to Au electrodes, where heat dissipates 
easily due to high thermal conductivity of Au, a thermal gra-
dient is expected across the gap. [ 55 ]  Thus, the reduction pro-
cess is restricted to the centre of the gap region of the PdO 
fi lm. After the forming process, Pd/PdO nanoparticles tend to 
occupy the space between large Pd particles (see Figure  5 b for 
cracked region which is magnifi ed in (d)) which aid the for-
mation of percolation networks responsible for conduction. 
Even larger Pd islands can thus participate in transport due to 
increased interconnectivity bringing down the resistance to few 
kilo Ohms. Once formed, the changes are only local. A higher 
voltage sweep can now produce enough Joule heat to cause 
oxidation of particles in the cracked regions. 

  In order to gain further insight into the spatial distribu-
tion of Pd and PdO species, Raman mapping was carried 
out across the crack region while the device was maintained 
in different memory states, as shown in the schematic in 
 Figure    6  a. The PdO fi lm outside of the crack gap region exhib-
ited a Raman peak at 650 cm −1  corresponding to a B 1g  mode in 
PdO (Figure  6 b). [ 56 ]  Raman maps with respect to this feature 
were collected over a 6 × 6 µm 2  area in the crack region after 
applying successively programming voltages of 5, 8, 10, 12, and 
15 V (Figure  6 c–g). The black patches in the maps correspond 

to the presence of Raman inactive Pd regions while blue repre-
sents the presence of PdO. With increasing  V  RESET  (from “0” to 
“4”), the blue region increased gradually as evident from Figure 
 6 h. As a result, the crack appears to be closing in (see Figure 
 6 c–g). This may be attributed to the surface oxidation of Pd 
to form PdO nanoparticles. Some particle movement arising 
from electromigration is noticeable, which is quite common 
among the RS devices. [ 57 ]  When the device was tried out in Ar 
atmosphere, no controlled switching was observed, while in 
neat oxygen, achieving low resistance state proved diffi cult due 
to excessive oxidation during RESET process (see Supporting 
Information, Figure S5). It is interesting to note that atmos-
pheric oxygen works well for the device, unlike RS switching 
materials such as SiO 2 /graphene, which require vacuum for 
reliable switching. [ 36 ]  Moreover, the present PdO-Pd device 
works equally well with positive and negative voltages (see Sup-
porting Information, Figure S6) and is, therefore, essentially a 
nonpolar device. 

  From the observations made from Figures  5  and  6 , it is evi-
dent that resistive switching in our device occurs due to the 
versatile nature of the PdO/Pd/PdO conversion in the conduc-
tion path, Au pad-PdO fi lm-PdO/Pd/PdO fi lament-PdO fi lm-Au 
pad. In the forming process, PdO fi lm cracks and fi lamentous 
agglomerates made of reduced Pd appear in the region giving 
rise to a low resistance state identifi ed as “0” memory state. 
In the RESET process, Pd particles are gradually oxidized [ 50,58 ]  
which accounts for the increase in the resistance. Interest-
ingly, it is well known in the literature that the oxidation of 
Pd particles has been accomplished by four oxidation stages 
i.e., chemisorption, surface oxidation, subsurface oxidation, 
and bulk oxidation. The oxidation of Pd particles is gradually 
increasing with each stage. In the present scenario, the oxida-
tion stages were attained by applying increasing  V  RESET , leading 
to four distinct high resistance memory states. In the SET pro-
cess, joule heating reduces PdO particles to Pd. PdO is known 
to convert to Pd at elevated temperatures. [ 54 ]  Electromigration 
may also play a role in MRS. The mechanism of PdO MRS 
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 Figure 5.    Microscopy analysis of the device active area, a) before and b) after forming, c) outside and d) in the cracked regions. The magnifi ed images 
only with EDS spectra from these regions are shown along side. The arrows in (d) point to Pd nanoparticles in the intervening regions connecting 
larger Pd islands. An interface region shown in e) SEM image with corresponding f) Pd K and g) O K EDS maps. 



FU
LL

 P
A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1500286 (6 of 9) wileyonlinelibrary.com

device is schematically shown in Figure S7 of the Supporting 
Information. In the RESET process, the power consumed (less 
resistance and more voltage) is more as compared to the SET 
process (more resistance and less voltage). Therefore, power 
applied in the RESET causes higher joule heating leading to 
oxidative condition whereas in the SET process, lower power 
consumed may generate relatively lower temperature suitable 
for reduction of Pd/PdO nanoparticles. Thus, controlled and 
reversible surface oxidation/reduction of the active Pd nano-
particles present in the crack region enables RS in PdO MRS 
device. 

 In the literature, the intermediate state switching of multi-
state memory devices is hardly discussed. The switching events 

are reported typically from and to the “0” state. In this study, 
we have paid more attention to intermediate state switching 
and have therefore examined the device carefully for its reli-
ability for random switching. In the present PdO MRS device 
with fi ve memory states, maximum possible switching events 
are 20, out of which only 14 could be fully (probability, 100%) 
realized ( Figure    7  a), which are shown as black bars in a proba-
bility histogram in Figure  7 b. These are the events involving two 
neighboring states and also those well separated but involving 
“0” as one of the states. When the participating states are well 
separated and not involving “0” (see red bars), the switching 
probability is in the range of 15%–60% (also see Supporting 
Information, Figure S8). Finite probabilities of interstate 
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 Figure 6.    a) Schematic illustration of the Raman spectroscopy measurements of an active MRS device. b) Raman spectrum of the PdO thin fi lm, 
showing B 1g  mode. c–g) Raman mapping of PdO signal near cracked region after applying 5, 8, 10, 12, and 15 V, respectively, to achieve the different 
resistance states (scale bar 400 nm). The number at the top right corner represents memory state. The rectangular box represents the active area of 
the device. Blue and black regions stand for the presence and absence of the PdO signal, respectively. h) Relative change in the PdO fi ll factor against 
the memory states, estimated from images in (c) to (g).



FU
LL P

A
P
ER

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim (7 of 9) 1500286wileyonlinelibrary.com

www.MaterialsViews.com www.advelectronicmat.de

Adv. Electron. Mater. 2016, 2, 1500286

switching may arise due to lack of control over Pd/PdO par-
tial oxidation/reduction processes, particularly while dealing 
with intermediate interstate switching. A better control of the 
processes is possible when state “0” is involved or between two 
neighbor states. Interestingly, the more the separation between 
the states, lesser is the switching probability, when state “0” is 
not involved in switching events. 

  To the best of our knowledge, there has been no effort in the 
literature toward evaluating a MRS device, or for that matter 
any memory device, in terms of its switching effi cacy or a fi gure 
of merit. For the fi rst time, we defi ne a new parameter which 

we term as “multiplex number ( M )” to quantify the perfor-
mance of a multiple memory switching device. It is defi ned as 

        M  =  n  + {γ/(  n   P  2 )} =  n  + {γ/( n !/( n  − 2)!)} (3) 

 here  n  is the number of states, and  γ  is the number of fully 
possible switching events in between the memory states, 
and   n P  2  is the number of possible combinations of switching 
events in between the memory states. The fi rst term enunci-
ates the number of memory states in a device and the second 
term quantifi es the fraction of switching events fully possible 
as against the total number; ideally, the second term should be 
unity. In other words, a MRS device with  n  states should have 
 M  of  n +  1, but in real situations, the  M  value stands between 
 n  and  n +  1. It should be noted that  M  stands for a unique situ-
ation. In the present PdO MRS device, the multiplex number 
is 5.7, which may be interpreted as fi ve memory states with 
an overall 70% effi ciency in switching. If it were to work with 
full effi ciency  M  would be 6.0. Interestingly,  M  of 6.0 cannot 
represent a six state device as its effi ciency would be reduced 
to zero! Similarly for all binary devices,  M  value will be 3 as 
switching effi ciency (“0” to “1” and “1” to “0”) is always 100%. 
An  M  value of 5.7 for the present device is the highest value 
estimated, compared to other MRS devices reported in litera-
ture [ 11–42 ]  (Figure  7 c and Supporting Information, Table S2).  

  3.     Conclusions 

 In this study, nanocrystalline PdO thin fi lm has been success-
fully demonstrated as a MRS element working in ambient 
conditions. The PdO MRS device has shown as many as fi ve 
resistive memory states. The memory states are quite stable 
with high endurance and retention with variation less than 3%. 
The reading of the resistance states could be done with just 
10 mV, due to linear nature of the  I – V  characteristics. Based 
on low temperature resistance measurements, the conduction 
mechanism in the resistive memory states was found to be vari-
able range hopping (VRH) with the activation energy increasing 
with increasing resistance of the memory state. SEM imaging 
and EDS mapping have shown crack formation in the oxide 
fi lm and reduced Pd agglomerate formation. Raman mapping 
showed that the crack closes due to the surface oxidation of Pd 
to form PdO nanoparticles involving electromigration of nano-
particles to some extent. The reversible oxidation/reduction of 
the active Pd/PdO particles is the basis of the observed MRS. 
For the fi rst time, a “multiplex number” has been defi ned to 
quantify the switching effi ciency in-between the memory states. 
Importantly, this approach can be generalised to any type of 
memory device. The multiplex number for the present PdO 
MRS device is 5.7, which is highest among the existing MRS 
devices in the literature. These devices will have high signifi -
cance in futuristic “human-brain” like memory devices.  

  4.     Experimental Section 
  PdO Thin Film Synthesis : Mica/quartz substrates were subsequently 

cleaned and ultrasonicated in water, Acetone and IPA, dried with 

 Figure 7.    a) Schematic illustration of switching between the memory 
states. Fully possible and partially possible switching combinations are 
represented with black and red arrows, respectively and b) histograms 
of the corresponding cumulative probabilities for all switching combina-
tions. c) The multiplex number and number of memory states for various 
MRS devices fabricated in the literature. [ 11–42 ]  “Star” represents the pre-
sent study.
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N 2  gas. A 100 µL of 50 m  M  Pd hexadecaylthiolate was drop-coated on 
the substrate at room temperature. The substrate was thermalized at 
250 °C for 2 h in air following annealing at 600 °C for 3 h in oxygen 
atmosphere. 

  Characterization and Device Fabrication : The formed PdO thin fi lm was 
well characterized before the device fabrication. A Perkin–Elmer Lambda 
900 UV/visible/near-IR spectrophotometer was used to measure the 
absorption spectra of PdO thin fi lm. XRD measurements on the PdO 
thin fi lms were carried out using a Siemens Seifert 3000TT diffractometer 
(Cu Kα 1.5406 Å, scan rate, 1° min −1 ). SEM and EDAX mapping was 
carried out using a Nova Nano SEM 600 instrument (FEI Co., The 
Netherlands). Raman measurements were performed using confocal 
Raman microscope (CRM-Alpha300 S), WITec GmbH, Germany. He-Ne 
laser with 633 nm wavelength was used. Raman maps were collected 
by stitching 2500 Raman spectra of PdO thin fi lm over 6 × 6 µm 2  area. 
Electrical contacts were made by evaporating (Hind High Vacuum Co., 
India) Au using shadow mask of ≈7 µm on a 50 nm thick fi lm. The 
electrical measurements were carried out on Keithley 4200 SCS and 236 
source meter. Temperature dependent resistivity measurements were 
performed using THMS600 stage from Linkam Scientifi c Instruments 
Ltd, UK. The RS characteristics were measured in ambient at 21 °C and 
35% RH.  
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