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ABSTRACT 
 
Two types of MOS structures containing amorphous 

silicon nanoparticles in the oxide layer are fabricated by 
physical vapor deposition of SiOx (x=1.15) on thermally 
oxidized or bare n-type crystalline silicon wafer followed 
by RF sputtering of SiO2. After the formation of the gate 
dielectric stack the structures are annealed for 1 h at 700o C 
in Ar atmosphere for phase separation. The high frequency 
C-V curves of the structures with thermal SiO2 have 
hysteresis windows of about 2 V when scanned in the range 
(-30, +30 V) and back (Eox = ± 3.6 MV/cm), while the 
structures without thermal SiO2 have hysteresis windows 
more than 3 V for 11 V scanning range 
(E

±
ox = ± 2 MV/cm). The discharge characteristics of the 

two types of samples have the same behavior both for 
negatively and positively charged nanoparticles. Both types 
of structures show good retention characteristics, especially 
when charged negatively.  

 
Keywords: nanoparticles, amorphous, silicon, non-volatile, 
memories  
 

1 INTRODUCTION 
 
Layers containing silicon nanoparticles have been 

studied actively in recent years since they are promising for 
replacement of the continuous floating gate in nonvolatile 
memory devices based on Metal-Oxide-Silicon (MOS) field 
effect transistor [1-3]. The usage of electrically isolated 
silicon nanoparticles as discrete charge storage nodes 
instead of a conventional floating gate will lead to several 
important advantages such as better stability, low operation 
voltages, shorter write/erase times and increased 
information density. Most of the studies are focused on 
devices using Si nanocrystals (Si NCs) in a SiO2 matrix 
[1,4-6].  

Layers with amorphous silicon nanoparticles (a-Si NPs) 
in a dielectric matrix have been studied for obtaining light 
emitting structures [7,8] but there are few reports about the 
possibility to use such layers in memory devices [9,10]. In 

[9] the results are about amorphous Si nanoparticles 
embedded in Si3N4 matrix, while in [10] the a-Si NPs are 
embedded in silicon oxide. SiO2 is among the most 
compatible materials with the large scale integration 
technology and has a lower defect density compared to 
Si3N4. 

In this work we compare the properties of two types of 
MOS structures containing amorphous Si nanoparticles in 
SiO2 in regard to their application in memory devices. 

 
2 EXPERIMENTAL PART 

 
Two types of MOS capacitors were used in this study: 

(A) with and (B) without thin thermal SiO2 layer between 
the crystalline silicon (c-Si) wafer and the a-Si NP film. 
The experimental structures were fabricated on n type (100) 
c-Si with resistivity of 4-6 Ω cm. In the first type of 
samples 3.9 nm thick SiO2 layer was grown thermally in 
dry O2 atmosphere. On both types of samples SiOx (x=1.15) 
film [11] with thickness of about 15 nm was deposited by 
thermal evaporation. Prior to oxidation or SiOx deposition 
the wafers were cleaned chemically by a standard for the 
microelectronics procedure. On the top of the SiOx film an 
additional SiO2 layer with thickness of about 60/40 nm for 
the structures with/without thermal SiO2 was deposited by 
radio frequency sputtering. After the formation of the gate 
dielectric stack the samples were annealed at 700o C for 60 
minutes in Ar. The annealing process was used not only for 
phase separation, growing of a-Si nanoparticles in an oxide 
matrix [11], but it also leads to formation of thin insulating 
film between the nanoparticles and the adjacent layers. This 
process is decisive for the operation of B type samples. The 
size of the amorphous nanoparticles is estimated to be about 
5 nm and the average thickness of the oxide formed 
between them and the adjacent films is estimated to be 
about or little more than 3 nm [10]. After the annealing Al 
metallization was carried out through a mask and MOS 
capacitors with area of ~ 2 × 10-3 cm2 were formed. 
Aluminum was also used as a back contact to the crystalline 
silicon. 
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The memory effect was studied by high frequency 
capacitance-voltage (C-V) measurements at 1 MHz in the 
dark at room temperature. In the measurements all gate 
biases were taken relative to the back contact. The 
thicknesses of the dielectric layers were measured 
ellipsometrically. 

 
3 RESULTS AND DISCUSSION 

 
Figures 1 (a) and (b) show typical high frequency C-V 

hysteresis curves of both types of samples, with and 
without thermal oxide. The initial C-V curve (1) is also 
shown. From the capacitance in accumulation values of 
about 82 nm (samples A) and 56 nm (samples B) for the 
effective oxide thicknesses have been obtained. These 
values are close to the total thicknesses of the deposited 
layers in the two cases: 3.9 nm thermal oxide, 15 nm 
thermally evaporated SiOx and 60 nm sputtered SiO2 
(samples A) and 15 nm thermally evaporated SiOx plus 40 
nm sputtered SiO2 (samples B). The C-V curves shown in 
Figure 1 (a) were measured in the voltage ranges 
(-25, +25 V) (curves 2) and (-30, +30 V) (curves 3). The 
gate bias was first swept from negative to positive voltage 
and then in the reverse direction The maximum average 
electric field across the gate dielectric, which corresponds 
to 25 and 30 V, is ~ 3 MV/cm and 3.6 MV/cm, 
respectively. The values of the hysteresis windows are ~ 0.5 
V (curves 2) and 2 V (curves 3). The C-V dependencies of 
the samples without thermal oxide, measured in much 
narrower ranges (-11, +11 V) and (-14, +14 V) (average 
electric fields of about 2 MV/cm and 2.5 MV/cm) show 
larger hysteresis windows - approximately 3.4 and 7 V, 
respectively. Similar shifts of C-V curves caused by voltage 
scans have been observed in MOS structures containing 
silicon nanocrystals and they have been explained by 
assuming charging of the NC’s with electrons/holes at 
positive/negative biases [4, 5]. The electrons/holes tunnel to 
the nanocrystals through a thin silicon oxide layer between 
the c-Si wafer and the NC film. In agreement with this 
model the large difference in the values of the hysteresis 
windows of samples A and B can be explained as a result of 
the different thickness of the oxide layer between the 
nanoparticles and the c-Si. Indeed, in the case of samples of 
type A the total thickness is a sum of the thicknesses of the 
thermal oxide and the oxide formed during the annealing 
process, i.e. ~ 7 nm, while in the case of samples B it is 
only about 3 nm. 

In order to study the effect of the a-Si NP formation on 
the characteristics of the structures, control samples not 
subjected to thermal annealing were fabricated in parallel 
with samples A and B. Figure 2 shows the C-V 
dependencies of an control non-annealed structure 
corresponding to the structures of type A. Curve 1 is initial 
and was measured in the range (0, -5V), while curves 2 
were measured in the range (0, -10 V). In both scans the 
gate bias is first swept from zero to negative voltage and 
then in the reverse direction. It is seen that the voltage scan 

in the (0, -10 V) region, narrow for samples of type A, 
causes a shift of the C-V curve with about 0.7 V measured 
at flatband capacitance. Furthermore the slope of the C-V 
curve changes after the voltage scan. It was established also 
that the curves slope depends on the amplitude and polarity 
of the charging bias. An explanation of all these effects can 
be done if one assumes capturing of holes in traps in the 
SiOx layer. Indeed, in this control sample the SiOx layer is 
separated from the c-Si wafer only by the 3.9 nm thick 
thermal oxide. 
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Fig. 1: C-V dependencies measured at 1 MHz of a structure 
with (a) and without (b) thermal silicon oxide layer. Curve 
1 is the initial one while curves 2 and 3 are measured in the 

ranges (-25, +25 V), (-30, +30 V) (a) and (-11, +11 V), 
(-14, +14 V) (b) starting from negative to positive voltage 

and then in the reverse direction.  
 
Another characteristic feature of the capacitors on the 

control samples is that they lose the trapped charge very 
fast. For example, the MOS capacitor, which characteristics 
are  shown in  Figure 2  becomes  completely  discharged in  
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Fig 2: Normalized high frequency C-V curves of a non-

annealed control structure corresponding to the structures of 
type A; curve 1 is measured by sweeping the gate voltage 

between 0 and -5 V and back, curves 2 - by sweeping in the 
range 0, -10 V and back. 

 
about 25 min. Also there was no reproducibility of the 
measured curves after successive scans in the same voltage 
regions. All these result indicate that the annealing process 
and hence the formation of amorphous Si nanoparticles is 
decisive for the observed memory effect. 

Figure 3 shows the charge retention characteristics of 
both types of samples, measured as variation with time of 
the flatband voltage change (ΔVFB) of MOS capacitors in 
which the a-Si NP’s were charged positively or negatively. 
Curves 1 were measured on a structure with thermal oxide 
(type A), while curves 2 – on a structure of type B. The 
charging before obtaining curves 1a and 1b was done by 
voltage scans, which end at +30 or -30 V, respectively, 
while the charging for obtaining curves 2a and 2b was done 
by pulses having amplitude of +14 V (curve 2a) or -14 V 
(curve 2b) and duration of 1s.  

It can be seen that the two types of samples demonstrate 
good retention characteristics, especially when charged 
negatively. Thus the relative change of the flatband voltage 
ΔVFBR=ΔVFB(t)/ΔVFB(0) for curves 1a and 2a after 24 h is 
ΔVFBR

1  0.07 and ΔV≈ FBR
2 ≈  0.12. Since the variation of 

VFB is proportional to the variation of the density of charge 
close to the SiO2/c-Si interface it follows that the structures 
of type A and B have retained about 93 % and 88 % of their 
charge after 24 h period, respectively. This result for 
sample B is much better than the one obtained for structures 
fabricated using similar technological steps but containing 
silicon nanocrystals [12].  

From Figure 3 it is also seen that the discharge 
characteristics of samples A and B are similar both for 
positively and negatively charged nanoparticles. This result 
is  in  some  respect   unexpected   since   the  samples  have  
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Fig. 3: Retention characteristics of structures with a-Si NP’s 

charged negatively or positively for sample with (1a, 1b) 
and without (2a, 2b) thermally grown SiO2 layer. 

 
different composition of the gate dielectric stack and also 
the thickness of one of the layers, the sputtered SiO2 is 
varied. One essential characteristic of the discharge process, 
which is common for both types of samples, is that the 
positively charged structures lose their charge much faster 
than the negatively charged. The above two observations 
could be explained if one assumes that the discharge 
process is controlled by the rate at which electrons/holes 
escape from their traps related to the a-Si nanoparticles and 
not by the insulating properties of the dielectric between the 
a-Si NP’s and the c-Si or top Al contact. Then if the 
electrons traps are deeper than those for holes the structure 
will lose its charge much slowly when charged negatively.  

 
4 CONCLUSION 

 
Two types of MOS structures containing amorphous 

silicon nanoparticles were fabricated. In the first one SiOx 
(x=1.15) layer with thickness of about 15 nm was thermally 
evaporated on 3.9 nm thermally grown SiO2, while in the 
second - on chemically cleaned Si wafer. After the 
formation of the gate dielectric stack the samples were 
annealed for 1 h at 700o C in Ar atmosphere for growing of 
a-Si nanoparticles. The high frequency C-V curves of the 
structures with thermal SiO2 have hysteresis windows about 
2 V when scanned in the range (-30, +30 V) and back 
(average electric field Eox = 3.6 MV/cm), while the 
structures without thermal SiO

±
2 have hysteresis windows 

more than 3 V for 11 V scanning range 
(E

±
ox = ± 2 MV/cm). The reason for this difference in the 

values of the electric field necessary to charge the structures 
is the formation of an additional oxide layer during the 
annealing process. As a result the thickness of the SiO2 
between the nanoparticles and the c-Si wafer increases from 
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3.9 nm to about 8 nm in the first type of samples. In the 
second type - only ~3 nm thick SiO2 separates the a-Si NP 
from the wafer. Measurements of control samples, without 
thermal annealing show that the formation of a-Si NP’s is 
essential for the observed memory effect. The discharge 
characteristics of both types of samples have the same 
behavior both for negatively and positively charged 
structures. Since the two types of MOS capacitors have 
different composition of the gate dielectric stack and 
different thickness of the control oxide this behavior can be 
explained by assuming that the discharge process is 
controlled by the traps related to the a-Si nanoparticles for 
electrons and holes. Both types of structures show good 
retention characteristics, especially when charged 
negatively. For example, the structures with thermal oxide 
lose about 93 % of their charge after 24 h, while the 
structures without thermal SiO2 - about 88 % for the same 
time interval.  
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