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Abstract: The storage characteristics of nano-crystal Si (NC-Si) devices,especially for MOS capacitors, are studied

by cross sectional transmission electron microscopy (TEM) and capacitance-voltage ( C-V) measurement under

different conditions,including programming and erasing at different temperatures and gate voltages,as well as u-

sing + / — bias-temperature (BT) measurements. Physical mechanisms such as carrier trapping,interface state fill-

ing,and temperature related deterioration are revealed. The experimental results demonstrate that the degradation

of the program window and threshold voltage ( V1) shift at high temperature,large voltage sweep range,and bias

applied to sweep voltage is strongly related to the type of majority carriers.
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1 Introduction

Flash memory is the most widely used non-
volatile memory because of its high density, low
manufacturing cost,stable operation,etc. Howev-
er,the scaling-down of flash memory cell sizes has
become more difficult, because the tunneling ox-
ide thickness cannot be scaled down with device
size due to the difficulties of keeping the excellent
charge retention and endurance characteristics. In
order to solve this problem, new non-volatile
memories such as nano-crystal non-volatile memo-
ry (NCNVMD), a novel kind of flash memory in
which the floating gate is fabricated by a Si dot-
embedded oxide layer'’ ,have been studied exten-
sively due to their high density and retention
characteristics'* "' . Carriers are programmed or
erased by changing gate voltage using F-N or di-
rect tunneling. Non-volatile characteristics are im-
proved by a discrete storage mechanism. NC-Si
memory has high storage density, low consump-
tion,and fair retention characteristics. However,
it is still necessary to improve NCNVM’s storage
characteristics. Experiments on MOS capacitors
can reveal basic storage characteristics of NC-
NVM and have been performed by many re-
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searchers, as well as charge trapping mechanism
analyses "
interface characteristics and charge trapping ana-
lyses relative to the types of carriers,especially at
high temperatures and biases of gate voltages,
have been conducted. These kinds of analyses are

.However,few C-V tests that focus on

presented in this paper.

2 Experiment

A control oxide,a layer of Si dots,and a tun-
neling oxide are the elements of NCNVM, and
they compose a sandwich structure. The original
structure, which became the sandwich structure
after annealing, was fabricated by evaporation of
SiO powder using electron beam evaporation. The
resistance of the (100) p-type Si substrate is 15~
200 » cm™', and the thicknesses of the tunneling
oxide,silicon rich oxide,and control oxide are 4,
4, and 20nm, respectively. Annealing was per-
formed to form NC-Si from the silicon-rich oxide
layer in N, atmosphere at 900C for 30min and
then 1100C for 30min. For electrical measure-
ment, Al top electrodes were deposited by direct
current sputtering using a shadow mask. The typi-
cal area of the top electrodes is 9. 62 X 10" *mm?,
while the largest electrode is about twice the area
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Fig.1 TEM photo of the MOS capacitor

p-substrate

of the smallest electrode.

TEM was used to test the physical appearance
of the NCNVM. C-V test was performed using an
HP 4284 LCR meter under different conditions
such as temperature and voltage to uncover stor-
age characteristics.

3 Results and discussion

3.1 TEM measurement

Figure 1 shows a TEM photo of the MOS ca-
pacitor. The diameter of the silicon dots is 2 ~
3nm, and the density of the silicon dots is calculat-
ed to be 7X10"”cm *. The thicknesses of the con-
trol oxide and tunneling oxide are 20 and 3~4nm,
respectively.

3.2 -V test

V1 is one of the most fundamental elements
of device technology. The V; of a MOSFET can
be represented as below.

d; Ve gNA Vi + 2V (pMOS)

€0 4D

Vi = Vi — i 4€0€sqND Ve = 2V (nMOS)
€€

0&i

Vi = Ve +

Here, Vi represents the flat-band voltage, Vi is
the Fermi potential, d; is the thickness of the ox-
ide layer,eg, is the permittivity of vacuum,e; and ¢,
are the relative dielectric permittivities for oxide
and silicon, g equals 1.602 X 107" C,and N, and
Np are the concentrations for donor and acceptor
impurities.

Moreover, Vg can be measured through C-V
testing. We choose a MOS capacitor to perform
the C-V test and analyze the storage characteristic
of the NC-Si devices. All of the C-V tests are per-
formed under a 1IMHz,30mV signal.

Firstly, the C-V test is performed at room
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Fig.2 C-V test at room temperature

temperature (RT,25C) and different gate volt-
age sweep ranges:gate voltage sweep forward and
backward between negative and positive 9,11,and
15V. The results are shown in Fig. 2. In Fig. 2, np
represents a sweep from negative to positive volt-
age,and pn represents a sweep from positive to
negative voltage (np and pn in other figures mean
the same) . The value of A Vg increases when the
range of the gate voltage increases. Furthermore,
the curves of the gate voltage sweeping from neg-
ative to positive shift more than the curves of gate
voltage sweeping from positive to negative,and all
the shifts are left-handed as well. Considering that
the substrate of the MOS capacitor is p-type and
the majority carriers are holes, we conclude that
there are many more traps for holes than elec-
trons. On the contrary, V; of the nMOSFET dis-
plays a shift characteristic of majority carriers (e-
lectrons) trapping as well”. We then also con-
clude that there are traps in the NC sandwich
structure which are capable of trapping carriers,
resulting in a majority carrier trapping related
threshold voltage
(AV:) change.

Secondly, C-V tests in different sweep ranges
are performed at different temperatures: RT
(25C),35,50,and 65C . The results of 35,50,and
65C are shown in Fig. 3.

In Fig. 3,35np55 means a sweep from — 5V
to +5V at 35C ;the other labels are similarly de-
fined. As the program and erase temperature in-
creases,the slope of transition ranges between dif-

shift and program window

ferent curves vary, which displays interface state
related aberrations'® . These aberrations of hyster-
eses contribute to a smaller AV (program win-
dow) and voltage threshold shift. Furthermore,
the differences between the initial and final
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Fig.3 C-V test at different temperatures

curves (after program/erase at higher tempera-
tures:35,50,65 and 80C ) are presented in Fig. 4.
C-V tests are performed under the gate voltages
between negative and positive 5V. After program/
erase at higher temperatures,the hysteresis curves
shift left, because many carriers, especially major-
ity carries (holes) are trapped. Finally, the curve
of the gate voltage sweeping forward (np55last)
shifts abruptly

(pnd5last) , which is a feature of the high density
(8]

toward the backward one

interface state"™ and indicates deterioration of the
storage characteristic.

Lastly, + /— BT analysis is performed at 70C
to test the moveable charge density (N, ). The re-
sults of +/— BT analysis of C-V test of different
sweep ranges (between negative and positive 3,5,
and 7V) are shown in Fig. 5.

When the gate voltage is swept forward and
backward between negative and positive 3V, A Vg
at room temperature (A Vg |pr,marked deltagr in
the figure above) is nearly 0;and the N,, of for-
ward and backward + /— BT analysis is almost the
same. The uniformity of N, for the forward and
backward sweeps results from the short sweep
range, which is not able to the program or erase
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Fig. 4 C-V test before and after temperature changes
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Fig.5 +/— BT analysis in different gate voltage

ranges

the carriers between the NC-Si layer and substrate
through the tunneling oxide. When the gate volt-
age is swept forward and backward between nega-
tive and positive 5V, A Vg | rr is nearly 0. 6V and
the N, of +/— BT analysis of the forward sweep
is a little bit more than that of the backward
sweep. The difference between N, of the forward
and backward sweeps is the result of the program
and erase characteristic of the NC-Si. The N,, of
forward sweep is higher because the substrate is p-
type and the holes are majority carriers that con-
tribute to the storage characteristic. When the
gate voltage is swept forward and backward be-
tween negative and positive 7V, is nearly 1.2V
and the N, of +/— BT analysis of the forward
sweep is much less than the backward sweep. The
crest fall of N, of the forward sweep is mainly
because of the majority carriers’ trap. The uni-
formity of N,, for the backward sweep is mainly
because the trap mechanism towards minority car-
riers is much weaker than towards majority carri-
ers. The increase of AV is because of majority
carriers trapped at NCs. A Vg of the third sample
is nearly twice that of the second sample and may
be the result of strong trapping and weak erasing
mechanisms during +/— BT analysis. The results
of +/— BT analysis with different biases adding
to 5V amplitude gate voltage during C-V tests are
compared in Fig. 6.

AVeg | rr(marked deltagy in the figure above)
of the 0-bias C-V sweep is much larger than —1V-
bias and a little larger than + 1V-bias. Comparing
AV |rr with N, and Fig. 5 with Fig. 6 as well,
the explanation could be that there are traps to-
wards holes and electrons, and the effect of traps
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Fig. 6 +/— BT analysis with gate voltage bias during

C-V test

on holes is more intensive,and the traps are more
evident when the relative bias added to the C-V
sweep voltage.

4 Summary

The storage characteristics of NC-Si devices
are influenced by charge trapping characteristics
and interface state-related effects. The deteriora-
tion of program window and Vi shift is quite
noteworthy under high temperature,large voltage
sweep range,and bias applied to sweep the voltage
as well. It is quite possible to improve the storage

character by adjusting the traps and interface
states towards majority carriers, like energy band
engineering and so on.
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