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a  b  s  t  r  a  c  t

In  this  work,  HfO2 nanoparticles  (np-HfO2)  are  embedded  within  a spin-on  glass  (SOG)-based  oxide
matrix  and  used  as  a charge  trapping  layer  in  metal–oxide–high-k–oxide–silicon  (MOHOS)-type  mem-
ory  applications.  This  charge  trapping  layer  is  obtained  by  a simple  sol–gel  spin  coating  method  after  using
different  concentrations  of  np-HfO2 and  low  temperature  annealing  (down  to  425 ◦C) in  order  to  obtain
charge–retention  characteristics  with  a  lower  thermal  budget.  The  memory’s  charge  trapping  character-
istics  are  quantized  by  measuring  both  the  flat-band  voltage  shift  of MOHOS  capacitors  (writing/erasing
operations)  and  their  programming  retention  times  after  charge  injection  while  correlating  all  these  data
to np-HfO2 concentration  and  annealing  temperature.  Since  a large  memory  window  has  been  obtained
harge-trapping layer
pin-on glass
etention time
ow temperature annealing

for  our  MOHOS  memory,  the  relatively  easy  injection/annihilation  (writing/erasing)  of  charge  injected
through  the  substrate  opens  the  possibility  to use this material  as  an  effective  charge  trapping  layer.
It  is shown  that  by  using  lower  annealing  temperatures  for the  charge  trapping  layer,  higher  densities
of  injected  charge  are  obtained  along  with  enhanced  retention  times.  In conclusion,  by using  np-HfO2

as  charge  trapping  layer  in memory  devices,  moderate  programming  and  retention  characteristics  have
been obtained  by this  simple  and  yet  low-cost  spin-coating  method.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Over the last years, obtaining higher non-volatile memory
NVM) device performance is becoming quite difficult since we
re now reaching the physical limits offered by scaled-down
onventional materials and thus, new materials/architectures for
emory applications are needed in order to meet the stringer

pecifications imposed on these devices [1,2]. Among the current
emory technologies available (still dominated by the floating-

ate flash technology), the silicon–oxide–nitride–oxide–silicon
SONOS)-memory, or floating-trap memory, is one attractive candi-
ate to realize flash-memory vertical scaling [3,4]. In a floating gate
evice, the charge is stored at the polysilicon floating gate as free
arriers having a continuous spatial distribution in the conduction
and, while the SONOS memory stores charge in spatially isolated
eep trap levels within the nitride oxide [5–7]. Also, in a SONOS-
emory it is possible to both increase its programming speed
nd to lower its operating voltage by reducing the tunnel oxide
hickness [8]. However, this seriously degrades the charge reten-
ion capability of the device so that the SOHOS (silicon–oxide–high

∗ Corresponding author at: Luis Enrique Erro #1, Tonantzintla, Puebla 72000,
exico. Tel.: +52 222 2663100x2105; fax: +52 222 2470517.

E-mail address: jmolina@inaoep.mx (J. Molina).

921-5107/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.mseb.2012.02.029
-k–oxide–silicon) flash memory has emerged as a way  to increase
its charge retention time by replacing the silicon nitride with a
higher dielectric constant material as charge trapping layer [9].
Because of the higher dielectric constant, the electric field across
the tunneling oxide is enhanced thus enabling a greater injec-
tion of charge from the silicon into the trapping layer and also,
enables the use of thicker oxide tunnel layers so that the levels
of leakage current tunneling back to the substrate are decreased
as well, the combined effect being that of better charge injec-
tion/retention characteristics. Besides the conduction mechanisms
used for charge injection, quite important for effective program-
ming of these devices [10], several high-k materials have been
explored for SOHOS-type memories, they include Al2O3 [11–14],
HfO2 [15–17],  HfAlO [18–20] and many other materials that are
currently under research and which are important to enhance the
performance of memory devices based on charge trapping phe-
nomena.

In order to increase the charge-based writing/erasing capacity
and data retention time of SOHOS-type memory devices using low
thermal budgets (by promoting larger defect densities at the charge
trapping layer after lower annealing temperatures and which are

useful as charge-trapping centers), this work study the ability of
np-HfO2 (embedded within a SOG–oxide matrix) to act as charge
trapping centers in a metal–oxide–high-k–oxide–silicon (MOHOS)
capacitor structure. We quantize the general charge trapping

dx.doi.org/10.1016/j.mseb.2012.02.029
http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:jmolina@inaoep.mx
dx.doi.org/10.1016/j.mseb.2012.02.029
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apacity of the high-k layer in MOHOS devices by measuring both
he shift in their flat band voltage (�Vfb) after writing/erasing
perations and their charge retention time while correlating all
esults to different concentrations of np-HfO2 within the oxide
atrix and annealing temperature. Since the np-HfO2 based trap-

ing layer shows itself a large memory window for charge trapping,
e then exploit this characteristic in order to inject just enough

harge at the memory device (under low-electric field conditions)
o that a steady increase/decrease in �Vfb is obtained during writ-
ng/erasing operations. We  show that �Vfb is dependent on both
he np-HfO2 concentration and the annealing temperature applied
t this charge trapping layer. On the other hand, given that the
riting/erasing speed operations are usually taken by measuring
at-band/threshold voltage (Vfb/Vth) shift vs. stressing time and
ince they are measured in terms of the applied gate voltage, hav-
ng thinner oxide stacks (including all blocking/trapping/tunneling
xides) would then increase the current density being injected
nto the trapping layer so that lower operation voltages would be
eeded to proportionally shift Vfb/Vth in any particular direction.
his effect could be mistakenly interpreted as a higher efficiency
f the high-k layer to trap charge since lower operations voltages
re needed. By integrating the injected gate current density Jg with
ime, we are able to quantize the effective density of charge being
njected at the memory device, Qinj:

inj =
∫ t

0

Jg dt [C/cm2] (1)

here Qinj is injected charge density, Jg is gate leakage current
ensity and t is stressing time. The units for Qinj are C/cm2. This
easurement can be applied to similar memory devices having

xide structures with different gate areas and blocking/trapping
xide thicknesses (different leakage current densities) so that the
ntrinsic capacity of the whole oxide stack for writing/erasing oper-
tions could be measured in a more realistic way, that is, dependent
nly on the injected charge density and independent of gate area
nd oxide stack thickness. Finally, after chemically oxidizing the
ilicon surface (in order to get an ultra-thin tunneling oxide), the
harge trapping layer based on np-HfO2 can be easily deposited
top the oxidized silicon surface by the sol–gel spin coating
ethod, which is also used for deposition of the thicker blocking

xide. Therefore, the fabrication cost of the MOHOS-memory is
ramatically reduced since film formation using sol–gel spin coat-

ng is a simple method in comparison with atomic layer deposition
ALD), physical vapor deposition (PVD), or chemical vapor depo-
ition (CVD) and the sol–gel materials used for both the blocking
nd charge trapping layers are economic and readily available.

. Experimental

.1. Silicon cleaning and surface preparation

For all experiments, we used silicate-type SOG materials (from
ilmtronics, Corp., 15A), N-type silicon wafers (100) with resistiv-
ty of 5–10 � cm,  and np-HfO2 having granular diameter around
00 nm (99.9% purity from American Elements). Standard RCA-
leaning procedures (to eliminate organic/metallic silicon surface
ontaminants) were applied to all wafers and then dipped in HF
olutions so that HF-last surfaces were obtained. The oxide stack
abrication was realized sequentially thus obtaining (1) an ultra-
hin tunneling chemical oxide SiOx, (2) a high-k trapping oxide

ased on np-HfO2 and (3) a thick blocking oxide based on SOG–SiO2.
he thin tunneling oxide SiOx was obtained by immersion of the
F-last silicon wafers into H2O2 at 75 ◦C by 16 min  so that a thin
hemical oxide (with thickness of 2.4 nm,  after ellipsometry) was
eveloped at the silicon surface.
gineering B 177 (2012) 1501– 1508

2.2. Preparation and deposition of np-HfO2 by spinning

The np-HfO2 charge trapping layer was obtained by preparing
a np-HfO2:H2O:CH3COOH:SOG solution in which the concentra-
tion ratios of np-HfO2 to SOG were 5, 10, 15 and 30%. The solute
concentration was measured with an analytical balance AG285
from Mettler-Toledo. These np-HfO2 were then hydrolyzed in the
SOG solutions and subjected to water bath (baine marie, 80 ◦C, 2 h)
treatments in order to obtain homogeneous solution mixtures. It is
important to notice that the final prepared solution is of colloidal
nature (instead of suspension solution) thus confirming proper
homogeneous distribution of all components within the solution
and no visible sediments were observed. The final np-HfO2:SOG
solutions were directly applied on the wafers’ surfaces and spinned
at 7000 rpm by 20 s.

2.3. Annealing of charge trapping layer based on np-HfO2

After np-HfO2:SOG application, all films were initially baked at
200 ◦C (10 min  in N2 ambient) in order to evaporate most of the
organic solvents. A second thermal treatment was also performed
within a quartz furnace so that better film densification and solvent
removal could be obtained. This was done at 800, 600 or 425 ◦C
(30 min  in N2) so that charge trapping performance of this np-HfO2
layer could be compared after using all these different annealing
temperatures.

2.4. Deposition and annealing of SOG-based blocking oxide

The SiO2 blocking oxide was  also formed by direct deposition of a
silicate SOG solution on the wafer surface and spinned at 7000 rpm
by 20 s. This last film was  also baked at 200 ◦C (10 min  in N2) and
1000 ◦C (30 min  in N2) so that all previous oxide films are covered
with this thicker blocking oxide.

2.5. Metallization and dangling-bond passivation

For electrical C–V and I–V characterization, all oxide films were
metalized with 1 �m of aluminum by evaporation and unless oth-
erwise stated, a gate capacitor area of 13.34e-4 cm2 was used for
all MOHOS devices. Following metallization, a last thermal treat-
ment (450 ◦C in forming gas ambient, 5% H2 + 95% N2) was applied
to all samples in order to passivate Si dangling bonds with this H2-
based annealing. The final memory device is then composed of a
metal/oxide/high-k/oxide/silicon or MOHOS structure.

2.6. Physical and electrical characterization methods

The thicknesses for all oxide films were measured with a Gaert-
ner ellipsometer L117 and a Tencor alpha-step equipment. The
average thickness for the blocking and trapping oxide layers is 130
and 120 nm,  respectively. These thicknesses are result of averaging
at least 10 different ellipsometry and perfilometry measurements
after analyzing 10 different spots/steps during those readings. All
results had variations within ±10% of the reported average values.
Finally, C–V and I–V measurements were done by using a Keihtley
Model 82-DOS Simultaneous C–V system and an HP 4156B Semi-
conductor Parameter Analyzer, respectively.

3. Results and discussion

3.1. Idealized energy band diagram of a MOHOS device
Fig. 1 shows a schematic of the fabricated sample and the
idealized energy band diagram in (a) and (b), respectively. The
energy conduction and valence band offsets of the HfO2 material
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ig. 1. (a) Schematic of the MOHOS memory containing the blocking/trapping/tunn
he  energy conduction and valence band-offsets are also shown for reference.

ith respect to SiO2 show a moderate energy barrier for electrons
nd holes, respectively [21,22], thus limiting the applied electric
eld to lower values (below Fowler–Nordheim conduction regime)

n order to avoid leakage of carriers out of the HfO2 trapping
ayer via a Fowler–Nordheim (F–N) or other high-field conduc-
ion mechanism. This is important since the injection of carriers
for both writing/erasing steps at the trapping layer) from the sil-
con substrate is usually done via a moderate gate electric field
nd hot carrier injection (HCI) mechanism both applied simulta-
eously to a SONOS/SOHOS structure. In some cases, channel hot
lectron injection (writing condition), and band-to-band tunnel-
ng induced hot hole injection (erase condition) are used [22–24].
rapping of charge via HCI could decrease the general reliabil-
ty of a metal-oxide-semiconductor field-effect transistor MOSFET
evice [25–27] and likewise, the reliability of a FET-based mem-
ry device after overstressing the charge trapping layer with this
echanism. In this work, we are able to inject electronic charge

o the np-HfO2 trapping layer after applying a small gate electric
eld only (without using any HCI mechanism) so that a memory
evice with enhanced reliability is expected. On the other hand,
ince our MOHOS-type memories make use of different np-HfO2
oncentrations for the charge trapping layer (5–30%), increasing
he Hf content in the prepared solutions produces an increase in
he magnitude of the absorption peak related to the Hf O chemi-
al bond and which is found at 752 cm−1 [28,29]. Also, the electrical
erformance of the SOG-based SiO2 blocking layers has been pre-
iously obtained and good insulating properties were confirmed
30]. These oxides presented very low gate current densities so that,
long with C–V measurements, it has been demonstrated that the
locking oxide layer presents good electrical quality, high enough
o use it as blocking barrier for injection of charge carriers within
he proposed memory structure.

.2. Electrical I–V and C–V characterization

Fig. 2(a) shows the I–V data for the MOHOS memory structure in
hich the trapping oxide layer has an np-HfO2 concentration of 15%

nd which has been subjected to different annealing temperatures.
or the highest annealing temperatures, a very low conduction
tate is initially shown under accumulation up to Vg ∼ 4 V, then a
ifferent conduction mechanism increases the current flow steeply
ntil breakdown is reached at about 5 V and these same charac-
eristics appear for the other memory samples in which a more
estrained breakdown voltage is developed. Once Vg = 10 V, we
easure the gate current back to 0 V and we confirm that the mem-

ry structure remains at the high conduction state, thus limiting

he gate voltage range that can be applied to the trapping layer
or charge injection to Vg < 3 V (since the minimum gate voltage
eeded for a hard-breakdown event to occur is around 3 V, we use
1 as stressing voltage in order to inject some charge before this
 oxides. (b) Idealized energy band diagram for the memory structure shown in (a).

breakdown occurs). Considering this large conductivity window
between the LOW/HIGH conduction states (OFF/ON conditions) of
about 7–9 orders of magnitude, we  think there is plenty of room
to inject large densities of electronic charge at the trapping oxide
layer in order to properly modulate Vfb/Vth in memory devices
without needing to overstress the stacked oxide using any HCI
mechanism. Under this high conduction state, we also measure
the gate current flow in inversion (from Vg = 0 to −10 V) so that
we could obtain the complete picture of electronic conduction for
this memory structure. After breakdown, the electronic conduc-
tion properties of the memory devices are quite similar to those
of a metal/semiconductor rectifying contact, which makes sense
if one considers the existence of a conductive filament path con-
necting both the silicon substrate to the aluminum metal gate.
Fig. 2(b) shows the C–V data for the same memory structures
before breakdown. Even though their Vfb is slightly shifted toward
negative values (indicative of a large density of positive charge
within the oxide stack), there is a noticeable difference in the accu-
mulation capacitance (Cox) for the same np-HfO2 concentration
after different annealing temperatures applied to the charge trap-
ping layer. For the highest annealing temperatures, we  notice a
reduced Cox in the MOHOS capacitors as compared to the low-
est thermal treatments. Generally, higher annealing temperatures
produce a more densified thin film which in turn, increases Cox
since we would be dealing now with thinner oxides. The later
is possible because of temperature-driven H2O outgassing out
of the SOG oxides and also reduction in its organic components
[30–32]. This is not the case for our samples and we  think this
is related to a temperature-driven migration/diffusion of np-HfO2
embedded within the SOG-based oxide matrix. Following thermo-
dynamic principles and as the annealing temperature decreases,
less efficient metal nanoparticle’s migration/diffusion within an
oxide matrix occurs [33,34]. By using low temperatures, we  think
that migration/diffusion of np-HfO2 out of the MOHOS active gate
area could be reduced thus retaining a higher dielectric constant
(and increasing Cox) as expected. This is a subject which requires
in-deep further study given the importance of embedding metal
nanoparticles within oxide matrices and which are useful for sev-
eral electronic applications. On the other hand, as the annealing
temperature is reduced, more physical and/or electronic defects are
thought to develop at the bulk of the charge trapping layer as well
at its interfaces. This is noticed in our C–V curves annealed at 425 ◦C
by a “kink” shown at inversion and which is commonly related to
an increase in the interface-states density Dit for these devices [35].
Also, a lower slope from accumulation to depletion region for the
samples annealed at higher temperatures is also shown. This last

feature could hinder proper Vfb calculation after C–V measurement
but we have tried to minimize the error by obtaining Vfb from at
least 10 different devices having similar C–V characteristics and
even to obtain Vfb after differentiating the initial C−2 vs. Vg curve
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ig. 2. (a) I–V characteristics for a MOHOS memory whose charge trapping layer 

reakdown occurs at Vg ∼ 3, 5 V, electron injection into the trapping layer is done at V
or  the highest annealing temperatures, we notice a reduced Cox in the MOHOS ca

nd finding Vfb at the maximum slope of the left flank [36]. There-
ore, each Vfb data point presented in the subsequent figures is the
verage result of electrically measuring 10 different devices and
sing at least two different methods in order to extract Vfb.

.3. Programming performance based on writing/erasing times

Fig. 3(a–b) show the Vfb shift found in MOHOS devices after
njecting substrate electrons and substrate holes (writing/erasing
ondition) with time. First, we notice larger Vfb shift for devices
aving greater np-HfO2 concentration. Because of a higher dielec-
ric constant, the electric field across the tunneling oxide is
nhanced thus enabling greater injection of charge from the silicon
nto the trapping layer. Also, we can see that the magnitude of pos-
tive/negative Vfb shift is dependent on the programming time for
ll conditions. It is thought that Vfb shifts because of electron/hole
rapping mechanisms at the np-HfO2 trapping layer. By looking
t the idealized energy band diagram of Fig. 1(b), we notice that
he conduction/valence band offsets of HfO2 to silicon substrate
re 1.5 and 3.1 eV, respectively. During writing, electrons accumu-
ate at the substrate’s surface and they gain enough energy from
he applied gate voltage Vg enabling them to cross the tunneling
xide’s energy barrier with energies well below 3.1 eV (the tun-
eling oxide is thin enough so that electrons can tunnel directly)
nd be trapped at the np-HfO2 trapping layer, thus shifting Vfb to
ositive values. During erasing, a negative gate voltage inverts the
ilicon surface thus increasing the hole density and because of the
lectric field, these holes are trapped at the np-HfO2 layer (where
hey could annihilate some already trapped electrons), thus shift-
ng Vfb to negative values. The former process would occur after the
oles are able to tunnel through the thin tunneling oxide and also
ave enough energy, well below 4.6 eV (valence band offset of SiOx

o silicon substrate), to be trapped at the np-HfO2 trapping layer. In
ig. 3(b), we notice that for the np-HfO2 with 10% concentration, the
rasing condition does not recover the Vfb shift completely, and this
ffect can be due to the existence of deep trap levels [5–7] within
he np-HfO2 trapping layer thus making harder to annihilate the
nitially trapped electrons. Figs. 4(a and b) and 5(a and b) show that
y both increasing the np-HfO2 concentration and by reducing the
nnealing temperature to 600 ◦C and 425 ◦C for the charge trapping
ayer, greater charge injection densities are able to produce larger
fb shifts for the writing/erasing conditions. Compared to an 800 ◦C
nnealing which shift Vfb to a maximum of 100 mV  after the same
riting time, lower thermal treatments are able to shift Vfb up to
00 mV  for a 30% np-HfO2 concentration and more than 200 mV
or the lowest concentrations. On the other hand, the erasing con-
ition for the charge trapping layer annealed at lower temperatures
hows that the initially shifted Vfb is not recovered completely
ed on 15% np-HfO2 concentration and different N2 annealing temperatures. Since
. (b) C–V characteristics for the same MOHOS memory structures before breakdown.
rs as compared to the lowest thermal treatments.

during erasing and gets even worse for the samples annealed at
425 ◦C (specially for the 30% np-HfO2 concentration in which the
Vfb remains almost constant at around 350 mV). We  think that
lower annealing temperatures for the charge trapping layer are
prone to produce a higher density of physical/electronic defects at
the high-k layer which in turn, create deep-trap levels for injected
carriers that make more difficult to annihilate or excite the initially
trapped electrons to the conduction band. The former makes sense
if we  notice that for the writing condition, lower annealing temper-
atures for the charge trapping layer increases Vfb shift considerably
even if the same np-HfO2 concentrations are used. Finally, even
though similar performance could be obtained after programming
memory devices processed at lower temperatures (like those found
in Fig. 5(a) for instance), these low-temperature annealing condi-
tions for the charge trapping layer are quite important in order to
obtain different memory performance when analyzing other mem-
ory parameters like erasing conditions and/or data retention times.
Therefore, at lower annealing temperatures for the charge trap-
ping layer, the performance of the whole memory structure is quite
dependent on composition.

3.4. Programming performance based on injected charge density
Qinj

Up to now, we have obtained the memory performance of
MOHOS structures by applying a constant gate voltage and mea-
suring their Vfb shift with respect to their writing/erasing times.
However, since having thinner memory oxide stacks (scaled
devices) would increase the charge density being injected to the
trapping layer, shift of Vfb/Vth to any particular direction could
be done using lower operating voltages and/or reduced writ-
ing/erasing speeds and this could be mistakenly interpreted as a
higher efficiency of the high-k layer to trap charge. By integrating
the injected gate current density Jg with time, see Eq. (1),  we are
able to quantize the effective density of charge being injected at the
memory device, Qinj, and its influence on Vfb shift. By plotting the
Vfb shift data of Figs. 3–5 using Qinj instead of writing/erasing times,
we are able to measure the intrinsic capacity of the whole oxide
stack for writing/erasing operations being only dependent with the
injected charge density and independent of gate area and oxide
stack thickness. This can be useful for comparison of scaled mem-
ory devices based on trapping of injected charge. Figs. 6–8 show the
ability of our MOHOS devices to shift Vfb during writing/erasing
conditions after charge injection using the same stressing voltage

V1. Fig. 6(a and b) show that the memory structures having the
largest np-HfO2 concentration shift Vfb to larger values because
they are able to handle and trap larger densities of injected charge,
in this case, up to 1 × 10−6 C/cm2. Trapping layers with lower
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Fig. 3. (a) Vfb shift vs. writing time (electron injection) for a MOHOS memory with different concentrations of np-HfO2 and annealed at 800 ◦C. Vfb shift increases with
writing  time and with np-HfO2 concentration so that a maximum Vfb shift of 100 mV  is obtained. (b) Vfb shift vs. erasing time (hole injection and/or electron annihilation)
for  the same MOHOS memory. A complete Vfb recovery is observed for the memory having greater np-HfO2 concentration.
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ig. 4. (a) Vfb shift vs. writing time for a MOHOS memory with different concentra
p-HfO2 concentration so that a maximum Vfb shift of 500 mV is obtained. (b) Vfb
bserved and this is related to deep-trap levels that might be generated at the char

p-HfO2 concentrations are unable to inject large Qinj values, thus
ess charge is trapped producing smaller Vfb shift. On erasing, we
lso notice that a trapping layer having a larger np-HfO2 con-
entration is able to recover Vfb more efficiently after using the
ame hole injection density. In other words, there is a steeper
lope of Vfb recovery for the device having a 15% concentra-

ion of np-HfO2 as compared to the others and a very small
inj ∼ 1 × 10−6 C/cm2 is enough to recover all or most of the ini-

ially shifted Vfb. Figs. 7(a and b) and 8(a and b) show that by
oth increasing the np-HfO2 concentration and by reducing the

ig. 5. (a) Vfb shift vs. writing time for a MOHOS memory with different concentrations 

hough there is no clear correlation of this parameter to np-HfO2 concentration. A maxi
OHOS memory. Incomplete recovery of Vfb shift is again observed and this worsens fo

uring  hole injection.
of np-HfO2 and annealed at 600 ◦C. Vfb shift increases with writing time and with
vs. erasing time for the same MOHOS memory. Incomplete recovery of Vfb shift is
pping layer after lower annealing temperatures.

annealing temperature to 600 ◦C and 425 ◦C for the charge trap-
ping layer, greater charge injection densities are able to produce
larger Vfb shifts for the writing/erasing conditions. On writing and
for a 600 ◦C annealing temperature, it is clear that a higher np-
HfO2 concentration produces larger Vfb shifts because an increased
dielectric constant is able to inject more charge for the same electric

−6 2
field. If we  consider the same Qinj = 1 × 10 C/cm density, Vfb is
shifted by about 100, 200 and 300 mV  for np-HfO2 concentrations of
10, 15 and 30% respectively, thus giving a sense of electrical correla-
tion to the physical characteristics of the charge trapping layer. On

of np-HfO2 and annealed at 425 ◦C. Vfb shift still increases with writing time even
mum Vfb shift of ∼400 mV is obtained. (b) Vfb shift vs. erasing time for the same
r np-HfO2 with 30% concentration since Vfb remains almost constant at ∼300 mV
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Fig. 6. (a) Vfb shift vs. injected charge density Qinj (writing) for the MOHOS memory having different concentrations of np-HfO2 and annealed at 800 ◦C. The memory structure
having  the largest np-HfO2 concentration is able to trap more injected charge and thus, shift Vfb to larger values. (b) Vfb shift vs. injected charge density Qinj (erasing) for the
same  MOHOS memory. The memory structure having the largest np-HfO2 concentration is able to fully recover Vfb by using larger Qinj . In both cases, a small charge density
of  ∼10−6 C/cm2 is enough to completely shift and recover Vfb.

Fig. 7. (a) Vfb shift vs. injected charge density Q for the MOHOS memory having different concentrations of np-HfO and annealed at 600 ◦C. The memory structure having
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he  largest np-HfO2 concentration is able to trap more injected charge and thus, s
OHOS memory. For all np-HfO2 concentrations, Vfb are not fully recovered since 

rasing, even though Vfb is not fully recovered to its original state,
e still observe a faster Vfb recovery for the highest np-HfO2

oncentration after Qinj > 1 × 10−7 C/cm2. This is important since
fficient recovery of Vfb shift is not quite dependent on erasing
ime but on injected charge density Qinj which simultaneously cor-

elates both erasing time and gate current density Jg through Eq. (1).
y reducing annealing temperature to 425 ◦C, the writing condition
o longer produces the largest Vfb shift for the greatest np-HfO2
oncentration (considering the same Qinj density) and also, the shift

ig. 8. (a) Vfb shift vs. injected charge density Qinj for the MOHOS memory having differe
evel this condition produces a larger Vfb shift for the lowest np-HfO2 concentrations an
fb  shift vs. injected charge density Qinj for the same MOHOS memory. Vfb is only partia

or  the 30% concentration in which Vfb remains almost constant at ∼300 mV.
2

fb to even larger values. (b) Vfb shift vs. injected charge density Qinj for the same
ll Qinj <1 × 10−6 C/cm2 is used in all conditions.

in Vfb is hardly recovered even after using higher densities of Qinj
on erasing. The former is related to a combination of physical and
electronic defects’ generation under lower annealing temperatures
for the charge trapping layer.
3.5. Data retention time characteristics

Finally, the retention time characteristics for MOHOS memo-
ries based on np-HfO2 are shown in Figs. 9–11. The normalized

nt concentrations of np-HfO2 and annealed at 425 ◦C. Interestingly, at the same Qinj

d the final Vfb reached is lower as compared to other annealing temperatures. (b)
lly recovered for the lowest nanoparticles’ concentrations but is hardly recovered
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Fig. 9. Retention time characteristics for the MOHOS memory having different con-
centrations of np-HfO2 and annealed at 800 ◦C. A continuous charge loss with time
is  observed for all conditions with complete loss of data for the lowest np-HfO2

concentration of 5%.

Fig. 10. Retention time characteristics for the MOHOS memory having different con-
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entrations of np-HfO2 and annealed at 600 C. Initially, the trapped charge is almost
ully retained with time (no charge loss) but then a sudden charge loss behavior is
bserved so that about 50% of charge is lost during the last seconds of measurement.

fb shift is defined as the ratio of Vfb shift at the time of inter-

st and at the beginning (t1 and t0, respectively). The curves are
btained after writing in which a Vg = +2 V produced the maxi-
um  Vfb shift already shown in Figs. 3(a), 4(a) and 5(a) at room

emperature. The charge loss with time is observed for all np-HfO2

ig. 11. Retention time characteristics for the MOHOS memory having different
oncentrations of np-HfO2 and annealed at 425 ◦C. Here too the trapped charge is
lmost fully retained with time (no charge loss) but then a monotonous charge loss
ehavior is observed so that about 20–40% of charge is lost at the final stage of
easurement.
gineering B 177 (2012) 1501– 1508 1507

concentrations and annealing temperatures of this charge trapping
layer. For an 800 ◦C annealing, the initially trapped charge is lost
faster as compared to lower annealing temperatures. Here, a 5%
concentration of np-HfO2 in the charge trapping layer losses its
charge after about 300 s whereas higher nanoparticles’ concentra-
tions are able to retain the stored charge down to half of its original
value after 1 × 104 s. For 600 and 425 ◦C annealing, the charge is
almost fully retained after the first 1 × 103 s for all concentrations;
upon after, the trapped charge is rapidly lost and reaches half of its
original Vfb value after 1 × 104 s. As for the mechanisms related to
charge loss characteristics, they are a subject for in-depth addi-
tional studies since we are dealing with a memory structure in
which a process-induced damage (lower annealing temperatures)
can be directly correlated to faster degradation of retention times,
these results will be published elsewhere. With the exception of 5%
np-HfO2 concentration annealed at 800 ◦C, all samples have moder-
ate retention characteristics where only half of the charge has been
lost after 1 × 104 s, thus demonstrating the potential of using HfO2
nanoparticles for memory applications based on charge trapping
mechanisms. Finally, we  think that is of the outmost importance
to correlate the electrical performance of the memory devices pre-
sented in this work to any physical changes occurring at the charge
trapping layer based on np-HfO2 after annealing. For this purpose,
analytical characterization based on TEM, SIMS, XRD and other ana-
lytical techniques are important in order to solve many interesting
questions being raised for this important material. In particular,
determining whether is there any temperature-driven diffusion
and/or migration mechanism for these np-HfO2 (to any of its inter-
faces) is important for the purpose of establishing a physically
based mechanism able to explain the electrical phenomena here
reported.

4. Conclusions

Using np-HfO2 as a charge trapping layer in MOHOS memory
devices has been demonstrated. Following a N2-based annealing,
it is possible to modulate the electrical I–V/C–V characteristics of
these MOHOS devices by shifting their breakdown voltage Vbkd,
flat-band voltage Vfb and their accumulation capacitance Cox. From
the perspective of memory performance, it is shown that larger
charge densities can be injected to the trapping layer of mem-
ory structures having greater concentration of np-HfO2 and they
produce larger Vfb shifts for both the writing and erasing con-
ditions. Also, even with a small substrate injection of electrons
(Qinj = 1 × 10−6 C/cm2) it is possible to modulate the Vfb of these
devices from 100 mV  up to 400 mV  during writing operations. This
is important since by using scaled down devices having thinner
gate oxide stacks, higher densities of injected charge could easily
modulate Vfb with shorter writing/erasing operation times. After
annealing the charge trapping layer at lower temperatures, the
memory performance is increased after comparing writing/erasing
and data retention time characteristics and this is thought to be
related to an increase in the density of physical/electronic defects
present at this active layer. On the other hand, charge injection is
done via substrate injection of carriers so that the Hot-Carrier Injec-
tion mechanism was avoided during programming the memory
structures (which is expected to enhance the overall reliability of a
memory device). Also, we use injection charge density Qinj instead
of writing/erasing times in order to measure the intrinsic capacity
of the whole oxide stack for memory operations being only depen-

dent with the injected charge density and independent of gate area
and oxide stack thickness. We  believe this procedure can be use-
ful to compare the basic performance of scaled memory devices
(having smaller gate areas and thinner oxide stacks) during charge
injection operations.
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