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Abstract

The radiation response, long-term performance, and reliability of HfO,-based gate dielectric materials play a critical role
in metal oxide semiconductor (MOS) technology for space device applications. AI/HfO,/Si atomic layer-deposited devices
were irradiated by gamma and swift heavy ions. An increase in the leakage current and charge trapping has been observed
as the gamma irradiation dose varied from 25 to 100 krad. The density of oxide traps is found to increase with an increase
in the gamma dose while the interface trap density is found to decrease. Another set of samples were irradiated by 120 MeV
Au ions to study the SHI-induced defect annealing/creation of defects and intermixing effects in HfO,/Si-based devices.
The formation of an interfacial layer of HfSiO at a fluence of at 5x 10'* cm~2 is revealed by X-ray reflectivity analysis. The
densities of interface- and oxide-trapped charges are found to decrease up to a critical fluence of 1x 10'?> cm™ and then
increase with further increase in fluence to 5x 10'® cm™2. The presence of the interlayer, due to the swift heavy ion-induced
intermixing, has been confirmed by X-ray photoelectron spectroscopy measurements. Various current conduction mechanisms
in both substrate and gate injection cases were used to understand the basic mechanisms of direct, Fowler—Nordheim, and
Poole—Frenkel tunneling, as well as Schottky emission in these devices. These studies elucidated the radiation tolerance and
charge-trapping behavior of AI/HfO,/Si nMOS capacitors.

1 Introduction

The enactment of new-generation gate dielectric materials
as insulators in complementary metal oxide semiconductor
(CMOS) technology is essential to accomplish radiation-
tolerant and reliable space electronics [1]. Consequently,
there is a pre-requisite to comprehend the response of these
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materials to radiation exposure, in order to test and develop
radiation-tolerant devices [2]. Advanced CMOS devices
used in space electronics are expected to be hampered by
the prevailing harsh radiation environment [3, 4]. Certain
changes may occur in the operation of these devices, such as
communication, imaging, control, and power consumption
[5]. Moreover, long-term degradation produced by incessant
exposure may cause transient or a catastrophic device failure
[6]. The study of new-generation high-k dielectrics in radia-
tion environment is of current interest due to their prospec-
tive improvements in the operative lifetimes and enhanced
performance compared to traditional SiO, gate dielectric
materials [7—10]. New-generation high-k dielectric materials
such as HfO,, Al,O;, ZrO,, Y,05, TiO,, and Ta,O5 and/or
the silicates/oxynitrides have already been introduced by the
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semiconductor industry to reduce the leakage currents as the
gate oxides are designed few nanometers to improve device
performance further [11-14]. HfO, has outperformed all the
other materials as it has high dielectric constant (~25) with
a moderate band gap (5.8 eV) and acceptable band-offsets
with Si and its stable thermal and chemical compatibility
on Si surface [15—17]. There are numerous reports on the
fabrication of HfO,-based devices [18-21]. Mostly, atomic
layer deposition (ALD) technique has been used owing to
its precise control over thickness, stoichiometry, low trap
density, and uniformity [22, 23]. Here, it is important to note
that the HfO, films deposited by other methods, like radio
frequency magnetron sputtering or electron beam evapora-
tion may exhibit different charge-trapping behavior because
of the differences in uniformity of the film, pre-existing trap
densities, bonding states, etc. [24, 25]. If HfO,-based high-
k gate dielectric materials are to be used as fundamental
components of metal oxide semiconductor (MOS) devices
in terrestrial applications, their radiation response will play
a crucial role in the device operation and performance,
which needs to be understood prior to their experimenta-
tion [26-28]. However, only few reports are available on the
radiation response of the HfO,-based high-k dielectric mate-
rials and further studies will provide the practical implica-
tions to understand their radiation response/damage [29-31].

Not much has been published on swift heavy ion (SHI)
irradiation of HfO,-based MOS capacitors, compared with
the extensive literature on irradiation of SiO,. The latter has
clearly improved the understanding of commonly observed
intrinsic defects in the MOS device structures.

Consequently, the generation, evolution, and annealing
of processing related, as well as radiation-induced, defects
have to be understood in a typical high-k-based MOS device
configuration. It was reported that heavy ion irradiation can
induce leakage current, breakdown, and reduce the lifetime
of ultrathin oxide films. Ionizing radiation exposure of metal
oxide semiconductor (MOS) devices can alter their electrical
performance, sometimes leading to a permanent failure due
to continuous exposure to radiation and temporary effects
occurring from a transient high-energy particle radiation,
viz. single-event effects, are some of the most commonly
studied device failure mechanisms in the domain of radiation
effects and reliability. Charge trapping, defect dynamics, and
leakage current conduction mechanisms are critical to study
the effects of SHI irradiation.

Gamma rays interact with the material through the pho-
toelectric effect, Compton scattering, or pair production
depending on the incoming gamma energy. In general, the
gamma rays interact with electrons of the material and the
energy eventually will be transferred to the lattice via elec-
tron—phonon coupling and cause ionization. In the process
of ionization, electron-hole pairs (EPSs) will be generated
in dielectric materials [32]. A part of the electrons and holes

will recombine with each other and the rest will diffuse and
transport though the material, if there is a bias voltage. As
the dose of irradiation increases, the devices will gradually
degrade and fail when the total dose is sufficiently large.
This phenomenon is called total dose effect. °Co gamma
rays with the average energy of 1.25 MeV will interact with
the material largely by Compton effect, creating EHPs which
can be separated and be made mobile by the electric field
due to applied gate voltage. However, the movement of these
charges either can be towards the metal contact through the
gate oxide or can be hindered or clogged entirely by the trap-
ping at defects in the gate oxide. These defects can be vacan-
cies, interstitials, or dangling bonds which can be positively
or negatively charged. This trapping of mobile charges may
ultimately affect the electrical properties I-V and C-V) of
MOS devices [33]. Gamma rays are much less likely to cause
structural or morphological damage than SHIs, because col-
lisional direct damage to the lattice does not occur. High-
energy heavy ions, familiarly known as SHIs, have energy
ranging from few tens of MeV to few GeV and lose energy
to the target (> 1 MeV/amu) primarily via inelastic collisions
with the target material [34]. These projectile ions impart
their energy to the electron cloud and these electrons in
turn transfer their energy to the lattice via electron—phonon
interactions. This is known as ‘electronic energy loss’ (dE/
dx),. In this case, the nuclear energy loss (dE/dx),, is neg-
ligible as compared to the electronic energy loss [35, 36].
Intense electronic energy deposition can be effectively used
to modify material properties. Copious studies have been
reported on structural phase transformation, electrical and
optical properties of various metals, semiconductors, and
insulator-based Schottky and MOS devices induced by SHI
irradiation [37—41]. The high electronic energy deposition
leads to various changes in the devices including defects
annealing/creation and interface mixing depending upon
the energy of the projectile and fluence. SHI irradiation
can produce point defects which can be either vacancies or
interstitials. However, the trap-rich characteristic of high-k
dielectric materials, oxide, and interface defects can play
crucial role in the leakage current conduction mechanism
[42]. Unlike gamma irradiation, SHI irradiation can pro-
duce high density of localized point defects in the devices
[43]. The low density of defects produced by gamma irra-
diation can effectively vary the electrical characteristics of
the devices. However, these changes prompted by gamma
irradiation are more prominent as compared to those induced
by single energy ion irradiation of analogous fluence. These
changes can lead to either electron or hole trapping. The
present work is carried out on the ALD-grown samples at
relatively low doses starting from 25 to 100 krad to under-
stand their radiation tolerance and charge-trapping proper-
ties. The objective is to study probable interaction mecha-
nisms in gamma, SHI irradiation in AI/HfO,/Si n-channel
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metal oxide semiconductor capacitors (nMOCAPs) to test
the device tolerance and sustenance. Comparison between
the effects caused by gamma and SHI in the technologically
important devices has been presented.

2 Experimental

5 nm HfO, thin films were grown by ALD using standard
TEMA-HT (tetrakis-ethylmethylamino hafnium) precursors
with ozone, pulsed alternatively, deposited at 460 °C, 4-8 torr
pressure, and growth rate was as low as 0.5 A/min. The ALD
reactor used in our experiment was a four-chamber QXP
platform at Aixtron Inc., USA. Al (a dot of radius 0.5 mm)
has been used as a top electrode and Ag paste along with the
help of an Al foil was used as a backside contact of Si. “Al
(50 nm)/HfO,(5 nm)/p-Si” device structure has been shown
in the Fig. 1 (inset). Bruker D8 Discover diffractometer (Cu-
K, source (1.5406 A) was used for X-ray reflectivity (XRR)
measurements (glancing angle was 0.4%). These samples were
then subjected to gamma irradiation by using a ®°Co gamma
(1.25 MeV y) source (1200 Gamma chamber available at Inter
University Accelerator Center (IUAC), New Delhi, India).
Gamma irradiation was performed on all the samples with
a constant dose rate of 460 krad/h. The samples were irradi-
ated at various doses ranging from 25 and 100 krad. Room
temperature 120 MeV Au ion irradiation was performed at
IUAC, New Delhi, in a high-vacuum chamber (< 10°° mbar)
at a constant beam current of one particle nano-Ampere (~ 1
pnA). The beam (of 1 mm diameter) was uniformly scanned
over 1 X1 cm on the sample surface using magnetic scanners
to achieve uniform irradiation profiles. I-V (leakage current)
and C-V measurements were performed using an in-house

QQ\{) Al(50 nm)/HfO,(5 nm)/Si
R0 AL(S0 0m)

Leakage current density (A/cm?)

10 —o—P
—o— 25 krad
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Fig. 1 I-V characteristics of pristine and gamma-irradiated samples
(inset: Device structure)
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Agilent technologies B1500A semiconductor device analyzer.
The applied bias voltage ranges from —5 to +5 V, and C-V
measurements were performed at a frequency of 1 MHz. X-ray
photoelectron spectroscopy (XPS: Omicron instruments)
measurements were performed at Surface Science Labora-
tory, NUS, equipped with a Mg K, source (hv=1253.6 eV)
and hemispherical analyser. The data have been fitted with
CasaXPS software [44].

3 Results and Discussion

In order to systematically study the radiation response of HfO,/
Si devices, the samples were divided into two sets. One set of
the samples was used for gamma irradiation and the other set
was used for SHI (120 MeV Au) irradiation. The Tables 1 and
2 provide the estimates of the number of defects produced by
gamma and ion irradiation in HfO, samples, respectively. The
number of defects and atomic displacements produced by ion
irradiation in HfO,/Si samples was estimated by [45, 46] Stop-
ping Range of Ions in Matter simulation (SRIM) simulations
[47]. The dose (rad) is given by [48]

1.6 % 1076 x (‘ff)exqb "

Dose =

Puro,

where (dE/dx), is the electronic energy loss obtained from
SRIM calculations, ¢ is the irradiation fluence, and p is the
density of HfO, (9.68 g/cm®).

The pristine sample has been characterized by XRR
measurements which provided the estimates of the thickness

Table 1 Gamma irradiation-induced atomic displacements in HfO,
and its equivalent ion fluence

Gamma irradiation Estimated number of Equivalent ion

dose (krad) displalcemcnts/cm2 fluence (Au™
-2
cm™?)
25 0.288 5.36x 107
50 0.576 1.07x 108
75 1.15 1.61x10%
100 2.30 2.14x 108

Table 2 Ion irradiation-induced atomic displacements in HfO, and its
equivalent absorption dose

Ion irradiation flu-  Estimated number of Equivalent Gamma

ence (cm™?) displacements/cm? irradiation dose
(krad)

1x10" 2.67x10? 4.67x10*

1%x10"? 2.67x10° 4.67x10°

1%x10" 2.67x10* 4.67x10°

5% 10" 1.33x10° 2.33x 107
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Table 3 Film parameters estimated by XRR analysis

120 MeV Au Thickness (nm) Surface Interface
ion & flu- roughness roughness
ence (cm_z) (nm) (nm)
HfO, HfSiO HfO, HfO,/HfSiO

Pristine 493+03 - 0.14+0.06 -
Irradiated 3.89+04 212+0.6 0.39+0.04 0.08+0.03

(fluence:

5%10'%)

of each layer and surface/interface roughness. The thickness

of the interlayers of the pristine sample (P) is presented in

Table 3 by considering the standard density of HfO, (9.68 g/
3

cm”).

3.1 Gamma irradiation studies

HfO,/Si pristine and all the irradiated samples were charac-
terized by XRR measurements. However, as expected, there
are no significant structural changes observed between pris-
tine and irradiated samples.

The pre-irradiation electrical measurements are very
important as they reveal the intrinsic characteristics of the
devices such as charge trapping and flat-band voltage shift.
[-V and frequency (1 MHz) C-V measurements were per-
formed as a pre-characterization for all the devices. These
measurements were performed at room temperature, aimed
to extract leakage current density, oxide-, and interface-
trapped charge densities before and after gamma irradiation
with doses of 25, 50, 75, and 100 krad. The leakage current
is found to increase with increase in the irradiation dose
(Fig. 1). The current conduction mechanisms were investi-
gated by evaluating the significance of Schottky emission,
direct tunneling, and PF tunneling processes to character-
ize the measured data [49]. Moreover, both the gate and
substrate injection conduction mechanisms have also been
investigated [50]. In the substrate injection case, the leak-
age current increases with the increase of the irradiation
dose. However, with no electric field, electrons and holes
are likely to either recombine, become trapped, or move out
of the HfO, layer. In the substrate injection case (Fig. 2),
the direct tunneling mechanism seems to be dominant in
low voltage region up to 1 V as the thickness of the HfO,
layer is of 5 nm.

The direct tunneling is given by equation [51]

— 13/2
Jor = a F2 exp _4 VI, (1= Do ”
P 16n2g, 3 gF, by

2

where F_is the electric field across the oxide, m* is the
effective electron mass in the oxide, ¢, is the barrier height
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Fig.2 Leakage current characterized by the direct tunneling mecha-
nism under substrate injection (solid lines indicate fitting)

between conduction bands at the semiconductor—oxide
interface, 7 is the reduced Planck constant, ¢ is the electron
charge, and V_ is the voltage across the oxide.

However, as the dose increases, the charge trapping
which alters the shape of the [-V characteristics favors
the trap-assisted PF tunneling mechanism [52]

— B\/F,
Tor = EF s exp —%ﬁ ()

where K, T, and & are constants: Boltzmann’s constant,
temperature, and a factor that depends on acceptor com-
pensation, respectively (the & value is usually between one
and two). Figure 3 shows PF tunneling and the linear fit-
ting of In (J/E) vs. E'? plots. This analysis suggests that
the defect-assisted PF tunneling is predominant as the dose
increases and eventually there is an increase in the leakage
current. This clearly indicates the increase in the density
of oxide traps within the HfO, layer. Coming to the gate
injection case (shown in Fig. 4a, b), the linear plots In J
vs. E? of the pristine and highest gamma dose samples for
the electric field E < 1.5 MV/cm fit well with the Schottky
emission. However, for the electric field £> 1.5 MV/cm,
the linear plots of E X In(J/E?) vs. E¥? imply the direct tun-
neling mechanism. It can be understood as the thickness is
low (5§ nm HfO,), the direct tunneling mechanism domi-
nates at £> 1.5 MV/cm [50]. The leakage current through
the HfO, increases with the increase of total dose; this can
be attributed to the irradiation-induced EHPs and their
transport through HfO, layers. The current conduction
mechanism of dominance in Schottky emission may be
due to the decrease in the interface barrier height with the
increase of the irradiation dose, which can be accredited
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Fig.3 Leakage current characterized by the PF tunneling mechanism
under substrate injection (solid lines indicate fitting); inset: In(J/E) vs.
E'2 plots

to the oxygen vacancy generation and charge trapping in
HfO, layer.

The defects in HfO, may serve as electron and hole
traps in these devices. At 1 MHz frequency, these traps are
unable to respond to the small AC signal that is applied,
and the de-trapping of the trapped charges cannot be
accomplished [53]. The trapped charges consequently stay
in the HfO, films and shift the C—V curve [54]. Figure 5
shows a clear shift in the flat-band voltage and increase in
the width of the hysteresis loops as a function of dose. The
D,.- and interface-trapped charges (D,,) were calculated

@ T %
JL_© 100 krad
44 Gate injection

Schottky emission

6 1E<1.5 MVicm

-
£ g
-10 -

124

-14 L e e A I B |
02 04 06 08 10 12 14 16

E"? (MV/cm)"?

by the C-V stretch-out method [1] as mentioned in Egs. 3
and 4 and shown in Table 4

AVyg
D, =C,, A /cm?eV 4)
AVig — AVyg
D; = COX <q—A /CmZCV 5)

where D is the oxide trap density, D;, is the interface trap
density, C,, represents the gate oxide capacitance (in accu-
mulation region), AVyy is the flat-band voltage, AV),s is the
midgap voltage, and A is the area (7.85x 107> cm?).

A shift in the voltage at which the capacitance changes
indicates the increase of oxide traps. This shift in flat-band
voltage indicates that the majority of the trapped charges
are of positive polarity (holes). The reason is that the elec-
trons have higher mobility and may have been swept out
from the HfO, and leaving holes behind, and therefore, the
generated holes are trapped in the oxide layer in which both
electron and hole traps are present [55]. The slope of the
accumulation region indicates that the interface traps were
formed at the interface of HfO,/Si. The flat-band (A Vgg)
and midgap (AV),g) voltage shifts of a C—V curve at 1 MHz
frequency with respect to gate voltage suggest that there is
an accumulation of oxide- and interface-trapped charges in
HfO,. These shifts are consistent from 25 to 100 krad irra-
diation dose. Moreover, a change in the interface-trapped
charge is evident from the slopes of a C—V plots. Using the
changes in the AVgg and AVy,g values, density of oxide
(D,)- and interface-trapped charges (D,,) were calculated
by employing standard analysis methods [56]. The density

-4
(b) 0 | o P

© 100 krad
Gate injection

|Direct Tunneling
-301E>1.5 MV/icm

-35

-25 4

20

E*In(J/E?)

15

-10 4

-5 T T T T T T T T T
2 3 4 5 6 7 8
g2 (MV/Cm)alz

Fig.4 a Conduction mechanism fitting under gate injection for gamma irradiation (In J vs EY? for low field E< 1.5 MV/cm). b Conduction
mechanism fitting under gate injection for gamma irradiation (E* In(J/E?) vs E>? for high field E> 1.5 MV/cm)

@ Springer



Journal of Materials Science: Materials in Electronics (2020) 31:3312-3322

3317

1.5x10°

T 1.0x10° 1

[}

Q

e

S

o

®

. 5.0x10"° - —o— 25 krad

o —— 50 krad
—— 75 krad
—>—100 krad

0.0

-1.0 -0.5 0.0 0.5 1.0 1.5
Voltage (V)

Fig.5 C-V characteristics at various gamma irradiation doses; inset:
changes in oxide-trapped (D) and interface-trapped (D) charge den-
sities of a function of gamma irradiation dose

Table4 AV, AVyg, Dy, and D, values extracted from C-V charac-
teristics under gamma irradiation

Dose (krad) AVgg (V) AViyg (V) Dy D, (em™2eVh
(cm™2 eVl

P 0.1404  0.1151 2.33%x 10" 1.06x 10"

25 0.1433  0.1337 9.17x10° 1.28x 10"

50 0.1442  0.1363 7.84%10° 1.35x 10"

75 0.1551  0.1495 5.83%x10° 1.56x 10"

100 0.1654  0.1613 443%10° 1.74x 10"

of oxide-trapped charges depends primarily on the number
of oxygen vacancies in HfO, layer. However, as the dose
increases, the number of trapped charges becomes more sig-
nificant and eventually leads to the shift in the C-V curve.
The changes in both the oxide- and interface-trapped charge
densities are shown Fig. 5 (inset) as a function of dose.
There is an increase in the D, value from 1.06 x 10''/cm?®eV
for pristine to 1.74 x 10'!/cm? eV for the 100-krad irradi-
ated samples. However, a decrease in the density of interface
charges has been observed. The D;, value for pristine sam-
ple is estimated to be 2.33x 10'%cm? eV and it decreases
to 4.43x10° /cm? eV for 100-krad irradiated sample. This
decrease in density of interface states can be attributed to
the possible passivation of the Si surface and a decrease in
the number of recombination centers in the HfO, and HfO,/
Si interfaces.

3.2 SHlirradiation studies

120 MeV Au ion irradiation was performed on the second
set of samples and the ion fluence was varied from 1 x 10'!

to 5% 10'* cm™. The electronic energy loss (S,), nuclear
energy loss (S,), and the range of 120 MeV Au ions in
HfO, are estimated to be 24.84 keV/nm, 0.1366 keV/nm,
and 8.50 pm, respectively, using SRIM program. In contrast
to gamma irradiation, there is a significant change in the
structural characterization of the pristine and SHI-irradiated
sample (5 X 10" cm™?) evinced from XRR measurements
(See Fig. 6). The thickness and surface/interface roughness
are tabulated in Table 3. The composition of HfO,/Si and
HfO,/HfSi0/Si is expected to vary in the pristine and irradi-
ated samples as a function of fluence. There is a decrease in
the thickness of HfO, layer (3.89 +0.4 nm), and the forma-
tion of HfSiO interlayer (2.12+0.6 nm) has been observed
at the fluence of 5x 10'® cm™2. These structural changes
can be attributed to SHI-induced intermixing across HfO,/
Si interface. In addition, the thickness of the HfSiO layer
has been evolved as there is a contribution from Si substrate
also. Moreover, there is an increase surface roughness and
interface roughness for the pristine and irradiated samples
as tabulated in the Table 3. The structural changes such as
phase transitions are also expected in HfO, at these fluences
[57, 58] which are also expected to affect the electrical prop-
erties of HfO,-based devices.

Figure 7 depicts the I-V characteristics of pristine and
SHI-irradiated samples. Similar to the gamma irradiation
electrical characterization, i.e., current conduction mecha-
nisms were investigated both in the gate and substrate injec-
tion cases. The gate injection case In J vs. EV? (E< 1.5 MV/
cm) and ExIn (J/E?) vs. E¥? (E> 1.5 MV/cm)) of SHI-
irradiated samples is shown in Fig. 8a and b [50]. From the
I-V characteristics of the pristine device, the reduction of
leakage current up to 1x 10'2 cm™2 can be ascribed to the

10" 5

—a—5x10"

-
o
G
wul

10° ]

10*

Reflectivity (arb. units)

. . — : ;
0 2 4 6 8 10 12
20 (deg.)

Fig.6 XRR patterns of pristine and SHI-irradiated (5x10'3 cm™2)
samples (solid lines indicate fitting)
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Fig. 7 I-V characteristics of pristine and SHI-irradiated samples

conceivable annealing of defects by electronic excitation due
to 120 MeV Au ion irradiation and ultimately improving
the device performance which is consistent with our previ-
ous study [17]. Above 1x 10'> cm~2 fluence, the leakage
current is found to increase for the fluences of 1x 10'* and
5x%10'3 cm™2 From the I-V characteristics under substrate
injection, theoretical fits were performed using direct, FN,
and PF tunneling mechanisms and are shown in Fig. 8.
Each tunneling mechanism has been examined thoroughly
to understand the defect dynamics in view of the observed
structural changes. The direct tunneling mechanism is more
conspicuous below + 1 V as shown in Fig. 9. Nevertheless,
upon irradiation, the leakage current is found to decrease

-8
(a)8 T
o 5x10"
1Gate injection
Schottky emission Jes:
E<1.5MVicm & i
-10 - o

InJ

124

T T T T T T

v T v
0.4 0.6 0.8 1.0 1.2
E"? (MV/cm)"z

with increase in the irradiation fluence up to a critical flu-
ence of 1x10'> cm™2. This can be understood as the SHI
annealed out the defects [17, 59, 60]. Moreover, in contrast
to gamma irradiation, there is an exponential increase of the
leakage current for the fluences 1x 10!! to 1x 103 cm™2.
This is due to FN tunneling which dominates at high fields
which is given by the following equation [61]

+ 1.3/2
q3 4 \Y 2moxd)b 1

Joy = ——F2 _S¥ T oth

where all the exponential and pre-exponential components
are defined earlier.

The transfiguration of the trapezoidal barrier (direct tun-
neling) of HfO,/Si into a triangular barrier (FN tunneling)
is due to the high electric field, effective mass in the gate
dielectric, and barrier height between the HfO, and Si [58].
So, the exponential increase of the leakage current devel-
oped in the irradiated samples was observed up to a fluence
of 1x10"? cm™2 (see Fig. 10). In case of PF conduction
mechanism, the defects can form an energy state near to
the conduction/valence band edge depending upon the den-
sity of the traps which can restrain the current flow through
either capture or emission process. The defect-assisted PF
tunneling has been observed not only at 5x 10'* cm™= flu-
ence but also in the pristine sample itself as the high-k die-
lectric stack is always composed of oxide/interface defects.
The I-V characteristics of the pristine device follow PF
tunneling, indubitably representing the presence of traps
in the as grown HfO,. However, the device quality HfO,
thin films were deposited by ALD, where the density of the
interface and oxide traps is expected to be less compared to
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Fig.8 a Conduction mechanism fitting under gate injection for SHI irradiation (In J vs E' for low field E < 1.5 MV/cm). b Conduction mecha-
nism fitting under gate injection for SHI irradiation (E* In(J/E?) vs E¥? for high field E> 1.5 MV/cm)
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Fig. 10 Leakage current characterized by the FN tunneling mecha-
nism (solid lines indicate fitting); inset: In(J/E?) vs. 1/E plots

any other deposition technique. Beyond a critical fluence of
1x 10'> cm™2, the creation of defects is substantially high
and eventually these defects increased the leakage current
(see Fig. 11). However, SHI-induced intermixing effects
at higher ion fluences are expected along with the increase
in the number of defects. Conversely, the hostile processes
of defects creation and the intermixing effects lead to an
increase in the leakage current density. The defect creation
is mainly due to the atomic displacement during elastic
collisions (S,) of ions with atoms. However, the annealing
of defects occurs due to inelastic collisions (S,) initiating
the excitation and ionization of atoms and their subse-
quent relaxation [17]. After a critical fluence, the damage
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Fig. 11 Leakage current characterized by the PF tunneling mecha-
nism under substrate injection (solid lines indicate fitting); inset:
In(J/E) vs. E'? plots
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Fig. 12 C-V characteristics at various ion fluences—a decrease in the
accumulation capacitance as a function of fluence; inset—changes in
oxide-trapped (D,,) and interface-trapped charge (D,,) densities as a
function of SHI irradiation fluence

processes dominate annealing process. These processes are
liable for the perceived increase in leakage current at higher
ion fluences.

C-V measurements were performed at the frequency of
1 MHz (see Fig. 12). A systematic decrease in the accumu-
lation capacitance with increase in the ion fluence has been
observed. This can be attributed to the increase in physical
thickness and changes in the composition of the HfSiO inter-
layer. Moreover, these effects can significantly alter the over-
all dielectric constant. There is a shift both in the flat-band
voltage and in the midgap voltage evinced from the C—V
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Table5 AVgg, AVyg, D

and D, values extracsed . Fluence (cm™2) AV (V) AV (V) D, (cm™2 eV D, (cm™2 eV

C-V characteristics under SHI P 0.1404 0.1151 2.33x10'° 1.06x 10"

irradiation 110" 0.1218 0.1055 1.54x 10 0.98x10'!
1x10"2 0.1089 0.0987 0.79%10'° 0.76x 10"
1x10" 1.1134 1.0753 2.73%10'° 7.70% 10"
5x10" 1.3926 1.2369 1.02x 10" 8.09x 10"

characteristics as shown in Table 5. Moreover, the hyster-
esis loop indicates the enhanced charge trapping process and
some positive charges were actually trapped in the oxide.
The charge trapping becomes more significant as the width
of the hysteresis loop increases as a function of irradiation
fluence. This feature may have adverse effects as far as MOS
devices are concerned but can have certain advantages for
floating gate-based non-volatile memory devices. The data
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are analyzed to estimate the effects of SHI irradiation on the
densities of oxide and interface traps. Hence, these studies
help understanding the radiation tolerance of HfO,-based
devices as well as to tailor their properties. The density
of interface trapped charges decreases to 0.79 x 10'° from
2.33x10"/cm? eV up to 1 x 10'? cm™ and then increases up
to 1.02x 10'!/cm? eV. The density of oxide-trapped charges
is found to decrease from 1.06x 10'! to 0.76 x 10'/cm? eV

(b)
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Fig. 13 a XPS full-range spectrum of pristine sample; b XPS full-range spectrum of SHI-irradiated sample (fluence: 5x 10'> cm™2); ¢ Hf core-
level 4f peak of pristine sample; d Hf core-level 4f peak of SHI-irradiated sample (fluence: 5x 10'* cm™2)

@ Springer



Journal of Materials Science: Materials in Electronics (2020) 31:3312-3322

3321

and then increases up to 8.09x 10'!/cm? eV as a function
of irradiation fluence. As discussed earlier, the density of
oxide-trapped charges depends on the number of oxygen
vacancies in HfO, layer leading to an increase in the charge
trapping [62].

In order to analyze the interfacial chemical composition
of pristine and ion-irradiated samples, XPS measurements
were carried out. Figure 13a and b shows the full scans cor-
responding to pristine and irradiated samples, respectively.
However, to further confirm the existence of HfSiO, layer at
the interface, high-resolution scans of Hf 4f core-level spec-
tra are shown in Fig. 13c and d, respectively. For pristine
samples (Fig. 13c), two peaks for Hf 4f,,, and Hf 4f;,, are
found (for pristine and irradiated samples) to be at 15.8 and
17.5 eV (with a spin orbit coupling splitting difference of
1.7 eV), respectively. This can be attributed to the presence
of HfO,_, layer in the pristine sample [63]. On the other
hand, for ion-irradiated samples (Fig. 13d), Hf 4f;,, and Hf
4f5,, doublet appears at 15.7 and 17.4 eV, respectively. In
addition, two new peaks emerged in the deconvoluted spec-
tra at around 16.3 and 18 eV which can be attributed to the
presence of Hf-Si—O bonds [64]. It can be noted that the
contribution of the Hf-Si—O bonding after SHI irradiation is
12.5% which cannot be ignored in the present case.

4 Conclusions

The radiation response of Al/HfO,/Si nMOSCAPs due to
both gamma and SHI irradiation has been investigated.
XRR measurements of gamma-irradiated samples did not
show any significant change in the structural characteri-
zation. However, 120 MeV Au ion irradiation yields an
evolution of HfSiO interlayer due to high electronic excita-
tion-induced intermixing effects which were confirmed by
both XRR and XPS measurements. Both the gamma and
the SHI irradiations show significant effects in the oxide
and interface trap densities as a function of gamma dose
and ion fluence, respectively. Pre-existing defect densities
in these devices show substantial effects in charge trap-
ping. Oxygen vacancies are key and responsible reason
for the trapping mechanism. Various current conduction
mechanisms were investigated in both the gamma and the
SHI-irradiated devices. However, the trap-assisted PF tun-
neling mechanism is more dominant in both the cases.
High density of defects and intermixing effects due to SHI
irradiation and low-density EHPs produced by gamma irra-
diation have shown significant effects on the [-V and C-V
characteristics. These studies are important to understand
the radiation hardness of HfO,-based devices in order to
integrate them in space and nuclear electronic devices.
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