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Abgtract : In slicon-oxide nitride-oxide-silicon (SONOS) memory and other charge trapping memories,the charge

distribution & ter programming operation has great impact on the device’ s characteristics,such as reading ,program-

ming/ erasing ,and reliability. The lateral distribution of injected charges can be measured precisdy using the charge

pumping method. To improve the precison of the actual measurement ,a combination of a constant low voltage meth-

od and a constant high voltage method is introduced during the charge pumping testing of the drain sde and the

source sde,respectively. Finally ,the electron distribution ater channel hot electron programming in SONOS memory

isobtained ,which is close to the drain side with a width of about 50nm.
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1 Introduction

Recently ,studies of nonvolatile semiconductor
memory have focused on charge trapping memo-
ryt!
charge trapping memory uses the gate dielectric
layer to store theinjected charges it has the advan-

,rather than stack gate flash memory. Because

tages of a smple structure ,low programming volt-
age ,and high technology compatibility. Slicon-ox-
ide-nitride-oxide-slicon (SONOS) ,atype of charge
trapping memory ,has gained more attention due to
high reliability and well-developed technology'® .

If SONOS and other charge trapping memories
are programmed by channel hot electron (CHE)
injection or channel initialed secondary electron
(CHISEL) injection ,the injected electrons will be
trapped in a localized region®* | not in the whole
floating gate like the stack gate flash memory. This
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localized charge distribution has been proved to in-
fluence the characteristics of the memory , such as
reading ,programming/ erasing ,and reliability® .
This makes charge trapping memory quite different
from the stack gate flash. Furthermore ,the charge
distribution will have further impact with the scal-
ing down of the memory device. Therefore ,study of
the injected charges ,especially the charge distribu-
tion, becomes more and more important. On the
other hand ,we can obtain the physcal mechanisms
of CHE or/ and CHISEL injections,by studying the
positions and ranges of injected charges. So charge
trapping memory is suitable for the study of the
programming mechani sms.

Methods to investigate the charge distribution
usually include the capacitance-voltage (CV) meth-
od, the direct-current current voltage (DCIV)
method® ,and the charge pumping method®"" .
Compared to other methods,the charge pumping
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method is more accurate and smple to implement.
It can get information about trapped charges and
interface statesin the gate dielectric by the charge
discharge procedure of the interface states in the
channel. The charge pumping method includes the
constant low voltage (CLV) method,the constant
high voltage (CHV) method, and the constant
voltage amplitude method ,which will be discussed
in the following sections. However ,in the actual
measurement ,the precison still cannot meet the
requirements due to some factors,for example the
leakage current. In addition ,the charge distribution
measured by the charge pumping method is usually
not exactly the same as the actual one,and some
narrow distribution may be neglected as a result. In
this paper ,we propose an improved charge punr
ping method to solve these problems and analyze
the charge distribution of SONOS memory.

2 Method

In the early years ,the charge pumping method
was mainly used in the analyses of MOS device re-
liability. When the device is tested ,a series of pul-
ses with certain patterns of amplitude are added to
the gate ,while the drain,source ,and substrate are
all grounded. The channe surface then will change
from accumulation to inverson or contrariwise.
During this procedure ,the interface states between
gate oxide and slicon act as the recombination cen-
ters and contribute to the recombination current
(called charge pumping current or 1g) ,which can
be detected through the substrate and presents the
information about interface states and oxide char-
ges as well.

SONOS and other charge trapping memories
have a smilar structure to the MOS device ,and are
al 50 suitablefor the charge pumping measurement.
If we have the assumption that the virgin cell hasa
uniform interface state distribution along the chan-
nel ,which will not vary alot during afew cycles of
programming/ erasng operations,only the charges
injected into the dlicon nitride layer will influence

the local threshold voltage in the channel ,and then
influence the lg.

2.1 CLV method:test from the drain and the
source

To distinguish the injected charge distribution
of the source sde and the drain sde,we test the
charge pumping current from the source and the
drain ,respectively. Asillustrated in Fig. 1(a) ,the
sourceisfloating when tested from the drain sde.
With a constant low voltage bias of gate pulses
(lower than the flat band voltage in the channel) ,
the high voltage bias increases,allowing more and
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Fig.1
lp-Vgn curve of constant low voltage method

(@) Schematics of charge pumping testing; (b)

more channels to reach the inverson region,and
letting more and more interface states contribute to
the recombination current. Because of the floating
state of the source ,only the current near the drain
can be detected ,s0 the threshold voltage profile of
the drain sde and the calculated charge distribution
can be obtained by Iy. A typical relationship be-
tween charge pumping current and high voltage of
gate pulses (1p~Vg) is shownin Fig. 1(b). After
the high voltage exceeds the maximum threshold
voltage in the channel ,the recombination current
near the source sde can also be measured due to
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the turning on of the channel ,and Iy will increase
dramatically and reach saturation. The same testing
and analyses methods are applicable to the source
side (refer to Fig. 2) ,and we can get the charge
distribution in the whole channel by combining the
results of the drain and the source.

Our SONOS device used for charge pumping
testing has the W/ L of 2Qu m/0. 8 m ,with the ef-
fective channel length of about 0. @4 m. The bottom
oxide thickness of the gate dielectricis 4 5nm ,the
silicon nitride 8nm ,and the top oxide 6nm. Before
programming, the charge pumping current was
measured in the virgin cell ,and the Iy curves test-
ed from the drain and the source should be the
same. The cell is then programmed usng the CHE
injection (Va=6. 5V Vg =8V) ,and lp is measured
again. The injected electrons will elevate the local
threshold voltage ,forming a V+ profile smilar to
theonein Fig. 2. Because of the asymmetry of the
drain sde and the source,the Ig curves differ as
well. Figure 3 shows the actual testing results. The
gate pul ses have alow voltage of - 4V ,with a high
voltage sweeping from - 1 to 4V ,and a frequency
of 5M Hz.

Floating

A
T

Fg.2 Threshold voltage profile long the channel of a
programmed SONOS The charge pumping currents
are measured from the drain and the source independ-
ently.

During the CLV method of the charge pum-
ping measurement ,the higher Vg is,the more cur-
rent can be detected in the channel. However ,the
injected charges have very narrow distribution,u-

sually below 100nm ,s0 when testingfrom the drain
sdein the high gate voltage condition ,the recom-
bination current of the source sde can flow
through the channel into the drain ,which makes I
increase rapidly and unite with the source current
(refer to the overlap region of the drain current
and the source current in Fig. 3) . Consequently ,the
information about the narrow peak of injected char-
ges will be reflected in the large lo region The
narrow peak may be influenced because of the satu-
rating of Il ,which results in a large error when

profiling the narrow peak.
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2.2 CHV method

To solve the problem of narrow peak profi-
ling,the CHV method is proposed,which has a
fixed high gate pulses voltage (higher than the
maxi mum threshold voltage in the channel) and an
increasng low voltage. When the low voltage is
higher than the flat band voltage of the entire
channel ,none of the interface states can contribute
to the charge pumping current ,0 Iy equals to ze
ro. If some electrons are injected in a certain region
of the channel ,the local flat band voltage will in-
crease ,adding some additional 1. Different from
the CLV method ,the change of I¢ induced by in-
jected charges is reflected in the small current re-
gion ,so this small current regionisal s senstive to
the small number of injected charges and the meas-
urement results are more accurate.

On the other hand, because the gate pulses
high voltage is set higher than the channel thresh-
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old voltage throughout the CHV testing ,the chan-
nel isalwaysinthe’ on” state. This means currents
tested from the drain and the source are the same,
and we cannot get the podtion and shape of injec
ted charges in the channel ,apart from the width
and height of the distribution. Figure 4 shows the
test resultsof CHV method. Thefixed high voltage
is4V ,and the low voltage sweepsfrom - 2to 3V,
and the frequency is 5M Hz. From this figure we
can see the curves of the drain sde and the source
are completely the same ,and the electron injection
can be observed obvioudy in the small current re-
gion under logarithmic coordinates.
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Fig.4 | tested by the constant high voltage method

These two kinds of testing methods have their
own advantages and disadvantages. We can com-
bine them in the actual testing:obtaining the distri-
bution’ s width and height by the CHV method,
and the location in the channel by the CLV meth-
od.By this means,we could get a precise distribu-
tion of injected charges.

3 Resultsand discussion

From Iy measured by the constant low voltage
method ,the relation between injected charges den-
sty and channel length can be calculated using
Egs (1) smilar to® :

Conop o da (V)

=7 L (D

cpmax

Nono (X) =

where Nono is the electron density injected into
ONO ,and Cono is the capacitance of ONO,L isthe

channel length ,and x refers to the position along
the channel ,where x =0 refers to the source and x
=L ,the drain.A Vg means,under a certain charge
the Vg shift between pro-
grammed cell and virgin cell. Io (Vo) isthe charge
pumping current under a certain Vg. lomx refersto
the maximum of I ,which all the interface states
in the channel contribute to.

The calculated results are illustrated in Fig.5
including the data tested from the source sde and
the drain sde. As mentioned above ,the CLV meth-
od is not precise enough in the saturation current
region, 0 the region where Iy tested from the
drain and the source are equal (labeled in Fig. 5)
needs to be corrected by the CHV method. Theds
tribution width Wie and peak value Nonopek Of injected
électrons can be obtained by Egs. (2) and (3) :

pumping current ,

Wie = lalVa), (2)
|cpmax
NONOpeak = %]NQA Vglmax (3)

where I (Vg) isthe charge pumping current under
acertain Vg AVgmx means the maximum shift of
Vg between programmed cell and virgin cell. After
the correction ,we finally get the injected electron
distribution ,as shown in Fig. 6.
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Fg.5 Charge distribution calculated from the drain
and the source measurement data by the CLV method

The results show that after CHE program-
ming ,the injected electrons mainly distribute near
the drain sde of SONOS memory. Furthermore,
there are two peaks with a width of about 50nm.
One peak is at the edge of the gate ,and theother is
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Fig.6 Charge distribution after CHE programming

insde the channel near the drain junction. These
two peaks are calculated by the CLV method and
the CHV one,respectively. The information of the
second peak can be measured precisely due to the
sengtivity of the CHV method to the narrow
charge distribution ,as discussed before.

Under different drain and source structures,
such as the LDD structure,injected charges will
have different distributions. We can use this charge
pumping method to eval uate the distribution char-
acter and contribute to junction engineering opti mi-
zation. The charge distribution obtained using this
charge pumping method will also help us study the
programming mechanisms, optimize the program-
ming conditions ,and analyze and improve the relia
bility. Furthermore, when scaling down below
0. 18 m,the injected charges near the drain junc
tion will have influence on the source ,especially in
the two-bit application. So studies on the charge
distribution will become more important in the
small sze devices.

4 Conclusion

Usng the charge pumping method ,the charge
distribution of programmed SONOS memory and
other charge trapping memories is measured and

calculated. Because of its charge trapping charac-
ter , SONOS memory is suitable for the study of
CHE,CHISEL ,and other charge injection mecha
nisms. To improve the test precison,the constant
low voltage method and constant high voltage
method are combined ,and the current is measured
from drain and source separately. Finally ,by calcu-
lating we get the precise charge distribution.
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