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  1   .  Introduction 

 With its great potential to make signifi cant impact in a wide 
variety of areas ranging from consumer products to industrial 
equipments, transparent electronics have been considered 
as an emerging technology for the next generation electronic 
circuitry and optoelectronic devices. [  1  ]  Transparent resistive 
random access memories (T-RRAMs), carrying the advan-
tages of both invisible electronics [  2  ]  and RRAMs, [  3  ]  have also 
attracted tremendous amount of attention from both academic 

and industrial communities in recent 
years. [  4  ]  For instance, an all-transparent 
electronic gadget assembled with invis-
ible memory, CPU, circuitry and display 
panel may receive good market response 
for better-life, while the transparent infor-
mation storage device that is insensitive 
to the solar irradiation or demonstrates 
good thermal stability is of great impor-
tance for use under severe environmental 
conditions. [  5  ]  

 To construct high-performance 
T-RRAMs, wide band-gap materials which 
are concurrently electrically-switchable 
and optically-transparent are necessary. [  6  ]  
With this concern, opaque silicon-based 
semiconductors are no longer qualifi ed, 
whereas metal oxides provide an alter-
native opportunity for discovering novel 
invisible electronic applications, [  7  ]  due 

to their distinctive magnetic and electronic properties arising 
from the diverse crystal structures and component elements. 
Previous efforts to produce T-RRAM generally focused on 
investigating the resistive switching properties of gadolinium 
oxide, [  4a  ]  titanium oxide, [  4b  ]  zinc oxide, [  4c   ,   d  ]  and doped-zinc 
oxide [  4e   ,   f   ]  thin fi lms that are sandwiched between transparent 
conductive oxide (TCO) electrodes. With the wide band-gap 
of ≈ 5.40 eV, Gd 2 O 3  exhibits a wide optical-window crossing 
the deep-ultraviolet to visible region. [  4a  ]  However, its resistive 
switching properties (set/reset voltages in particular) fl uctuate 
seriously in a limited numbers of operating cycles. On the other 
hand, titanium oxide and (doped) zinc oxide exhibit better elec-
trical behavior, but their relatively narrower band-gap ( E  g  ≈ 3.20 
and 3.37 eV, respectively) inevitably shrinks the transparent 
width of the optical-window. [  4b–  f   ]  Therefore, to receive both 
high optical transparency and good electronic performance in 
resistive switching metal oxides is still a pending challenge at 
the moment. [  8  ]  Nevertheless, the missing fundamental under-
standing of the resistive switching mechanism is the other 
obstacle that hinders the precise prediction of T-RRAM perfor-
mance and further improvement of high-quality metal oxides. [  9  ]  

 Hafnium oxide (HfO  x  ) is an inert, insulating and colorless 
material with a dielectric constant of around 25 and a band-gap 
of approximately 6 eV. [  10,11  ]  The high-  κ   nature of hafnium oxide 
makes it a leading candidate to replace silicon oxide gate insu-
lator in fi eld-effect transistors or charge-storage dielectric in 
DRAM capacitors, [  12  ]  while the wide band-gap offers an optical-
window opening over the entire IR (≈10  μ m) to deep-UV 
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 The normal X-ray diffractive (XRD) pattern of the ITO-coated 
glass substrate and the polycrystalline HfO  x   target, as well as 
the glazing-incidence X-ray diffractive (GIXRD) pattern of the 
5 or 50 nm-HfO  x   layers deposited on the ITO-coated glass sub-
strates, are shown in Figure  1 b, respectively. As expected, the 
ITO substrate exhibits XRD peaks at 21.5°, 30.0°, 35.2°, 37.3°, 
45.2°, 50.4°, and 60.0°, respectively, which are corresponding 
to the <211>, <222>, <400>, <411>, <431>, <440>, and <622> 
planes of the polycrystalline indium-tin oxide. To examine the 
microstructure of the sputtering-deposited ultrathin hafnium 
oxide fi lm, grazing-incidence X-ray diffraction (GIXRD) tech-
nique was employed instead with an X-ray beam incidence 
angle of 1° and a scanning step of 0.05° to eliminate the infl u-
ence of the ITO substrate. However, the diffractive signal of the 
5 nm-hafnium oxide layer is still too weak to be observed, and 
the 5 nm-HfO  x  /ITO structure shows an XRD pattern that is 
almost identical to that of the ITO substrate. Further increase 
in the fi lm thickness alters the XRD pattern signifi cantly, and 
the 50 nm-HfO  x  /ITO structure exhibits a wide and moderate 
GIXRD band covering the 26° to 30° range, indicating that both 
the amorphous and polycrystalline phases are present in the 
thicker fi lm. By using the same deposition method and condi-
tions, the 5 nm HfO  x   fi lm should also contain the mixed-crys-
talline structure as that of the thicker fi lm. Nevertheless, TEM 
image indicates that the mixed-crystalline structure is com-
posed of a polycrystalline HfO  x   layer sandwiched between two 
amorphous interfacial layers. The presence of the amorphous 
regoins may act as protecting layers to screen the high leaking 
current along the large numbers of grain bournaries of the 
middle polycrystalline HfO  x   thin fi lm. In addition, according to 
the Schuller formula, [  16  ] 

d =8 /2[sin2n +1−sin2n]  (1)    

  where  d  is the fi lm thickness,   λ   is the wavelength of the X-ray 
beam,   θ    n +1  and   θ  n   are the refl ective angle of the neighboring 
maximum of the refl ected X-ray beam, the thickness of the 
ultrathin HfO  x   layer is derived to be about 5 nm from the X-ray 
refl ectivity (XRR) curve of Figure S2 (Supporting Information), 
which well agrees with that observed by TEM analysis. 

 Such a 5 nm-hafnium oxide fi lm exerts little infl uence on 
the optical performance of the transparent conductive oxide 
(TCO) electrodes, and the ITO/HfO  x  /ITO structured device 
demonstrate a good visible transmittance of ≈75% to 88% in 
the 400 nm to 800 nm region (Figure  1 c,d). Further broadening 
of the optical window to the near infrared (IR)-visible (Vis)-deep 
ultraviolet (UV) region (2000 nm to 200 nm) leads to a notable 
decrease in the optical transmittance, which is attributed to the 
strong absorption of the ITO layer in the shorter-wavelength 
range. [  17  ]  Once the optical response of the ITO layer is deducted 
from the transmittance spectrum of the 5 nm-HfO  x  /ITO struc-
ture, the ultrathin hafnium oxide fi lm exhibits an almost com-
plete transparency (>99%) over the entire UV-Vis-IR spectrum 
of the solar irradiation. The promising optical transparency, 
together with the ultrathin, ultra-smooth and mixed-structure 
nature of the hafnium oxide fi lm, renders the all-oxide device 
promising memory capability and optical transmittance for 
T-RRAM applications. 

 The memory behavior of the transparent ITO/HfO  x  /
ITO structure is demonstrated by the current–voltage ( I–V ) 

(≈200 nm) solar irradiation spectrum. [  13  ]  By incorporating high-
  κ   amorphous hafnium oxide insulator into CMOS-compatible 
RRAMs, the current leakage issue can be effectively counter-
acted by eliminating/reducing leaking paths associated with 
the grain boundaries of polycrystalline fi lms. [  14  ]  Consequently, 
the storage layer can be made even thinner to enhance both 
function density and optical transparency without sacrifi cing 
the device performance. With its melting point approaching 
2800 °C, hafnium oxide will also be highly reliable against 
thermal shock when used in specifi c occasions. [  15  ]  Neverthe-
less, less effort has been devoted to explore the transparent and 
thermally stable application of hafnium oxide based resistive 
random access memories. 

 In this contribution, we report an all-oxide RRAM device 
based on indium-tin oxide/hafnium oxide/indium-tin oxide 
(ITO/HfO  x  /ITO) sandwich structures. The ITO/HfO  x  /ITO 
structure exhibits good optical-transparency of ≈80% in the 
visible region, which can be further enhanced over the deep-
UV to IR solar spectrum by using the free-standing hafnium 
oxide fi lm or employing more transparent electrodes. The all-
oxide device demonstrates stable resistive switching behaviors, 
where the small set/reset voltages and moderate ON/OFF ratio 
are distributed uniformly for over 5 × 10 7  consecutive switching 
cycles or retained for 10 6  s. More importantly, the memory 
devices are resistant to violent thermal shock over a wide tem-
perature range of 10 K to 490 K, demonstrating great potential 
for outer-space application under extreme working conduc-
tions. Elucidated by investigating the migration of oxygen ions 
and mapping the distribution of the electrochemically-reduced 
hafnium (Hf 0 /Hf n+ , 0 <  n  < 4) species via X-ray photoelectron 
spectroscopic analysis, the electric fi eld-induced smooth forma-
tion and rupture of metal-rich conductive fi laments through 
the mixed-structure hafnium oxide ultrathin fi lm are found to 
be responsible for the stable switching of resistance of the all-
oxide memory devices.  

  2   .  Results and Discussion 

 The resistive random access memory devices usually require 
a signifi cant conductivity difference between the high resist-
ance state (HRS) and low resistance state (LRS) for obtaining a 
large signal-to-noise ratio and lowering the possible misreading 
rate. For practical applications, the device needs to have high 
speed, low operating voltage, high endurance, long retention 
time and good switching reliability. To make it optically trans-
parent, the storage layer should also be as thin as possible and 
maintain its electrical performance in the meanwhile. There-
fore, it is essential to produce a high quality oxide fi lm with 
excellent optical and electrical properties for the realization of 
T-RRAMs. The as-sputtered hafnium oxide layer, sandwiched 
between ITO/glass substrate and the top ITO electrode, was 
fi rst visualized through a transmission electronic microscope 
(TEM) ( Figure    1  a). In obvious constrast to the brighter interfa-
cial regions and the ITO layers, the darker hafnium oxide fi lm 
shows a thickness of around 5 nm. AFM image also suggests 
the smooth nature of the HfO  x   layer, which has a root-mean-
square roughness (RMS) of less than 0.3 nm (Figure S1, Sup-
porting Information).  

Adv. Funct. Mater. 2014, 24, 2171–2179



FU
LL P

A
P
ER

2173

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

“write-read-erase-read-rewrite” cycle for a non-volatile random 
access memory device. For this forming-free device, the ini-
tial state resistance is exactly the same as for that of the HRS 
after RESET. The operation cycles can be repeated with fairly 
good accuracy, and both the set and reset voltages are distrib-
uted uniformly with only minor (±4.3%) variation (Figure  2 b). 
It was reported that the electrical stress might have an effect 
on the inherent electrical relaxation of the oxide materials and 
cause fl uctuation of the electronic transport properties. [  18  ]  To 
explore the endurance properties of the devices, pulse opera-
tion with SET/RESET voltgaes of 3.0 V/–2.5 V and triggering 
period of 20 ns was executed for 5 × 10 7  cycles. Both the high 
and low resistance states (read at −0.1 V) are programmable, 
accessible and stable in these switching cycles, and they can 
be readily retained with a moderate HRS/LRS resistance 
( R  OFF / R  ON ) ratio of 45 for at least 10 6  s (Figure  2 c and Sup-
porting Information, Figure S3). Simple extrapolation indi-
cates that the retention of the bistable resistance states can be 
extended to more than 10 years with only a 17.6% decrease 
of the HRS/LRS resistance ratio. It is also believed that the 

characteristics ( Figure    2  a), which reveals a forming-free, 
bipolar and stable resistive switching effect under room tem-
perature. Starting with the high resistance state (HRS or OFF 
state with an initial resistance of ≈1700  Ω  read at –0.1 V) in 
the as-fabricated all-oxide cell, the current increases slowly 
with the increase in the applied positively-biased voltage. 
Without a forming process that requires a large setting 
voltage to initialize the switching of resistance as for other 
metal oxide based RRAMs, [  4  ]  the current fl owing through 
the hafnium oxide layer increases abruptly from 1 mA to 
20 mA at the small threshold voltage of 0.5 V, and switches 
the device (write or SET process) from the high resistance 
(OFF) state to the low resistance state (LRS or ON state). 
The low resistance state can be read in the following positive 
sweeps, retained after removing the power supply, and repro-
grammed back to the initial high resistance state through a 
negatively-biased voltage sweeping exceeding –2.3 V (erase 
or RESET process). The OFF state of the sandwiched struc-
tures can be read and re-programmed to the ON state again in 
the subsequent positive sweeps, thus completing the bipolar 

      Figure 1.  a) Transmission electron microscopic (TEM) cross-sectional view of the ITO/HfO  x  /ITO structure. b) Glazing-incidence X-ray diffractive 
(GIXRD) pattern of the 5 or 50 nm -HfO  x   layers deposited on the ITO-coated glass substrates, and normal X-ray diffractive (XRD) pattern of the poly-
crystalline HfO  x   target and the ITO-coated glass substrate, respectively. c) An ITO/HfO  x  /ITO/glass structured sample device placed on top of the logo 
of Key Laboratory of Magnetic Materials and Devices, CAS (Chinese Academy of Sciences). d) Optical transmittance spectra of the ITO-coated glass 
substrate, ITO/HfO  x   /ITO/glass sandwiched structure and the background- deducted ultrathin HfO  x   layer. 
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(Figure  3 b). [  19  ]  The switching cycles almost follow the same 
trace, albeit the ON and OFF state resistances of the all-oxide 
device changes slightly (Figure  3 c). As the working temperature 
increases from 10 K to 490 K, the ON state resistance increases 
from ≈30  Ω  to 40  Ω  accordingly. Such ON state resistance-
temperature relationship is characteristics of a metallic con-
ductor, and is discussed in the supporting information. [  20  ]  On 
the other hand, the increase in working temperature leads to 
decrease of the OFF state resistance from ≈3000  Ω  to 1100  Ω , 
which correspond to the characteristic transport properties of a 
semiconductor. [  21  ]  Consequently, a slightly decreased  R  OFF / R  ON  
ratio, which is still adequate to be used to identify the two states 
without severe misreading issue by today’s state-of-the-art 
CMOS circuits, is observed during the device heating process. [  9  ]  
Nonetheless, the working temperature of the present all-oxide 
device well covers that of the near-earth space. For instance, the 
sun-facing side of the moon is around 400 K while the shadow 
side is 40 K. [  22  ]  And the hafnium oxide devices demonstrate 

switching time of the present device is shorter than the width 
(20 ns) of the applied voltages.  

 The electrical performance of the ITO/HfO  x  /ITO structure 
was also characterized at different temperatures to evaluate 
its capability of resisting the possible thermal shock when 
working under extreme environmental conditions. As shown 
in  Figure    3  a, the forming-free bipolar resistive switching phe-
nomena are well maintained over the working temperature 
range of 10 K to 490 K. Starting from the room temperature 
where the SET and RESET voltages are 0.5 V and –2.3 V, respec-
tively, neither does increasing nor decreasing the working 
temperature affect the programming fi eld signifi cantly. How-
ever, the SET and RESET voltages do slightly decrease as the 
working temperature increase, suggesting that the write and 
erase processes are activation energy-controlled procedures 

      Figure 2.  a) Current–voltage ( I–V ) characteristics of the ITO/HfO  x  /ITO 
structure over 400 consecutive cycles. Inset shows the schematic illus-
tration of the sandwich- structured device. b) Statistical distribution/
cumulative probability of the set and rest voltages for the ITO/HfO  x  /ITO 
switching structure. c) Room-temperature endurance characteristics of 
the switching device read at –0.1 V for both the high and low resistance 
states. 

      Figure 3.  a) Electrical performance of the ITO/HfO  x  /ITO switching struc-
ture at different temperatures. b) Evolution of the set and reset voltages 
as a function of the temperature. c) Endurance characteristic of tempera-
tures read at –0.1 V in the high and low resistance states. 
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fi laments can switch the oxide layer between 
low and high resistance states reprogram-
mablly. [  26  ]  In this mechanism, an initial pro-
cess which requires a relative high voltage to 
form the conductive fi laments along grain 
boundaries is usually necessary, though such 
a forming process is undesirable. [  27  ]  Severe 
constraints for circuit design, arising from 
the large discrepancy in the forming and sub-
sequent setting voltages, as well as the sub-
stantial device degradation that leads to cycle-
to-cycle and device-to-device variation under 
high electric fi eld and limits the endurance 
performance of the memory device, hin-
ders the commercialization of oxide based 
RRAMs. [  28  ]  In the present study, both poly-
crystalline and amorphous layers are pre-
sent in the ITO/HfO  x  /ITO devices. With the 
local deviation from ideal stoichiometry of 
the polycrystalline fi lm, the electrically active 
defects lead to a forming-free bipolar resistive 
switching of the all-oxide devices. In addi-
tion, the low thermal budget requirement for 
integrating the RRAM device into the CMOS 
circuit delivers the mixed-structure hafnium 
oxide signifi cant advantages over other crys-
talline samples. [  29  ]  

 To gain insights into the conduction mech-
anism that gives rise to the stable and anti-
thermal shock resistive switching behavior of 
the HfO  x  -based devices, chemical composi-
tion of the storage layer has been investigated 
by X-ray photoelectron spectroscopic (XPS) 
depth-profi ling analysis of the Pt/HfO  x  /ITO 
cells in their respective initial resistance state 
(IRS) and low resistance state ( Figure    4   and 
Supporting Information, Figure S4). Here, 
to avoid the introduction of extra atoms from 
the TCO electrodes into the HfO  x   fi lm upon 
argon-ion etching treatment, inert platinum 
top electrode was used instead. With the pre-
sent switching cells where transparent con-
ductive oxide or noble metal was used as elec-
trodes, the possibility of active electrode-metal 
diffusion can be excluded defi nitely. [  30,31  ]  As 
shown in the XPS depth-profi ling spectra 
of the Pt/HfO  x  /ITO cell in its initial resist-

ance state, the oxygen 1s and hafnium 4p 3/2  signals starts to be 
detected after the fi rst fi ve etching treatments, indicating that 
the Pt/HfO  x   interface is located at ≈25 nm from the upper sur-
face of the top electrode (Figure  4 a). Similarly, the HfO  x  /ITO 
interface can be located at the position next to where the sev-
enth spectrum from the last, without any indium 3d 3/2  signal, is 
received (Figure S4, Supporting Information). Ion-etching treat-
ment can easily force the upper-layer atoms into their under-
lying substance, thus platinum and hafnium were detected in 
the hafnium oxide and ITO electrode layers, respectively.  

 In the O 1s core-level XPS spectra of the as-sputtered haf-
nium oxide fi lm, both lattice oxygen species corresponding to 

great resistance to the proton and  γ -ray irradiations. [  23  ]  There-
fore, the thermally-stable resistive switching phenomena of the 
all-oxide device promise its great potential for outer-space data 
storage applications.  

 The formation and rupture of localized fi lamentary conduc-
tion path associated with the reduction-oxidation reaction of 
defects present in the oxide are widely accepted for the expla-
nation of bipolar resistive switching in crystalline samples. [  3b   ,   24  ]  
Such valence-change based switching mechanism is usually 
driven by the drift of oxygen anions (O 2− ) across the oxide 
layer towards the electrodes. [  25  ]  Leaving vacancies behind, the 
formation-rupture-regeneration of oxygen defi cient conductive 

      Figure 4.  a) X-ray photoelectron spectroscopic (XPS) depth-profi le of the Pt/HfO  x  /ITO struc-
ture in the initial (upper) and low resistance (lower) states. b,c) The distribution of the constit-
uent elements and the O:Hf ratio of the Pt/HfO  x  /ITO structure in the initial and low resistance 
states, respectively. Inset of (c) shows the optical microscopic image of the Pt circular electrode 
after 10 consecutive switching cycles showing the minor degradation of the electrode edges. 
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decrease correspondingly (Figure  3 b). [  4f   ]  
Moreover, the migration, electrochemical oxi-
dation and evaporation of oxygen species is 
further confi rmed by the minor degradation 
of the top platinum electrode, where the edge 
of the circular electrode becomes bubbled 
(oxidized) and less smooth after 10 electrical 
switching cycles (inset of Figure  4 c and Sup-
porting Information, Figure S5). [  32  ]   

 Nevertheless, the core-level Hf 4d XPS 
spectra provide essential information for 
identifying the chemical nature of the con-
ductive fi laments in the ultrathin fi lm of 
hafnium oxide (Figure  5 ). [  4f   ,   32a   ,   33  ]  In the ini-
tial resistance state, the presence of the Hf 
4d 5/2  and Hf 4d 3/2  species with the binding 
energies of 248.22 eV and 258.94 eV cor-
responds to the predominant HfO  x   com-
ponent where  x  is less than 2, while the 
minor high-binding energy Hf 4d 5/2  and Hf 
4d 3/2  species at 249.58 eV and 260.09 eV are 
associated with the HfO 2  components. The 
relatively weak intensity of the HfO 2  com-
ponents is in accordance with the fact that 
during RF magnetron sputtering deposi-
tion, low-pressure atmosphere with a small 
O 2 /Ar ratio of 1:5 were maintained in the 

chamber, resulting in the low oxidative state of the metal ion 
in the ultrathin fi lm. With the presentative  x  number of 1.45 
(2.5 nm from the Pt/HfO  x   interface) and the relative strength 
of the two hafnium oxide components, which is calculated from 
the corresponding XPS peak areas, the pristine HfO  x   thin fi lm 
demonstrates a chemical composition of 56.30% of HfO 1.24  
and 37.70% of HfO 2 . As a net effect of the co-existence of the 
two hafnium oxide constituents, the as-sputtered HfO  x   thin 
fi lm carries an oxygen vacancy concentration of ≈27.5%. Upon 
switching the hafnium oxide layer to the low resistance state, 
the Hf 4d core-level XPS spectrum exhibits a non-negli-
gible appearance of the new Hf 4d 5/2  and Hf 4d 3/2  species at 
248.29 eV and 259.12 eV. The low-binding energy Hf species 
can be attributed to the electrochemically-reduced metallic 
hafnium atoms, and are further correlated by the linear tem-
perature dependence of the LRS metallic resistance with the 
formula of R(T ) = R0[1 − "(T − T0)] , where  R  0  is the resistance 
at temperature  T  0 , and   α   is the temperature coeffi cient of resist-
ance (Figure S6, Supporting Information). The calculated   α   of 
the LRS hafnium oxide fi lm is 4.0 × 10 −3  K −1  in the tempera-
ture range of 273 K to 300 K, similar to the reported value of 
3.9 × 10 −3  K −1  for high-purity hafnium nanowire. [  34  ]  Therefore, 
the metallic hafnium-rich nature of the conductive fi laments 
that cause the electrical switching of the device resistance to a 
much lower level is confi rmed. [  35  ]  The LRS hafnium oxide fi lm 
has a chemical composition of Hf: HfO 1.22 : HfO 2  = 1: 9.06: 
2.03, suggesting that 8.27% hafnium atoms can participate in 
the formation of the metallic conductive fi laments in the HfO  x   
switching layer. It is noteworthy that the stoichiometry number 
of the dominant hafnia species (HfO 1.24-1.22 ) remains almost 
constant, while the relative concentration increases from 
56.30% to 74.94%. Thus the conductive fi laments are mainly 

the O-Hf bonding and the non-lattice oxygen anions (O 2− ) are 
revealed with the binding energies of 530.15 eV and 530.75 eV, 
respectively ( Figure    5  a). Upon being subject to the electric 
fi elds, the non-lattice oxygen anions as well as the hafnium 
cations in the oxide layer can migrate towards the electrodes 
(Figure S4, Supporting Information). As a result, the oxygen 
and hafnium content decreases in the switching thin fi lm, while 
increases spontaneously in the electrode layers (Figure  4 b). 
Quantitative analysis shows that oxygen anions drift faster 
than the hafnium cations (Figure  4 c and Supporting Informa-
tion, Figure S5). After transition to the low resistance state, the 
O:Hf atomic ratio of the bulk fi lm (for instance, 2.5 nm from 
the top) decreases from 1.45 to 1.25, which is much lower 
than that of the Pt/HfO  x   interface (1.33). Therefore, the migra-
tion of oxygen ions is suggested to dominate the formation 
and rupture of conductive fi laments across the hafnium oxide 
thin fi lms. According to the experimental procedure where the 
deposition atmosphere with an O 2 /Ar ratio of 1:5 was used to 
fabricate the oxygen defi cient HfO  x   layer, numerous amounts 
of oxygen vacancies (or movable non-lattice oxygen anions) pre-
exist in the oxide fi lm. Under electric fi eld, the concentration of 
charged oxygen vacancies can exceed the percolation threshold 
easily, and induces the insulating-to-conductive transition of 
the oxide layer without a forming stage. [  28  ]  As the HfO  x   layer 
is practically thin, a small setting voltage (0.5 V) is suffi cient 
to switch the device ON and OFF. After switching to the low 
resistance state, the non-lattice oxygen species also increase 
from ≈47.60% to ≈59.75%, and become dominant across the 
HfO  x   fi lm (Figure  5 b). Increase in the device temperature may 
assist the generation of oxygen vacancies in the SET process, 
or promote the migration of oxygen anions back from the elec-
trode to the oxide layer, thus both the set and reset voltages 

      Figure 5.  a) O 1s and b) Hf 4d core-level X-ray photoelectron spectra (XPS) of the ultrathin 
hafnium oxide fi lm in the initial and low resistance states. 
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chemically-stoichiometric HfO 2  while the electrically-switched 
hafnium oxide has a much smaller x number of 1.2–1.3. There-
fore, an average oxygen vacancy concentration of 30% and 40% 
can be derived for the as-sputtered and electrically-switched 
HfO  x   fi lms, respectively. Though the presence of small amount 
of oxygen vacancies offers a means of low-energy charge trans-
port paths in the as-sputtered thin fi lm, the limited density of 
the non-stoichiometric defect states present in the band gap of 
the hafnium oxide is less effi cient for the thermal generation of 
charge carriers. As a result, the pristine ITO/HfO  x  /ITO struc-
ture is in its initial high resistance state and Ohmic conduction 
was observed in the low voltage region.  

 With electric-fi eld increased, an increased oxygen vacancy 
content can be expected. For instance, when the  x  value is 1.32, 
the larger density of defect states is more favorable for the gen-
eration of carriers. As the number of injected carriers becomes 
comparable with that of thermal free carriers, carrier conduc-
tion becomes determined mainly by the shallow traps. The 
carriers trapped near the electrode form a space charge layer, 
which limited further electrode injection. Therefore, the elec-
tronic transport deviates substantially from Ohmic conduction, 
giving rise to a square-law dependent behavior. The resistance 
of the HRS hafnium oxide decreases as temperature increases 
(Figure  6 c), and is consistent with the temperature-dependent 
thermal generation of charge carrier in semiconductor mate-
rials. Once the ITO/HfO  x  /ITO structure has been set to the 
low resistance state, the large amount of oxygen vacancy (38%) 
and defects states benefi t both the generation and transport of 
charge carriers. As a result, the LRS conduction regains the 
Ohmic (Figure  6 b) and metallic (Figure  6 d) nature, where the 
resistance of the sandwiched structure increases with the rising 
of sampling temperature. 

 In comparison with that of the hafnium 
oxide in its high resistance state, the conduc-
tive atomic force microscopic (C-AFM) map-
ping of the electrically-switched HfO  x  /ITO 
structure suggests that fi lamentary conduc-
tion is responsible for the low resistance state 
in the HfO  x   thin fi lm (inset of Figure  6 c,d). 
Device area-dependent behavior of the LRS 
fi lamentary conduction was also confi rmed 
as shown in  Figure    7  . In the HRS, the con-
duction over the entire device ares is uni-
form (inset of Figure  6 c), therefore the cur-
rent fl owing across the device (or the device 
resistance) shows area-dependence and is 
propotional (or reversibly propotional) to 
the device area. When switched to the LRS, 
fi lamentary conduction becomes dominent. 
As shown in the inset of Figure  6 d, current 
fl ows preferentially from the localized con-
ductive fi laments. As the formation, rupture 
and regeneration of the conductive fi laments 
are random, the current fl owing across the 
device (or the device resistance) is conse-
quently area-independence. Moreover, the 
high melting temperatures of the metallic 
hafnium and hafnium oxide, which are 
2233 °C and 2800 °C, respectively, are the 

from the electrochemical metallization of the quadrivalent haf-
nium cations of the stoichiometric HfO 2  species. 

 As discussed previously, the conductive fi laments that are 
responsible for the resistive switching in oxide materials are 
usually energetically-favorably located at grain boundaries. 
Associated with the abundant numbers of crystalline and 
chemical defects of dangling bonds, such fi laments can result 
in severe leakage in polycrystalline sample and consequently 
permanent breakdown of the switching devices. [  36  ]  In the pre-
sent study, the polycrystalline structure of the middle HfO  x   
layer also leads to a large OFF state current. On the other hand, 
as the polycrystalline hafnium oxide layer is buried under 
amorphous interfacial layers, less leaking paths associated with 
the grain boundaries are exposed directly to the ITO electrodes. 
Therefore, signifi cant improvement in the retention and endur-
ance performance of the memories are accounted. As the con-
ductive fi laments are metallic, it is natural to observe a positive 
dependence of the LRS resistance on the device temperature, 
whereas the space-charge-limited-current (SCLC) controlled 
HRS resistance decreases as temperature increases (see Sup-
porting Information, Figures S6,S7). 

 The current-voltage characteristics of the bistable resist-
ance states were curve-fi tted with appropriate charge trans-
port models and re-plotted with double logarithmic scale in 
 Figure    6  a and  6 b, respectively. In insulating or semiconducting 
materials, the carrier concentration is strongly-related to the 
energy band gaps. The wide band gap (≈6 eV) of the mixed-
phase hafnium oxide leads to a lower concentration of the 
thermally-generated charge carriers (charged oxygen vacan-
cies) and consequently the insulating nature of the ultrathin 
fi lms. XPS data indicates that the as-sputtered HfO  x   fi lm 
carries an  x  value of 1.4–1.8 in close proximity to that of the 

      Figure 6.  Experimental and fi tted current–voltage ( I–V ) curves in log-log scale for the a) ini-
tial and b) low resistance states. Insert shows the corresponding  I – V  curve in line-log scale. 
Temperature dependence of the resistance and conductive-atomic force microscopic (C-AFM) 
mapping of the ultrathin hafnium oxide fi lm in the c) initial and d) low resistance states. 
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an ITO target using pulsed laser deposition (PLD) technique (PLD300 
system from SKY Technology CAS, equipped with COMPEXPRO 205 
excimer laser generator from Lambda Physik) and patterned through a 
metal shadow mask. 

  Characterization : The crystalline structure of the as-deposited HfO  x   
fi lms was investigated by grazing-incidence X-ray diffraction technique 
(GIXRD, Bruker AXS, D8 Discover) using Cu-K   α    radiation. The incidence 
angle of X-ray beam was fi xed at 1° and the measurements were 
recorded with a step of 0.05° in the range of 10° to 70°. The thickness 
of the fi lms was determined using fi eld-emission scanning electron 
microscopy (FESEM, Hitachi, S-4800) with 15 kV accelerating voltage. 
The optical transmission spectra were recorded using UV–Vis–NIR 
Spectrometer (Perkin Elmer, Lambda 950) in the wavelength range 
of 200 nm to 2000 nm. The current-voltage ( I–V ) characteristics of 
the ITO/HfO  x  /ITO structures were measured on a Lakeshore probe 
station equipped with a precision semiconductor parameter analyzer 
(Keithley 4200) in dc sweep mode. During the  I–V  measurements, 
ITO bottom electrodes were always grounded and the biased-voltages 
were applied to the top electrode. The temperature dependence of 
the resistance (R-T) for the ITO/HfO  x  /ITO devices was examined on 
a physical property measurement system (PPMS, Quantum Design, 
Model-9) using a conventional two-probe method. The patterned-ITO 
top electrodes were inter-connected with thin platinum (Pt) wires using 
highly conductive silver glue (EPO-TEK H20E from Epoxy Technology, 
Inc., volume resistivity @ 23° ≤ 0.0004 Ohm-cm) followed by welding 
of the Pt wires onto the PPMS sample stage. During R-T measurement, 
a constant-current mode with an excitation current of 50  μ A was used. 
Scanning probe microscopy (Veeco, Dimension 3100V) equipped with 
a conducting cantilever coated with Pt/Ir was employed for C-AFM 
measurements of the HfO  x  /ITO structures, where the AFM tip was 
always grounded while the biased-voltages were applied to the ITO layer. 

  X-Ray Photoelectron Spectroscopy : In order to investigate the fi lm 
composition and oxidative states of the hafnium species in the initial 
and low resistance states, depth-profi ling of the Pt/HfO  x  /ITO structure 
was performed using ion-etching treatment during X-ray photoelectron 
spectroscopic (XPS, SHIMADZU, AXIS ULTRA DLD) measurements. A 
monochromatic Al-K  α   X-ray source (1486.6 eV photons) was used at a 
constant dwell time of 100 ms. A pass energy of 80 eV or 40 eV was 
employed for the wide and core-level spectra scan, respectively. The 
X-ray source was run at a reduced power of 150 W (15 kV and 10 mA). 
The pressure in the analysis chamber was maintained at 10 −8  Torr or 
lower during each measurement. The core-level signals were recorded at 
a photoelectron take-off angle ( α , measured with respect to the sample 
surface) of 90°. All binding energies (BEs) were referenced to the C 1s 
hydrocarbon peak at 284.6 eV. In curve fi tting, the line width (full width 
at half-maximum, or FWHM) for the Gaussian peaks was maintained 
constant for all components in a particular spectrum. Surface elemental 
stoichiometries were determined from XPS spectral area ratios and were 
reliable within ±5%. The elemental sensitivity factors were calibrated 
using stable binary compounds of well established stoichiometries. Each 
ion-etching operation unveiled a brand-new surface and the XPS spectra 
provided the means of analyzing the composition of these surfaces. 
Background correction and peak fi t features were performed to the data 
using CASA XPS software.  
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physical origin of the anti-thermal shock capability of the all-
oxide T-RRAM devices. [  15,37  ]    

  3   .  Conclusion 

 In this work, fully transparent resistive random access memory 
devices based on an ITO/HfO  x  /ITO sandwiched structure 
were fabricated using RF magnetron sputtering technique. 
The all-oxide device demonstrates good transparency over the 
visible spectrum of the solar irradiation, which can be further 
enhanced by using more transparent TCO electrodes. Without 
an initial electro-forming process, the T-RRAM devices show 
asymmetric bipolar resistive switching behavior with large 
 R  OFF / R  ON  ratio of 45, excellent endurance of over 400 operating 
cycles, extrapolated retention ability approaching 10 years and 
wide working temperature range of 10 K to 490 K. The bistable 
electrical switching is ascribed to the electric fi eld-induced 
migration of oxygen anions and the simultaneous formation 
of metallic hafnium-rich conductive fi laments. Together with 
the ultrathin and optically-transparent characteristics, as well 
as the stable, and anti-thermal shock electrical switching prop-
erties of the ITO/HfO  x  /ITO sandwich structure, the present 
mixed-structure HfO  x   based all-oxide device renders prom-
ising memory capability and optical transmittance for T-RRAM 
applications.  

  4   .  Experimental Section 
  Device Fabrication : High purity HfO  x   ceramic (99.995%) with a 

2 inch-diameter and 3 mm-thickness was used as the sputtering target. 
The 5 nm-HfO  x   fi lm was deposited on a commercial ITO-coated glass 
substrate by RF magnetron sputtering technique (JGP450 system, SKY 
Technology CAS) at room temperature with a base pressure of lower 
than 1.2 × 10 −4  Pa. High purity Ar (99.999%) and O 2  (99.999%) with 
the O 2 /Ar ratio of 1:5 were introduced into the chamber during the 
deposition. The RF power and working pressure were fi xed at 60 W and 
1 Pa during the sputtering process, respectively. The 100-nm-thick ITO 
top electrodes with diameter of 100  μ m were deposited by sputtering 

      Figure 7.  Device-area dependence of the resistance for the ITO/HfO x /
ITO switching structure in its high and low resistance states. 
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