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Here, the surface morphology, quantitative surface charge injection in nanoscale regime, spreading, decay 

and physical significance of trap charges are systematically investigated on furnace annealed (FA) and 

rapid thermal annealed (RTA) ultrathin rare earth oxide (Re 2 O 3 ), Er 2 O 3 /Si structure by Kelvin probe force 

microscopy (KPFM). The computed charge decay and contact potential difference (CPD) are found as a 

strong function of injected charges along with the type of subjected post deposition annealing treatment. 

The RTA treated Er 2 O 3 films showed higher CPD value ( ∼266 mV) and lowest charge spreading ( ∼2.1 μm) 

for trapped holes than the FA (CPD ∼196 mV and charge spreading ∼2.27 μm). The CPD for negative bias 

are computed higher ( ∼196 mV and ∼266 mV) than that of the corresponding positive ( ∼–184 mV and 

∼-229 mV) in both FA and RTA treated Er 2 O 3 /Si structures, respectively. It reveals easier holes trapping 

than electrons and n-type nature of sputtered Er 2 O 3 ultrathin films. There is a significant ∼80% vertical 

charge decay and ∼20% lateral spreading for first 60 min due to conjunction of effective injected and 

polarization charges. Thus, the FA and RTA treated Er 2 O 3 films are potential candidates for CMOS and 

NVRAM applications, respectively. 

© 2016 Elsevier B.V. All rights reserved. 
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. Introduction 

The scaling of device feature size for integrated circuits (IC’s),

ecure charge retention for data storage in ultrathin dielectric films

s a key issue for nonvolatile semiconductor memories (NVSM) due

o stringent demands of superior performance, low-power opera-

ion, high reliability and low cost [1,2] . With the scaling of dielec-

ric films thickness at nanometer regime, the dielectric surfaces

nd interfaces play a dominant role, whereas the exact mechanism

or charge storage and decay at nanoscale regime is not clear till

ate. Thus, the meticulous charge trapping/de-trapping and sur-

ace potential analysis of the dielectric layer are the major chal-

enges in front of device and process engineers for next technol-

gy node [3–5] . Although, as the thickness of traditional gate di-

lectric SiO 2 , approached to the nano-metric regime high static

ower dissipation became a hurdle for extending the scaling to

ext level of technology node. Thus, to sustain scaling trends at

ower power dissipation, the next generation IC industry attracted

owards the high- κ based quality oxides not only for complemen-

ary metal-oxide-semiconductor (CMOS) technology but also for
∗ Corresponding author. Fax: +91 01905-267075. 
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VSM device applications i.e. NAND, NOR FLASH, FeRAM, MRAM,

CRAM and ReRAM [6–8] . Even though, majority of high- κ oxides

re not stable at high temperature due to the formation of poly-

rystalline phase and finally ends up with the degradation of mem-

ry devices reliability, due to dominant leakage paths caused by

rain boundaries in polycrystalline phase. Additionally, the epitax-

al growth of single crystal high quality, high- κ oxides are diffi-

ult to account of process technology and also not cost effective.

herefore, exploitation of amorphous high- κ oxide as a possible

uture alternate prospective with superior thermal stability, excel-

ent electrical and physical properties is still an open challenge. In

his respect, numerous high- κ dielectric such as: HfO 2 [8–9] , ZrO 2 

10] , Al 2 O 3 [11] , and rare earth oxides (Er 2 O 3 , Y 2 O 3 , La 2 O 3 , Pr 2 O 3 )

re investigated in the past decade for metal-oxide-semiconductor

MOS) and non-volatile semiconductor memory (NVSM) device ap-

lications [12–14] . From high- κ oxides, Er 2 O 3 arose as a promising

ontender as alternate gate dielectric, due to high dielectric con-

tant ( ∼12-20), thermodynamic and kinetic stability, higher con-

uction band offset, good interface and lower leakage current den-

ity [7,15–17] . Over and above especially with higher Gibbs free

nergy of ∼122 Kcal/mol, provides excellent thermodynamic sta-

ility at elevated temperatures [18] . Therefore, the systematic in-

estigation of charge trapping/de-trapping and surface characteris-

ics of Er 2 O 3 (high- κ) ultrathin films, prior to its integration with

http://dx.doi.org/10.1016/j.surfin.2016.08.003
http://www.ScienceDirect.com
http://www.elsevier.com/locate/surfin
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2016.08.003&domain=pdf
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real world IC’s technology is of enormous importance. In this con-

sequence, systematic investigations of post deposition annealed

(PDA) Er 2 O 3 , especially nano scale surface morphological analysis

and surface potential decay in the form of trap charges with lateral

spreading over few micrometer scales is imperative for next gen-

eration memory device applications. Although, there are various

well established techniques found in literature for surface potential

analysis of dielectric systems such as photoelectron spectroscopy

(PES), and scanning electron microscopy (SEM) with electron beam

induced current analysis, Kelvin probe (KP) and Kelvin probe force

microscopy (KPFM) [19] etc. Granting all this, KPFM is a nonde-

structive, cutting-edge and reliable technique with higher spatial

resolution which provides highly localized electrical properties at

nanoscale. Over and above, KPFM provides direct visualization of

trapped charge and charge decay quantitatively in terms of, con-

tact potential difference (CPD) variation of the injected charge with

time onto dielectric surface. Moreover, in IC’s processing, conven-

tional furnace annealing (FA) and rapid thermal annealing (RTA)

are extensively used techniques for PDA treatments to modify the

oxide/dielectric layers interface [20–22] . In literature, it is well re-

ported from the investigations of Miritello et al. (2006) and De-

qiet al. (2009) etc. [23–31] , that PDA treatment plays a vital role

to improve the quality of dielectric films in terms of performance

and reliability. However, surface morphology, quantitative surface

charge spreading properties and decay mechanism (e.g.: lateral

and vertical decay), physical significance behind the trap charges

(e.g.: surface, injected and polarization charges) and the nature of

Er 2 O 3 is needed to be methodologically investigated. In this work,

Er 2 O 3 ultrathin films are deposited by RF-magnetron sputtering

and subjected to PDA treatment with FA and RTA. The post de-

position FA and RTA treated Er 2 O 3 /Si interface was analysed by

cross-sectional High Resolution Transmission Electron Microscopy

(HRTEM). The trapping and de-trapping dynamics of charges in

Er 2 O 3 ultrathin films have been studied by KPFM technique. The

surface morphology, quantitative surface charge spreading proper-

ties and decay mechanism, physical significance behind the trap

charges are systematically investigated. It was observed that higher

CPD value in RTA, Er 2 O 3 ultrathin films are feasible as a trap-

ping layer in charge trapping non-volatile semiconductor memories

(NVSM). Conversely, the lower CPD value in FA, Er 2 O 3 films reveals

its feasibility as an alternate gate dielectric for CMOS technology. 

2. Experimental 

The 〈 100 〉 orientation p-type silicon wafers with resistivity of

1–10 � cm were used in this study. After standard Radio Corpora-

tion of America (RCA) cleanings, the native oxide was removed in

diluted (1%) hydrofluoric acid (HF) solution and thoroughly rinsed

in deionized (DI) water. After drying these RCA cleaned silicon

wafers in N 2 , wafers were used for Er 2 O 3 ultrathin ( ∼8.21 nm mea-

sured by Accurion EP3 imaging ellipsometer) films deposition by

Techport RF-magnetron sputtering system. The distance of erbium

target from wafers surface was kept constant ∼7 cm. At the out-

set, the ultimate pressure of sputtering system was ∼5 × 10 −6 torr

and then deposition of ultrathin Er 2 O 3 films was carried out at

R.F power 60 W, pressure of Ar/O 2 (45:5 sccm) and temperature

of 27 °C on the RCA cleaned silicon wafers. One set of the above

ultrathin Er 2 O 3 films deposited Si wafers were subjected to rapid

thermal annealing at 700 °C for 30 sec at ramp rate of 30 °C/sec

in N 2 and second set of ultrathin Er 2 O 3 films deposited Si wafers

were subjected to furnace annealing at 700 °C for 30 min in in-

ert atmosphere of N 2 . The charge injection and contact potential

differences (CPD) analysis experiments were performed at ambient

condition with AFM (Dimension Icon from Bruker). The conducting

MESP Co/Cr coated AFM probes (from Bruker) with frequency, 60–

100 kHz and spring constant, 1–5 N/m were used for the charge in-
ection and KPFM study. Initially, the charge injection on ultrathin

r 2 O 3 films surfaces was performed under standard AFM contact

ode. For charge injection, −3 and + 3 V bias was applied to the

ip for electrons and holes injection respectively, on Er 2 O 3 /Si sys-

em for optimum time (injected charge saturation) of 10 min and

he substrate kept at ground potential. During charge injection, the

r 2 O 3 ultrathin films get polarized, when the bias is removed the

rapped charges remains in the Er 2 O 3 ultrathin films as shown in

chematic of Fig. 1 (d)–(f). Afterwards, for CPDs analysis, the im-

ges of injected charges were visualized under non-contact (lift)

ode with optimized lift height (minimizes the interference be-

ween the tip and the sample) of ∼100 nm, as shown in Fig. 1 (f).

PDs data acquisition was performed in interleaved line by line

can mode with sample topography analysis and tip was kept at

round potential. KPFM measurement of the sample surfaces were

cquired with the cantilever vibrating at a slightly lower frequency

 ∼2 KHz) than its resonance frequency and at a probe scan rate

f 0.99 Hz. Furthermore, the KPFM feedback parameters were ad-

usted to an optimized magnitude for minimization of error pro-

le. The protruding range of error profile with best contrast fit

or KPFM imaging was found well below ± 5 mV. In this analy-

is, contact potential difference magnitude variations with the time

omain was computed by KPFM at a periodicity of 8 min. Albeit,

ll the KPFM micrographs based surface potential analysis accom-

lished in the form of contact potential difference (CPD) for post

eposition treated furnace and rapid thermal annealed, Er 2 O 3 /Si

ystems were performed through the standard centre line profile

cheme. The crystallinity of Er 2 O 3 ultrathin films was character-

zed by Grazing Incidence X-ray Diffraction (GIXRD) (given in Sup-

lementary Information - Fig. S1) using Rigaku Smartlab System

t 0.5 ° angle. The interface of Er 2 O 3 /Si system was analyzed by

RTEM of FEI, USA. 

. Results and discussions 

Fig. 2 shows the cross-sectional HRTEM images of Er 2 O 3 /Si in-

erface for Furnace [ Fig. 2 (a)] and Rapid thermal [ Fig. 2 (b)] post

eposition annealing treated Er 2 O 3 ultrathin films. It is clearly ob-

erved that rapid thermal post deposition annealing treatment re-

ult the formation of small interfacial layer (SiO 2 /Er-Si-O) at the

r 2 O 3 /Si interface whereas furnace based post deposition anneal-

ng treatment result the sharp Er 2 O 3 /Si interface. This uninten-

ional interfacial layer is probably due to structural re-orientation

nd relaxation that takes place simultaneously at Er 2 O 3 /Si interface

ue to high ramp up rate in rapid thermal processing and results

he defects at interface through the breaking of old bonds and for-

ation of newer one of the Er–O and Si–O onto Er 2 O 3 /Si interface.

herefore, post deposition FA treated Er 2 O 3 thin films are supe-

ior as compared to RTA treated Er 2 O 3 thin films as gate dielec-

ric for CMOS technology because the low dielectric constant in-

erfacial layer (SiO 2 /Er-Si-O) formation during post deposition RTA

reatment decrease the overall dielectric constant of gate stacks

nd hence diminishes the scaling advantages which are achieved

sing high- κ . 

The surface topography of the post deposition furnace and rapid

hermal annealed Er 2 O 3 ultrathin films at 700 ºC for 30 min and

0 sec, respectively, are analyzed with a standard tapping mode

tomic force microscopy (AFM) technique. The surface roughness

r.m.s), measured for 5 × 5 μm 

2 scan area of FA [ Fig. 3 (a), (b)] and

TA [ Fig. 3 (c), (d)], ultrathin Er 2 O 3 films are ∼0.45 and ∼0.60 nm,

espectively. The higher surface roughness of Er 2 O 3 ultrathin films

reated with RTA than FA might be due to high ramp up rate in

apid thermal processing which results the residual compressive

tresses. Likewise, interfacial layer formation also conformed at

he Er O /Si interface from HRTEM micrograph [ Fig. 2 (b)]. Hence,
2 3 
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Fig. 1. Schematic for (a) Flat band structure, showing the location of the Fermi level for furnace and rapid thermal post deposition annealed Er 2 O 3 ultrathin films, (b) 

Surface potential KPFM images immediately after electrons and holes injection, (c) CPD measurements obtained by drawing horizontal line across the injection center. 

Er 2 O 3 /Si structure and KPFM analysis method, (d) & (e) charge injection in contact mode and (f) Contact Potential Difference (CPD) measurement in non-contact (lift) mode 

with lift height of 100 nm. 

Fig. 2. HRTEM cross-section images of Er 2 O 3 /Si interface after (a) Furnace and (b) Rapid thermal annealing treatment. 

Fig. 3. (a) 2D, (b) 3D AFM micrograph of furnace annealed, and (c) 2D, (d) 3D AFM micrograph of rapid thermal annealed Er 2 O 3 ultrathin films on Si substrate. 
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Fig. 4. The KPFM surface potential (CPD) images of FA treated Er 2 O 3 ultrathin film for trapped electrons A(a)-A(j), trapped holes A(k)-A(t) and for RTA treated Er 2 O 3 
ultrathin film for trapped electrons B(a)-B(j), trapped holes B(k)-B(t) measured after decay time of 8 min, 24 min, 40 min, 56 min, 72 min, 88 min, 104 min, 120 min, 136 min, 

and 152 min respectively. 
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the post deposition RTA treated Er 2 O 3 /Si structure consists slightly

higher surface roughness ∼0.15 nm. 

Fig. 4 shows the KPFM surface potential micrographs (CPD im-

ages) after the charge injections through the conducting AFM can-

tilever tip, which results the trapping of electrons and holes in

post deposition FA treated Er 2 O 3 ultrathin films. Though, for sub-

sequent charge injection, an optimal (for maximum injection af-

ter set of experiments) charge injection bias +3 V and −3 V were

applied at two different regions of interest (ROI) on surface of FA

based PDA treated Er 2 O 3 /Si structure, for holes and electrons injec-

tion, respectively. Certainly, the charge injection in Er 2 O 3 /Si system

is concomitant with the work function difference between AFM

cantilever tip and Er 2 O 3 ultrathin films surface of Er 2 O 3 /Si sys-

tem. It results the shifting of fermi energy levels, and is verified

from the CPD values [ Fig. 1 (a) and (c)]. Though, the KPFM is an

outstanding, established technique, appropriate for ultrathin films

( < 50 nm) surface potential investigations. Because, it divulges the

information about spatially surface charge distribution of ultrathin

films, owing to the existence of discrete atomic levels, electrostatic

interactions between a conductive AFM cantilever tip and sample

surface. Therefore, the CPD values of Er 2 O 3 /Si system was com-

puted in this work using KPFM technique by following relation:

P D = 

�tip − �sample 

e 
(1)

Here, �tip (eV m 

), �sample (eV s ) and e, is the surface potential of

conducting AFM cantilever tip, the surface potential of Er 2 O 3 ultra-

thin film surface and fundamental electronic charge, respectively.

Thus, as depicted from KPFM, Fig. 4 micrographs, the existence of

white and black province at ROI, corresponds to holes and elec-

trons trapping, respectively after charge injection on FA based PDA

treated Er 2 O 3 /Si system. Thereafter, a successive, CPD scans were

performed, after every 8 minutes incremental intervals on the

charge injected Er 2 O 3 film surfaces. Fig. 4 A(a) to (j) and Fig. 4 A(k)

to (t) micrographs show the injected electrons and holes trapped,

respectively in FA treated Er 2 O 3 /Si system and correspondingly,

CPD profile contrast variations measured on time domain from 8

to 152 min. Even though, it is well established that the presence of

a sharp contrast by virtue of a higher charge injection or trapped
harged density in KPFM micrographs of ultrathin films, undoubt-

dly apparent from higher magnitude of the CPD value. As exam-

ned from Fig. 4 A(a) to (j), the dullness in injected charge spot con-

rast from 8 to 152 min for black ROI (trapped electrons) is more

s compared to white ROI (trapped holes) of Fig. 4 A(k) to (t). It ev-

dently reveals higher charge decay and spreading of trapped elec-

rons in contrast to holes in FA based PDA treated Er 2 O 3 /Si struc-

ure [32] . Similarly, Fig. 4 B(a) to (j) and Fig. 4 B(k) to (t) represents

PFM surface potential micrographs (CPD images) for trapped elec-

rons (black ROI) and holes (white ROI) after charge injection of

TA based PDA treated Er 2 O 3 /Si system. The CPD scanning mea-

urements were followed with analogous method as stated ear-

ier, for FA based PDA treated system. As noticed from Fig. 4 B(a)

o (j) for black region (trapped electrons) the dullness in injected

harge spot contrast is more than white regions (trapped holes)

or Fig. 4 B(k) to (t). It unquestionably indicates higher charge de-

ay and spreading of trapped electrons as compared to holes for

TA based PDA treated Er 2 O 3 /Si system [32] . 

As depicted from Fig. 5 (b) & (d), the CPD values of trapped

oles are ∼196 and ∼266 mV for FA and RTA based PDA treated

r 2 O 3 ultrathin films of Er 2 O 3 /Si systems. This noticeably higher

PD magnitude of RTA, Er 2 O 3 /Si system signifies manifestation of

he higher number of holes trapping density as compared to con-

entional FA based PDA treated Er 2 O 3 /Si systems. Correspondingly,

he CPD values for trapped electrons [ Fig. 5 (a) & (c)] are ∼−184 mV

or FA and ∼−229 mV for RTA based PDA treated Er 2 O 3 ultra-

hin films. It is once again anticipated that the higher CPD mag-

itude for RTA than FA based PDA treated Er 2 O 3 conspicuous to

he higher electrons trapping. It attributes that during RTA treat-

ent structural re-orientation and relaxation takes place simulta-

eously at Er 2 O 3 /Si interface and originates effective oxide charges

nd defects through the breaking of old bonds and formation of

ewer one of the Er–O and Si–O onto Er 2 O 3 /Si interface [36,37] .

o, this increase of trap density in RTA based Er 2 O 3 ultrathin films

s due to increase in effective oxide traps which result in the

igher charge trapping in Er 2 O 3 /Si system after RTA treatment. The

xtensive details of various computed CPD values, at numerous

harge decay scale by KPFM, for Er 2 O 3 ultrathin films of Er 2 O 3 /Si

tructures are given in supplementary information (Table S1). As
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Fig. 5. CPD line profile for (a) electrons trapping, (b) holes trapping in FA based PDA treated Er 2 O 3 /Si and CPD line profile for (c) electrons trapping, (d) holes trapping in 

RTA based PDA treated Er 2 O 3 /Si system. 
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erceived from Table S1, there is clearly noticeable disparity in CPD

agnitude for negative bias charge injection of both cases. Here, it

s quite interesting to note that CPD values for negative charge in-

ection biases (holes trapping) were higher than the positive charge

njection biases (electron trapping) at same voltage (say 3 V). It

emonstrates the higher probability of holes trapping than elec-

ron trapping in Er 2 O 3 ultrathin films. Next to this, the higher CPD

alue for holes trapping in contrast to electrons for both FA and

TA based PDA treated Er 2 O 3 ultrathin films of Er 2 O 3 /Si system

t room temperature reveals the n-type nature of Er 2 O 3 ultrathin

lms [33] . This may be explained due to two reasons: (i) higher

lectron mobility (μe ) than hole mobility (μh ) in Er 2 O 3 , can result

n higher CPD value for hole, less hole spreading and hence small

harge decay as compare to electron; (ii) possibility of dominant

onor interface traps at the Er 2 O 3 /Si interface, which are positive

hen empty and neutral when full [28] . 

Even though it is well established that the CPD computed

hrough the standard KPFM technique at an optimized bias has

 contribution of three main fundamental factors (i) surface

harges/screen charges (ii) injected charges and (iii) polarization

harges induced by the applied bias between conducting AFM

robe and sample [32] . Whereas, the effect of surface charges in

he computed CPD can be get rid of by the grounding of tip dur-

ng KPFM scan as accomplished here [34] . Thus, the computation

f CPD in the present work, is a result of two contributions, i.e.

rstly injection and secondary polarization charges. Therefore, to

easure and establish the contribution of surface charges, the CPD

cans were executed with and without grounded tip for both fur-

ace and rapid thermal based PDA treated Er 2 O 3 ultrathin films of
r 2 O 3 /Si systems as shown in Fig. 6 . As identified from Fig. 6 (a) to

d), that during grounded tip scan, the CPD value decay, especially

or negatively biased ROI ( ∼38 mV shown in Fig. 6 (a)) is lower than

he positive biased ROI ( ∼−50 mV shown in Fig. 6 (b)) in RTA based

DA treated Er 2 O 3 /Si systems. On the contrary for FA based PDA

reated Er 2 O 3 /Si systems, the CPD value decay for negative biased

OI ( ∼50 mV shown in Fig. 6 (c)) is higher than the positive biased

OI ( ∼−45 mV shown in Fig. 6 (d)). It inevitably demonstrates that

nder negative bias, majority of stored charges are injected and

olarization, whereas under positive bias, surface charges also have

odest contributions to measured CPD values, chiefly in case of

TA treated Er 2 O 3 /Si systems [34] . Aside from the CPD values con-

ingent upon the FA treated Er 2 O 3 ultrathin films exhibited that

harges decay for grounded tip scan is mostly same magnitude

or both negative and positive bias ( ∼50 mV and ∼−45 mV), in-

icates less disparity in CPD decay for positive and negative bias.

ence it demonstrates that the majority of trapped charges are in-

ected and polarization charges in both positively and negatively

iased regions of Er 2 O 3 ultrathin films of Er 2 O 3 /Si systems. Hence-

orth, there is trivial contribution of surface charges towards effec-

ive computed CPD magnitude of Er 2 O 3 /Si systems in the course of

PFM scans of present work [34] . Though, the polarization charges

ogether with injected charges contributes to the CPD value, due to

otation of dielectric dipoles under the influence of applied electric

eld (i.e. between AFM tip and Er 2 O 3 dielectric surface) in Er 2 O 3 

ltrathin films. Thus, it concludes that effective residual CPD mag-

itude is due to injection and polarization charges only. While,

he charge decay in both FA and RTA based PDA treated Er 2 O 3 

ltrathin films of Er 2 O 3 /Si systems take place in principally two
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Fig. 6. The contact potential difference (CPD) value plot with and without grounded tip scan for (a) negative bias, (b) positive bias for RTA treated Er 2 O 3 /Si systems and (c) 

negative bias, (d) positive bias for FA treated Er 2 O 3 /Si systems. 
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fundamental charge transport mechanisms vertical and lateral [35] .

Initially, the charges were injected along 200 nm, x -axis (ROI) di-

rection and disabled y -axis (ROI) directional scan. Thereafter, KPFM

scan was followed after 8 minute and noticed that the initially in-

jected charge (200 nm) ROI spread along the region of ∼ 2 μm, as

shown in Fig. 4 A(a) to (j) and Fig. 4 B(a) to (j). These distributions

of injected charges were also proven from the variation of CPD

magnitude as presented in Fig. 5 (a) to (d). It attributes that ini-

tially during the charge injection, there was lateral charge spread-

ing on the Er 2 O 3 film surface (during charge injection i.e. before

KPFM measurement) prominent mechanism for charge distribu-

tion, while after 8 min aging vertical decay was dominant mecha-

nism for charge transportation as revealed in Fig. 5 (a) to (d). Thus,

it demonstrates that vertical decay plays a dominant role in degra-

dation of retention characteristics of MOS based systems. As no-

ticed with the aging of charge loss, charge is observed to decay due

to both vertical decay and lateral spreading as shown in Fig. 5 (a)

to (d). Fig. 5 shows that majority of charges are lost through ver-

tical decay, while lateral spreading is suppressed dramatically (as

indicated by arrow in Fig. 5 (a) & (b)). Therefore, to decouple the

contribution of vertical and lateral charge decay from the com-

puted CPD profile an approximation method is used here [34] . The

charge density decay is calculated by a trapezoid method, which

consists of lateral spreading distance ( �s ) and vertical charge loss

( ρm 

), given by the following relation [36] : 

�s ( τ ) = 

w 0 

2 

ϕ ( | w 0 | , τ ) 

ϕ ( 0 , τ ) − ϕ ( | w 0 | , τ ) 
(2)

ρm 

( τ ) = 

2 ε 

w 0 
2 
(ϕ ( 0 , τ ) − ϕ ( | w 0 | , τ ) (3)
Fig. 7 (a) & (b), shows the calculated value of ρm 

and �s , nor-

alized for better perspective of charge decay mechanisms. A de-

rease in ρm 

of ∼80% is observed in first 60 min and increase in

�s of ∼20%, which evidently reveals that vertical (electrons and

oles) charge decay was fundamental mechanism for this duration

34] . Furthermore, for first 60 min ρm 

is higher (8%) for trapped

lectrons as compared to holes (4%) in RTA treated Er 2 O 3 ultra-

hin films, as revealed form plot of Fig. 7 (a). Likewise, Fig. 7 (b)

learly shows that in RTA Er 2 O 3 ultrathin films, �s for holes is

owest which is comparable with the measured spreading dis-

ance as shown in supplementary information (Table S2). Fig. 7 (c)

hows that the injected charge spreading ∼2.9 and ∼3.0 μm for

lectrons and ∼2.1 and ∼2.2 μm for holes of RTA and FA based

DA treated Er 2 O 3 ultrathin films of Er 2 O 3 /Si systems, respec-

ively. Furthermore, in the beginning particularly for FA based PDA

reated Er 2 O 3 /Si systems holes spreading ( ∼2.27 μm) is less than

he electron charge spreading ( ∼3.06 μm) but after 56 min the

oles spreading ( ∼5.13 μm) become large as compared to elec-

rons spreading ( ∼4.63 μm). On the other hand, for RTA based

DA treated Er 2 O 3 ultrathin films of Er 2 O 3 /Si systems the elec-

rons spreading are significantly higher than holes spreading even

fter 152 min. Fig. 7 (d) shows the variation of computed CPD val-

es measured from KPFM analysis as a function of time domain.

s indicated that injected electrons and holes decay, measured af-

er consecutive 8 min interval. It is visibly observed that the CPD

alues for both electrons and holes are higher and decreases expo-

entially for RTA process as compared to FA. Along with, it is also

erceived that the charge transferred to the Er 2 O 3 ultrathin films

urfaces disappear readily within the first 60 min. Whereas, after

his interval the reduction trend in CPD value profile seems almost

arallel and constant. This indicates that a nearly similar electrons
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Fig. 7. Charge decay analysis with aging. (a) Normalized maximum charge density ( ρm ), (b) Normalized Lateral charge distance ( �s ), (c) Total lateral charge spreading 

distance ( �t ), and (d) CPD variations, of the trapped electrons and holes with respect to decay time for FA and RTA based PDA treated Er 2 O 3 ultrathin films. 
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nd holes density trapped in the Er 2 O 3 ultrathin films of Er 2 O 3 /Si

tructures for both cases. 

Moreover, as shown in supplementary information (Table S2),

he lateral spreading distance (2.1 μm) is smaller in RTA as com-

ared to FA treated Er 2 O 3 /Si system. This signifies the higher

harge trapping proficiency of the rapid thermal process than

onventional furnace based PDA treated Er 2 O 3 ultrathin films of

r 2 O 3 /Si system. Typically, the effective positive oxide traps gen-

ration occurs at the high- κ/semiconductor structure due to inter-

acial restructuring via reorientation of atoms [36] . Here, it is ap-

arent that during RTA treatment structural re-orientation and re-

axation takes place simultaneously at Er 2 O 3 /Si interface and orig-

nate effective oxide charges and defects at the interface through

he breaking of old bonds and formation of newer one of the Er–O

nd Si–O onto Er 2 O 3 /Si interface [36–38] . So, this increase of trap

ensity in RTA based Er 2 O 3 ultrathin films may be due to increase

n effective oxide traps in Er 2 O 3 /Si interface after RTA treatment.

hese observations reveal that due to presence of higher num-

er of traps, the charge trapping will be higher in RTA based PDA

reated Er 2 O 3 ultrathin films of Er 2 O 3 /Si structure. Therefore, RTA

reated Er 2 O 3 ultrathin film is a potential candidate as charge trap-

ing material for non-volatile memory device applications; while

A treated Er 2 O 3 ultrathin films are more reliable for CMOS device

pplications. 

. Conclusion 

We have investigated the charge decay and lateral charge

preading properties of trapped charges for RTA and FA based PDA
reated Er 2 O 3 ultrathin films of Er 2 O 3 /Si structures by KPFM. The

igher CPD values for holes in both FA and RTA based PDA treated

r 2 O 3 ultrathin films of Er 2 O 3 /Si systems, signify the more prob-

bility of holes trapping as compared to electrons and imply the

-type nature of Er 2 O 3 ultrathin films under ambient conditions.

he charge decay mechanism of the Er 2 O 3 ultrathin films is stud-

ed and vertical decay is found to be dominant mechanism in con-

rast to lateral charge spreading especially for RTA treated Er 2 O 3 

ltrathin films. The cross-sectional HRTEM analysis of Er 2 O 3 /Si in-

erface reveals that post deposition RTA treatment results in for-

ation of small interfacial layer (SiO 2 /Er-Si-O) at the Er 2 O 3 /Si in-

erface whereas FA treatment results in sharp Er 2 O 3 /Si interface.

urthermore, the higher charge trapping capability of RTA based

DA treated Er 2 O 3 ultrathin films of Er 2 O 3 /Si structures were ob-

erved, due to the presence of more number of interfacial traps,

olarization charges in high- κ/Si system than FA treated Er 2 O 3 /Si

tructures. Thus, the FA and RTA based PDA treated Er 2 O 3 ultra-

hin films are potential candidates for CMOS device applications

nd non-volatile scaled memory device applications, respectively

ith enhanced performance and reliability. 
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