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Abstract : In silicon2oxide2nit ride2oxide2silicon ( SONOS) memory and other charge t rapping memories , the charge

dist ribution after p rogramming operation has great impact on the device’s characteristics ,such as reading ,program2
ming/ erasing ,and reliability. The lateral dist ribution of injected charges can be measured precisely using the charge

pumping method. To improve the precision of the actual measurement ,a combination of a constant low voltage meth2
od and a constant high voltage method is int roduced during the charge pumping testing of the drain side and the

source side ,respectively. Finally ,the elect ron dist ribution after channel hot elect ron programming in SONOS memory

is obtained ,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 t rapping memo2
ry[1 ] ,rather t han stack gate flash memory. Because

charge t rapping memory uses t he gate dielect ric

layer to store the injected charges ,it has t he advan2
tages of a simple st ructure ,low p rogramming volt2
age ,and high technology compatibility. Silicon2ox2
ide2nit ride2oxide2silicon (SONOS) ,a type of charge

t rapping memory ,has gained more at tention due to

high reliability and well2developed technology[ 2 ] .

If SONOS and ot her charge t rapping memories

are p rogrammed by channel hot elect ron ( CH E)

injection or channel initialed secondary elect ron

(CHISEL) injection , t he injected elect rons will be

t rapped in a localized region[3 ,4 ] , not in t he whole

floating gate like t he stack gate flash memory. This

localized charge dist ribution has been proved to in2
fluence t he characteristics of the memory , such as

reading ,p rogramming/ erasing , and reliability[5～7 ] .

This makes charge t rapping memory quite different

f rom t he stack gate flash. Furt hermore ,t he charge

dist ribution will have f urt her impact wit h t he scal2
ing down of t he memory device. Therefore ,st udy of

t he injected charges ,especially t he charge dist ribu2
tion , becomes more and more important . On t he

ot her hand ,we can obtain t he p hysical mechanisms

of CH E or/ and CHISEL injections ,by st udying t he

po sitions and ranges of injected charges. So charge

t rapping memory is suitable for t he st udy of t he

p rogramming mechanisms.

Met hods to investigate t he charge dist ribution

usually include the capacitance2voltage (CV) meth2
od , t he direct2current current voltage ( DCIV )

met hod[8 ] , and t he charge p umping met hod[9 ,10 ] .

Compared to ot her methods , t he charge p umping
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met hod is more accurate and simple to implement .

It can get information about t rapped charges and

interface states in t he gate dielect ric by the charge2
discharge procedure of t he interface states in the

channel . The charge p umping method includes the

constant low voltage ( CL V) method , the constant

high voltage ( CHV ) met hod , and t he constant

voltage amplit ude met hod ,which will be discussed

in t he following sections. However , in t he actual

measurement , t he p recision still cannot meet the

requirement s due to some factors ,for example the

leakage current . In addition ,the charge dist ribution

measured by the charge p umping method is usually

not exactly t he same as the act ual one , and some

narrow dist ribution may be neglected as a result . In

t his paper , we p ropose an improved charge p um2
ping method to solve t hese p roblems and analyze

t he charge dist ribution of SONOS memory.

2 　Method

In the early years ,t he charge p umping method

was mainly used in t he analyses of MOS device re2
liability. When t he device is tested ,a series of p ul2
ses wit h certain pat terns of amplit ude are added to

t he gate ,while t he drain , source ,and subst rate are

all grounded. The channel surface t hen will change

f rom accumulation to inversion or cont rariwise.

During t his p rocedure ,t he interface states between

gate oxide and silicon act as the recombination cen2
ters and cont ribute to t he recombination current

(called charge p umping current or Icp ) ,which can

be detected t hrough t he subst rate and p resent s the

information about interface states and oxide char2
ges as well .

SONOS and ot her charge t rapping memories

have a similar st ruct ure to the MOS device ,and are

also suitable for t he charge p umping measurement .

If we have the assumption t hat t he virgin cell has a

uniform interface state dist ribution along t he chan2
nel ,which will not vary a lot during a few cycles of

p rogramming/ erasing operations ,only t he charges

injected into t he silicon nit ride layer will influence

t he local t hreshold voltage in t he channel ,and then

influence the Icp .

2. 1 　CL V method : test from the drain and the

source

　　To distinguish the injected charge dist ribution

of t he source side and t he drain side , we test t he

charge p umping current f rom the source and t he

drain ,respectively. As illust rated in Fig. 1 (a) , t he

source is floating when tested f rom t he drain side.

Wit h a constant low voltage bias of gate p ulses

(lower than the flat band voltage in the channel) ,

t he high voltage bias increases ,allowing more and

Fig. 1 　(a) Schematics of charge pumping testing ; (b)

Icp2V gh curve of constant low voltage method

more channels to reach t he inversion region , and

letting more and more interface states cont ribute to

t he recombination current . Because of t he floating

state of the source ,only the current near t he drain

can be detected ,so t he threshold voltage p rofile of

t he drain side and t he calculated charge dist ribution

can be obtained by Icp . A typical relationship be2
tween charge p umping current and high voltage of

gate p ulses ( Icp2V gh ) is shown in Fig. 1 ( b) . After

t he high voltage exceeds t he maximum t hreshold

voltage in the channel , t he recombination current

near t he source side can also be measured due to
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t he t urning on of t he channel ,and Icp will increase

dramatically and reach sat uration. The same testing

and analyses met hods are applicable to t he source

side ( refer to Fig. 2) , and we can get t he charge

dist ribution in t he whole channel by combining the

result s of the drain and t he source.

Our SONOS device used for charge p umping

testing has the W / L of 20μm/ 018μm ,wit h the ef2
fective channel length of about 016μm. The bot tom

oxide thickness of t he gate dielect ric is 415nm ,the

silicon nit ride 8nm ,and t he top oxide 6nm. Before

p rogramming , t he charge p umping current was

measured in t he virgin cell ,and the Icp curves test2
ed f rom t he drain and the source should be the

same. The cell is t hen programmed using t he CH E

injection (V d = 615V ,V g = 8V) ,and Icp is measured

again. The injected elect rons will elevate t he local

t hreshold voltage ,forming a V T p rofile similar to

t he one in Fig. 2. Because of t he asymmet ry of the

drain side and the source , t he Icp curves differ as

well . Figure 3 shows t he act ual testing result s. The

gate p ulses have a low voltage of - 4V ,with a high

voltage sweeping f rom - 1 to 4V ,and a f requency

of 5M Hz.

Fig. 2 　Threshold voltage profile along the channel of a

programmed SONOS 　The charge pumping current s

are measured from the drain and the source independ2
ently.

During the CL V met hod of t he charge p um2
ping measurement ,t he higher V gh is ,t he more cur2
rent can be detected in t he channel . However , t he

injected charges have very narrow dist ribution , u2

sually below 100nm ,so when testing f rom the drain

side in t he high gate voltage condition , the recom2
bination current of the source side can flow

t hrough t he channel into t he drain ,which makes Icp

increase rapidly and unite wit h t he source current

(refer to t he overlap region of t he drain current

and t he source current in Fig. 3) . Consequently ,t he

information about the narrow peak of injected char2
ges will be reflected in the large Icp region1 The

narrow peak may be influenced because of the satu2
rating of Icp , which result s in a large error when

profiling t he narrow peak.

Fig. 3 　Icp tested by the constant low voltage method

2. 2 　CHV method

To solve the problem of narrow peak p rofi2
ling , t he CHV method is p roposed , which has a

fixed high gate p ulses voltage ( higher t han t he

maximum threshold voltage in t he channel) and an

increasing low voltage. When t he low voltage is

higher than the flat band voltage of the entire

channel ,none of the interface states can cont ribute

to t he charge p umping current , so Icp equals to ze2
ro . If some elect rons are injected in a certain region

of t he channel , t he local flat band voltage will in2
crease , adding some additional Icp . Different f rom

t he CLV method , the change of Icp induced by in2
jected charges is reflected in t he small current re2
gion ,so this small current region is also sensitive to

t he small number of injected charges and t he meas2
urement result s are more accurate.

On t he ot her hand , because the gate p ulses

high voltage is set higher t han the channel thresh2
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old voltage throughout t he CHV testing ,t he chan2
nel is always in t he“on”state. This means current s

tested f rom t he drain and the source are t he same ,

and we cannot get t he position and shape of injec2
ted charges in t he channel , apart f rom t he widt h

and height of t he dist ribution. Figure 4 shows the

test result s of CHV met hod. The fixed high voltage

is 4V ,and t he low voltage sweep s f rom - 2 to 3V ,

and the f requency is 5M Hz. From this figure we

can see t he curves of t he drain side and the source

are completely t he same ,and the elect ron injection

can be observed obviously in the small current re2
gion under logarit hmic coordinates.

Fig. 4 　Icp tested by the constant high voltage method

These two kinds of testing methods have t heir

own advantages and disadvantages. We can com2
bine t hem in t he act ual testing :obtaining t he dist ri2
bution’s widt h and height by t he CHV met hod ,

and t he location in t he channel by t he CL V meth2
od. By t his means ,we could get a p recise dist ribu2
tion of injected charges.

3 　Results and discussion

From Icp measured by t he constant low voltage

met hod ,t he relation between injected charges den2
sity and channel lengt h can be calculated using

Eqs1 (1) similar to [9 ] :

N ONO ( x) =
CONO

q
ΔV gh , x =

Icp (V gh )
Icpmax

L (1)

where NONO is t he elect ron density injected into

ONO ,and CONO is t he capacitance of ONO ,L is t he

channel length , and x refers to t he position along

t he channel ,where x = 0 refers to the source and x

= L ,t he drain.ΔV gh means , under a certain charge

p umping current , t he V gh shif t between pro2
grammed cell and virgin cell . Icp (V gh ) is t he charge

p umping current under a certain V gh . Icpmax refers to

t he maximum of Icp ,which all t he interface states

in t he channel cont ribute to .

The calculated result s are illust rated in Fig. 5

including t he data tested f rom t he source side and

t he drain side. As mentioned above ,the CL V meth2
od is not p recise enough in t he sat uration current

region , so t he region where Icp tested f rom t he

drain and t he source are equal (labeled in Fig. 5)

needs to be corrected by the CHV met hod. The dis2
tribution width W ie and peak value NONOpeak of injected

electrons can be obtained by Eqs. (2) and (3) :

W ie =
Icp (V gl )

Icpmax
L (2)

N ONOpeak =
CONO

q
ΔV glmax (3)

where Icp (V gl ) is t he charge p umping current under

a certain V gl ,ΔV glmax means t he maximum shif t of

V gl between programmed cell and virgin cell . After

t he correction , we finally get t he injected elect ron

dist ribution ,as shown in Fig. 6.

Fig. 5 　Charge dist ribution calculated f rom the drain

and the source measurement data by the CLV method

The result s show that af ter CH E p rogram2
ming ,the injected elect rons mainly dist ribute near

t he drain side of SONOS memory. Furthermore ,

t here are two peaks wit h a widt h of about 50nm.

One peak is at t he edge of t he gate ,and t he ot her is
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Fig. 6 　Charge dist ribution after CH E programming

inside the channel near t he drain junction. These

two peaks are calculated by t he CL V met hod and

t he CHV one , respectively. The information of the

second peak can be measured p recisely due to the

sensitivity of t he CHV met hod to the narrow

charge dist ribution ,as discussed before.

U nder different drain and source st ruct ures ,

such as the LDD st ructure , injected charges will

have different dist ributions. We can use t his charge

p umping met hod to evaluate t he dist ribution char2
acter and cont ribute to junction engineering optimi2
zation. The charge dist ribution obtained using this

charge p umping met hod will also help us st udy the

programming mechanisms , optimize t he program2
ming conditions ,and analyze and improve t he relia2
bility. Furt hermore , when scaling down below

0118μm ,t he injected charges near the drain junc2
tion will have influence on t he source ,especially in

t he two2bit application. So st udies on t he charge

dist ribution will become more important in the

small size devices.

4 　Conclusion

U sing t he charge p umping method ,t he charge

dist ribution of p rogrammed SONOS memory and

ot her charge t rapping memories is measured and

calculated. Because of it s charge t rapping charac2
ter , SONOS memory is suitable for t he st udy of

CH E ,CHISEL ,and other charge injection mecha2
nisms. To improve t he test p recision , t he constant

low voltage met hod and constant high voltage

met hod are combined ,and the current is measured

f rom drain and source separately. Finally ,by calcu2
lating we get t he p recise charge dist ribution.

References

[ 1 ] 　White M H , Adams D A ,Bu J K. On t he go wit h SONOS.

IEEE Circuit s and Devices ,2000 :22

[ 2 ] 　Cho M K , Kim D M. High performance SONOS memory cells

f ree of drain turn2on and over2erase :compatibility issue wit h

current flash technology. IEEE Elect ron Device Lett ,2000 ,21

(8) :399

[ 3 ] 　Lusky E , Yosi S D ,Bloom I ,et al . Characterization of channel

hot elect ron injection by t he subt hreshold slope of NROM

(t m) device. IEEE Elect ron Device Let t ,2001 ,22 (11) :556

[ 4 ] 　Mahapat ra S , Shukuri S ,Bude J . CHISEL flash EEPROM2

part Ⅰ: performance and scaling. IEEE Trans Elect ron De2

vices ,2000 ,49 (7) :1296

[ 5 ] 　Chang Y W ,Lu T C , Pan S ,et al . Modeling for t he 2nd2bit

effect of a nit ride2based t rapping storage flash EEPROM cell

under two2bit operation. IEEE Elect ron Device Lett ,2004 ,25

(2) :95

[ 6 ] 　Larcher L , Verzellesi G , Pavan P ,et al . Impact of program2

ming charge dist ribution on t hreshold voltage and subt hresh2

old slope of NROM memory cells. IEEE Trans Elect ron De2

vices ,2002 ,49 (11) :1939

[ 7 ] 　Sun L ,Pan L Y ,Zeng Y ,et al . Dist ribution and impact of local

t rapped charges in SONOS memory. International Conference

on Solid State Devices and Materials , Tokyo ,J apan ,2004 :650

[ 8 ] 　Neugroschel A ,Sah C T , Han K M ,et al . Direct2current mea2

surement s of oxide and interface t raps on oxidized silicon.

IEEE Trans Elect ron Devices ,1995 ,42 (9) :1657

[ 9 ] 　Chen C ,Liu Z Z , Ma T P. Analysis of enhanced hot2carrier

effect s in scaled flash memory devices. IEEE Trans Elect ron

Devices ,1998 ,45 (7) :1524

[ 10 ] 　Su Y , Zhu J , Chen Y C ,et al . Charge pumping measurement

for determining band2to2band2t unneling induced interface

damage during erasing operation of flash. Chinese Journal of

Semiconductors ,2001 ,22 (1) :69

0981



第 10 期 Sun Lei et al . : 　An Improved Charge Pumping Method to Study the Dist ribution of Trapped Charges ⋯

利用改进的电荷泵法研究 SONOS 存储器陷阱电荷
的分布特性 3

孙 　磊 　庞惠卿 　潘立阳 　朱 　钧

(清华大学微电子学研究所 , 北京　100084)

摘要 : 在 silicon2oxide2nit ride2oxide2silicon (SONOS)等电荷俘获型不挥发存储器中 ,编程操作后注入电荷的分布会

对器件的读取、擦写以及可靠性带来影响. 利用电荷泵方法可以有效而准确地测量出注入电荷沿沟道方向的分布.

为了提高测试精度 ,在进行电荷泵测试时 ,采用固定低电平与固定高电平相结合的方法 ,分别对 SONOS 器件源端

和漏端进行注入电荷分布的测试. 通过测试 ,最终获得 SONOS 存储器在沟道热电子注入编程后的电子分布. 电子

分布的峰值区域在漏端附近 ,分布宽度在 50nm 左右.

关键词 : flash 存储器 ; SONOS ; 电荷俘获型存储器 ; 电荷泵法 ; 电荷分布
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