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The chemical and electronic modifications induced by the electroforming process on the Ti/HfO2/

TiN-based resistive switching devices were investigated by non-destructive hard x-ray photoelectron

spectroscopy (HAXPES). The results indicate an increase of the titanium top electrode oxidation at

the interface with HfO2 after the electroforming process. Additionally, the binding energy values of

the HAXPES peaks of the electroformed sample increased as compared to the as-prepared sample.

The observed changes between both samples are attributed to the creation of n-type defects, such as

oxygen vacancies, in the HfO2 layer near the Ti interface during the electroforming process.VC 2012

American Institute of Physics. [http://dx.doi.org/10.1063/1.4728118]

A variety of different metal-insulator-metal (MIM) struc-

tures show reversible changes in the resistance upon applying

bias voltages across the layers.1–3 The application of current or

voltage to an as-prepared device produces a significant change

of its electronic conductivity.4 An initial and irreversible pro-

cess, called electroforming, is mostly required for obtaining a

reversible and stable switching between a high (HRS) and a

low (LRS) resistive state. The resistive switching (RS) effect is

used to realize resistance change random access memory

(RRAM) devices. Recently, there has been an increased inter-

est in the use of transition metal oxides (TMO) as the insulator

layer in the MIM stack for RRAM applications. Due to the

compatibility with silicon complementary metal oxide semi-

conductor (Si CMOS) transistor technologies, Ti/HfO2-based

resistive switching devices are highly attractive,5–8 even if the

exact role of the Ti layer is not yet fully understood.9

Despite numerous efforts, the driving mechanism for the

resistive switching effect of RRAM devices is still under

debate.1–3,10 For the TMO-based RRAMs, mainly two differ-

ent mechanisms are considered. The first mechanism is attrib-

uted to the generation and rupture of metallic filaments,11 e.g.,

by electromigration of metal atoms from the electrode with

an applied electric field.12 The second mechanism is based on

the creation and annihilation of charged oxygen vacancies at

the metal/oxide interface by redox processes.4,13 Moreover,

with applied bias, ionized oxygen vacancies can migrate

across the MIM stack, creating conductive channels for the

RS. Regrettably, oxygen vacancies are particularly unstable14

and thus cannot be investigated by destructive techniques.

Hard x-ray photoelectron spectroscopy (HAXPES) is a power-

ful synchrotron method to study deeply buried interfaces in a

non-destructive way.15 Although this technique has already

shown its high potential to study the RS phenomenon in NiO-

based RRAM device14 and Cu/HfO2-based RRAM device,16

the electroforming step, as a prerequisite of the RS, is not fully

explained, especially not for the HfO2-based system, which is

gaining increased research interest as suitable candidate to

enable future RRAM technologies.17 Hence, in this work, we

focus on understanding the chemical and electronic modifica-

tions that occur during this first electroforming process on

CMOS-compatible Ti/HfO2/TiN RRAM cells.18

For this purpose, a Ti/HfO2/TiN thin film system was

prepared on an 8 in. (001)-oriented Si wafer. A polycrystal-

line TiN bottom electrode was deposited by plasma assisted

direct current magnetron sputtering of a titanium metal in the

presence of a N2/Ar gas mixture at room temperature (RT).

An amorphous HfO2 film was grown by atomic vapor depo-

sition at 320 �C using a Hf(NMeEt)4 precursor and oxygen

as a reactive gas.19 In the following step, a Ti top electrode

was deposited by plasma vapor deposition at RT. Then, such

prepared stack was characterized by x-ray reflection (XRR)

and scanning transmission electron microscopy (STEM)

with energy-dispersive x-ray spectroscopy (EDX) measure-

ments. The results are presented in Fig. 1. From left to right

are shown the high angle annular dark field STEM image

with marked thicknesses of the layers obtained via XRR

measurement (data not shown), and the Ti, O, Hf, and N

EDX maps. Although the combined TEM-EDX study is a

destructive technique, it allows deducing from the as-

deposited sample qualitative information about the presence

of a surface oxidation of the Ti top electrode and the exis-

tence of a Ti oxide interface layer between HfO2 and the Ti

metal electrode. Two samples of the same wafer, with a size

of 1� 1 mm2, were subsequently diced. For the electrical

measurements performed on one sample, a bottom electrode

contact (200� 200 lm2 in area as shown in the inset of

Fig. 2(a)), was prepared by time of flight secondary ion mass

spectroscopy depth profiling. With the bottom electrode set

to ground potential, the electroforming process was per-

formed under ambient conditions by applying a positive DC

voltage sweep across the stack with a Keithley 4200 semi-

conductor characterization system. I-V characteristic of this

initial electroforming process is presented in Fig. 2(a). After

this electroforming process, the device presented a bipolar

RS behavior by applying a voltage sweep from �3 to 6V,

a)Author to whom correspondence should be addressed. Electronic mail:

sowinska@ihp-microelectronics.com.
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with a current compliance set at 80 mA, as shown in Fig.

2(b). Here, for the switching operation from LRS to HRS, a

positive reset voltage was required, whereas a negative volt-

age was needed for the set operation from HRS to LRS. The

two samples, called now as-prepared and electroformed,

were then analyzed by HAXPES. The HAXPES measure-

ments were carried out at the P09 beamline of the PETRA

III storage ring at DESY (Hamburg).20 Photoelectrons were

excited at two photon energies, 5.5 and 7 keV, with a Si(311)

double crystal monochromator in use. All HAXPES meas-

urements were performed at a constant take-off angle of 90�.

The SPECS Phoibos 225 HV electron analyser was mounted

in polarisation direction of the x-ray beam. The photon

energy was calibrated by means of the 4f7/2 signal from a

metallic gold reference sample in electrical contact with the

sample. The inelastic mean free paths were calculated using

the TPP-2M equation.21 For the metallic Ti 2s line, they are

equal to 8.6 and 10.4 nm for the two excitation energies of

5.5 and 7 keV, allowing the investigation of the Ti/HfO2

interface. The Shirley background was removed from all

recorded HAXPES spectra.

Our investigations revealed significant differences

between the HAXPES spectra of as-prepared and electro-

formed samples. The two main observed phenomena are: a)

chemical and b) electronic modifications.

The most prominent chemical changes occurred in the Ti

spectra, and will be discussed first. Fig. 3 shows the Ti 2s

HAXPES spectra of the as-prepared (top) and electroformed

(bottom) samples collected at two excitation energies of 5.5 keV

(left) and 7keV (right). All these spectra were modeled with

three components attributed to metallic titanium (Ti), titanium

suboxides (TiOx), and titanium dioxide (TiO2) with Gaussian-

Lorentzian (for TiOx and TiO2) and Doniach-Sunjic (for Ti) line

shapes. The full width at half maximum of each component and

the distance between the components were fixed for the

HAXPES spectra simulation of both samples. Only the position

and the intensity of the peak may thus change. The results of the

simulations of the as-prepared sample spectra, presented in

Figs. 3(a) and 3(b), also confirmed the two qualitative informa-

tion given by the destructive techniques: (1) the titanium surface

oxidation—attributed mainly to the existence of the TiO2 com-

ponent due to a higher intensity for both excitation energies than

TiOx, and (2) the existence of an interface layer composed of

TiOx and TiO2 between Ti and HfO2—confirmed by the

increase of both components by the increase of the sampling

depth. Comparing the top with bottom spectra of Fig. 3, the

electroforming process drastically changes the Ti 2s line shape.

A decrease of the metallic Ti and an increase of the TiO2 and

TiOx peaks are clearly visible, confirming an enhanced Ti oxida-

tion at the Ti/HfO2 interface. To highlight the changes between

the two investigated samples, the ratio between the metallic tita-

nium to the total titanium oxides intensity (TiOxþTiO2) was

calculated and is further denoted as Ti/TiOy. For the as-prepared

sample, the Ti/TiOy ratio decreased from 1.56 0.1 to 0.96 0.1

when the excitation energy increased from 5.5 to 7 keV. The

smaller Ti/TiOy ratio in case of the 7keV excitation energy

demonstrates that the HAXPES study is indeed sensitive to the

oxidation of the Ti/HfO2 interface, important for the switching

mechanism. After electroforming, an enhanced Ti/HfO2 inter-

face oxidation is observed, resulting in an even smaller Ti/TiOy

ratio of 0.66 0.1 at 7 keV. Interestingly, only minor differences

in the Ti 2s peak shape were observed for the electroformed

sample spectra recorded at the two different photon energies: for

both cases, the Ti/TiOy ratio is equal to 0.66 0.1. This can indi-

cate a creation of a more homogeneous system during the elec-

troforming step with an oxygen migration from HfO2 into the Ti

layer. In addition, it is also noticed that the simulation of the Ti

2p HAXPES spectra (not shown) corroborates the same results

presented here with the less complex Ti 2s line. Due to the

higher sensitivity of the 7keV excitation energy to the important

Ti/HfO2 interface, the next HAXPES results on other photoelec-

tron lines will be only presented at this energy.

Second, besides the chemical changes, electronic modi-

fications appeared also in the HAXPES spectra via changes

in the peak positions. After the electroforming process, the

HAXPES peak positions (marked with vertical dashed-

FIG. 2. (a) I-V characteristic of the ini-

tial electroforming process applied to

the as-prepared stack (sweep rate

0.05V/s). Inset shows a top view of the

sample with the bottom (BE) and top

(TE) electrode contacts. (b) R-V charac-

teristic of the electroformed sample pre-

senting a bipolar resistive switching.

FIG. 1. High angle annular dark field STEM with EDX image of the as-

prepared sample. These destructive techniques give qualitative information

about pristine sample. Thicknesses of all layers were determined by XRR.

233509-2 Sowinska et al. Appl. Phys. Lett. 100, 233509 (2012)
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dotted lines in Figs. 3, 4(a), and 4(b)) are shifted towards

larger binding energy (BE) with respect to the as-prepared

sample. Table I summarizes the values of the difference

(DBE) in the metallic Ti 2s, Hf 4d5/2, and O 1s peak posi-

tions of the two investigated samples before and after elec-

troforming. Since the peak shift values upon electroforming

for Hf 4d (0.8 eV) and O 1s (0.7 eV) are almost the same and

higher than that for Ti 2s (0.4 eV), we assume that the oxy-

gen signal arises mainly from HfO2 sample region. More-

over, because DBE values for these three components are

different, a sample charging during measurement or an inter-

face dipole creation can be excluded as a reason of these

shifts.22

Finally, in order to highlight the chemical changes in the

Hf 4d and O 1s XPS peak shapes in the Figs. 4(c) and 4(d),

the energy shift after electroforming was corrected. It is seen

that no clear chemical changes are visible for the Hf 4d

spectra. However, a small change appears in the O 1s, high-

lighted in the inset of Fig. 4(d). For the as-prepared sample,

a small subpeak located around 532.5 eV decreases after the

electroforming step. We speculate that this subpeak could be

attributed to the more covalently bonded, probably defect-

related oxygen entities in the HfO2 film. It is noted that such

species were previously reported in the literature and termed

“non-lattice oxygen.”23 Such defect-related oxygen entities

are prone to move in the oxide layer, with lower activation

energy during electroforming.24 Hence, they leave oxygen

vacancies in the HfO2 layer behind.

Based on these results, we present in Fig. 5 the possible

chemical (top) and electronic (bottom) modifications in the

Ti/HfO2/TiN MIM stack between the as-prepared (left) and

electroformed (right) samples. The applied positive voltage

to the MIM stack results in an oxygen migration towards the

top electrode enhancing the Ti/HfO2 interface oxidation and

thus increasing the TiOy interface layer thickness between Ti

and HfO2. Removed oxygen atoms from the HfO2 layer

FIG. 4. Normalized and smoothed Hf 4d [(a) and (c)]

and O 1s [(b) and (d)] HAXPES spectra of the

as-prepared and electroformed samples recorded at

excitation energy of 7 keV. [(a) and (b)] Dashed-dotted

lines highlight the shifts in the peak position (note that

the x-axis scales for Hf and O are different). The values

of these shifts are presented in Table I. [(c) and (d)]

Energy shift after electroforming was corrected in order

to compare changes in the peak shape: no changes in

the Hf 4d but a small change in the O 1s spectra were

observed. The latter is highlighted in the inset of (d),

which zooms on the region corresponding to the cova-

lently bonded, probably defect-related oxygen entities

in the HfO2 film.

FIG. 3. Ti 2s HAXPES spectra of the as-prepared (top)

and electroformed (bottom) samples taken with 5.5 keV

(left) and 7 keV (right) excitation energy. All spectra

are normalized and modeled with three components.

Dashed-dotted lines highlight the changes in the peak

position between the as-prepared and electroformed

samples.

233509-3 Sowinska et al. Appl. Phys. Lett. 100, 233509 (2012)
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leave oxygen vacancies behind, as discussed hereafter. The

formation of oxygen vacancies known as stable n-type

defects in HfO2 (Refs. 23 and 25) was also predicted by

theory.26,27 Besides, as previously shown in Fig. 2, the inves-

tigated sample presents a bipolar RS behavior with negative

set and positive reset voltage polarities. The same switching

polarities are found in n-type doped complex perovskite

dielectric-based RRAMs.3,4,28,29 Then, as discussed by other

groups,30,31 we propose that the observed XPS peak shifts

are a consequence of an increase of the downward band

bending due to an increase of n-type oxygen vacancy dop-

ants at the Ti/HfO2 interface. To illustrate this point, the

band diagrams of the as-prepared and electroformed

Ti/HfO2/TiN stack at equilibrium32 (i.e., all the Fermi posi-

tion are equal) are drawn in Fig. 5. Knowing the higher

work function of the TiN bottom electrode (UTiN
¼ 4.7 eV)

(Ref. 33) compared to the Ti top electrode (UTi
¼ 4.2 eV),26

and that the barrier height for top injection is lower than the

barrier height for bottom injection,34 we propose in Fig. 5 on

the bottom left, the band diagram of the as-prepared sample

with a downward band bending towards the Ti top electrode.32

Moving on to the electroformed sample, the downward band

bending increases due to an increase of the n-type dopants

concentration (oxygen vacancies) at the interface. As a conse-

quence, the binding energy (BE)—here exemplified for

valence band (VB) maximum photoelectrons by the energy

difference between EF and the VB maximum—increases and

the barrier height (Ub) decreases. This reduced barrier height

explains the observed higher conductivity of the electro-

formed sample.

In conclusion, the first electroforming process on Ti/

HfO2/TiN-based RRAM cells was investigated by non-

destructive HAXPES method, which has underlined both

chemical and electronic modifications at the Ti/HfO2 inter-

face. This process prepares the RRAM material to enable

specific RS mechanism by generating charges in the HfO2

insulator that have certain mobility and that can be reversibly

driven around by applied electric fields of opposite polarity.

A detailed analysis of these results indicates an increase of

the Ti oxidation at the Ti/HfO2 interface and concomitant

creation of oxygen vacancies in the HfO2 dielectric layer

during the electroforming process. The observed peak shifts

towards larger BE are a consequence of a downward band

bending at the interface which confirms the n-type doping of

the insulator. Future HAXPES investigations by our group

will thus focus on unveiling the physics of the switching

mechanism, namely by in-situ switching experiments to

dynamically monitor the material changes as a function of

electrical stimuli of one and the same sample to exclude vari-

ation across the wafer.
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