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Sensitivity and rield simulation Lor
tireshold voitage of short channel MOSFEIT2
.M. wWilamowsKi© Hong~1in Zhao

The guesl cas? amairsts and the HMemte Carlo gmothed has boen zsed Lo study Lhe
sensttivity of Auoesmold voltage Fp to tbe process .parimeter Tarfadles, such st
intrrmess oF sflicom disxdde lop  cBarge demsity of sorfacy tiie Gos. substrate
leparily deesttydy, chamael lengtd b etc, The worst case a2alysis shomd advantage
of siolletly im sathematical trealzent and prograzming, Vith peth melleds siellar
pesalts cad be obtained, Yhea L esters shorl chaamel - regism, th2 stasitivityof Vo
10 L iscrezses rapidly,  Ia Heate Carlo metbed, Uhe flecteatten of Wp has Beey
simalated of Shewn lo be wormal fumctiem. The scasitivity wis cocrected io use
smtare Sevidtien of the distribotica ratder ihom (ls widis, Dised on the
slsteibuticn of ¥y, the producticn yield of It for aifferent chonzel lemetd L bas
als) deen esiimated, The resuits show thal with {de same orececacs comdition, the
skarlap Chsnsed leagth resuits in ssatler risld,

i. Iintroduction

As the MOSFETs are now scaled down to microns or even submicron
dimensions, some small geometry effects, especially short channel
effects, are emerged. In small geomstry region. the threshold voltage
Yo of MOS8 transisior is not only the function of the processes
parameters toy., Qgg and H,, but z1so it is related to channel length
L, channel:.width w and junction depth 74.

~ .The sensttivity of Vp to geometry and processes input parameters
nas - been:. studied with ditferent ways (1,2). 3ince the 1input
pararmeters are fluctuating in the device manufacturing practice, it
is ditticnl& to simulate the sensitivity of-output parameters with a
precise - analytical method.  But worst analysis assumes that the
variation of input variables are always at certain value and each
change, whether 1t 1is positive or negative, always effects output
Jparaaetérs. Since the simplicity and easy to realize in computer
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Senoitivity of Vp te L, S{L), ts going up and to others down., The
rezeults of Fig. indicats +thaz: tihie short channa; effect c¢an be
eipressed  properly.
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Fig.1. Sensitivity 38 as a function of channel tength for worst case
analysis '

3. Monte Carlo analysis for sensitivity and yield of Vr

(A) Honte Carlo Procedupre

According to Equation (1), the threshold ‘voltage Vy is the
~function of‘ six variables., 1In the.real,production condition, the
values .02 these variables certainly can not be controlled
‘unchangeably. They are always varying randomly and a npormal
distribution can be observed. As a statistical method,. Monte Carlo
approach is a powerful tool to simulate this process. ‘

The influence o? each variable tlucthation upon the fluctuation of

Vr i3 difterent or Vr is more sensitive to some of the vartables. The
sensitivity of Vp to each variable is now defined as



aH W, 2, oy

V? z VFB -i-"EﬁF-!-
o Cox Ty

vy BV 2%
{ + 1 +
L WL A7

(1)

e

Where Vep ts <tatband voltage and it s equal to the difference cf
g and  Ggs/Cpx. YMgs 1S the work function between metal and
siiiconm. In aluminum-silicon system, for P-type and with My-6x1016
em™d . ¥pg=-0.95 V. Cuy :  gg Tox/tox 1S gate capacitance per unit
area, Yp 13 the Fermi potential of substrats. We 18 channel
depletion depth. From Equ.(!) i1t fs clear that the cutput parameter
Vp is the function of six variables: Lox: Gss. Na, L. W and 7.

Suppose that these six variables are: X4.X2, ...,X¢ and
Volxy: Xp, ..., %g).

If the six variables are controlled precisely as deslgned'values.
the output Vp is

Voo = VT(xi.xE.....Xe) (2)

In practice. various factors cause each variable to change.
Suppose that the variation of xy is axy; and

Vry = Vplxg+axy, xa, ..., %g) : - (3)
Vra = Vyplxy-ax%y,.%p, ..., Xg) (4)
These two equations indicate that variation in Xy leads to the

variation of Vg

AVrpy(xy)
QVTalxi)

Vri1-V7o - (5)
Yra2-Vro ) (6)

Although: for. each device, the variation of "Xy has: only one

Possibility, etther +axy or -axy, For the worst case analysis, one

can define:



[oVp(Rsilyge = 0.5 « [eVTe (29018 » [aVeos(uy))2) /214 (7)

imilariy, for xp through X6» 1T should be writtep

(1}

[sV2(Xz)lwge = 0.5 n (1AVR)(%2))2 + [aVeatzp)12)/21%  (8)

OuOQIlll.'V'QDI’"0"."!“lOl..lO'.!l"'.l

0.5 » £{aVpy(xg)I8 + [aVpatng)12)/21% (9)

favr (g )lyse

For a‘ practical device, each AVt consists of six ox. Considering
also the worst situation, 1t can bz written

laVr iy, X2, ..., 26 ) lwsty = LAV (Xg)lygy +
V(%2 sy +... .+ [AVT (g ) 1yge )Y (10)

The sensitivity of VT to each variable is defined as:

[aVr(xn)lyse
S(Xn) H (21)
[aVp(xy, ...0, Xg) lyst

n=1,2...,6

Thez . above equations are the bazts for sensitivity simulation for
Ve . using the worst case approach.

.

(2) Ezsults

As a 'processes szimulation it s necessary to consider the
Iimitation of equipment condition. Since the material and equipment
conditiions for various manufacturers are- quite different, it is
- difficult to find typical and universal processes conditions. In

this. work, .the mean values and their deviations, referring to
practide, . are adopted as follows: to,(A%): 500, 30 Hptem™3):

6x1016, i41036; aggiem™3):  2.mx10t, Ax101%; ri(um): 0.5, 0.05;
wamii dd; 6:3; Leum: 0.%5-5, 0.3, | - _

- Tié Keésuits are shown in Fig.! There are four curves in -
.this picture. They are the Sensitivity of Vp to to,, Ggs. Ny and L.
‘The -sensitivity of Vr to W and Ty are small, they are not drawn in
the opicture. Fig.i shows that when L is getting small, tng
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where SD s standard deviation and H is number of Samples.

The computing of sensitivity is as follows. First Six sets of
amiiorm randon numbers are generated fopr 1000 samples. Then,
according to the maan vValues and deviations 0of each variable, the
standard normal distribution random number is transformed into the
corresponding normal distridution.  Using Equ.[1], the Vo is
calculated, After bbtaining the distribution of one thousand Vos, the
sensitivity o¢ Yo can readily ba C2liculated from equaiions {12) and
(13).

;he Monte Carlo processes simulation can give out the
Parameters distribution, it enables to Simulate - the vyield.
Generally, the mean value of the output Parameters is equal to the
designed value., all the - device parameter values are distributed on
both ' the: sides of the mean value symmetrically. After the mean  value
0f Vo has been obtained., the Yield can be Calcutated by selecting the
devices with the value of Vp within the range of Vp & oave

(B) Results _ ; '

zrzi;a shows the distribution of the output one thousand Vps with
all thew s1x' snput varying Parameters and the channe! 1length L
€quailing 0.5..vm. The mean value 0% i1t 18 0.6196% V and the deviation
1s 0.20394.Y.-0n the right side of the picture, there are some
individual pntht: distributed fap away from the mean value, On the
wﬁo!e'thayzdonnot influence the distribution dispersion yéry much,
but..if 'width method is used to define the sensitivity, they increase
the ' distribution width remarkably.
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Fig.2 All 6 variables Fig.3 All 6 vartiadles
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Fiz.3 is another distribution of Vp with all the six parameters
varying but 'L is changed 2 pm. Its mean value is 0.88301 V and the
deviation {8 0.09408 V. To compare Fig. 2 with Fig.3, it is clear
that merely because of +the reduction of L. the deviation of Vp
distribution is increasing.
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Si2.4 aad Fig.B are suner disirtbutions of the outpu: Vo owith enly

L. Varying and thelr mean vaiuss and the deviations are ssown in the

nicieres, - From Fig.4 to TFig.® a1l the  input parameteps remain

unzhanged except the channe! iength L from 0.5 pn to 2.0 um., But one

LY

-dil 3ee  the dispersion of Fig.4 is much higher than that of Fig.s.
Thess twoe picturez ape not symmetric enough. especially 1the Fig.s.
For 1 statistical! method one thousand sample are sometimes not large
enougi-to obtain accuraie results.

. N
3y Loy 0.5V 1.0V
x5 = 0.66338 xd = 0.07554 xs = 0.88315 xd = 0.07727
Fig.6 only Hy changing Fig.7 only My changing
L =0.,5um L=2.0yumn

Fig.6 and Fig.7 are distributions of output Vr with only Hp
varying, Their mean values and deviations have also been shown in
the pictures. From Fig.6 to Fig.7T all the input Parameters remain
unchanged:besides the mean value of L varying from 0.5 ym to 2.0 pm.
On the contrary to Fig.4 and Fig.5, the dispersion of Fig.7 is now
smatler;than-that of Fig.6. It indicates that the sensitivity of Vo
to.L - increases, whereas +to HA decreases. Similar results are also
With respect to tyy. Qgg etc.,

Fror ‘the. dispersxon of Vp distridbutions, the sensitivxty ot Vr to

the inptt parameters ¢an also be calculated on the base of equatlons

(18)- 2Hd*{18). The results are similar to Fig. (1) calculated by worst

. case &nélyszs. Table.i shows part of their data.
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Table i, Sensitivity of Vo
L (vm) 0.5 1.0 2.0 3.0
WST 0.1728 0.3201 0.3474 0.3539
S(t )
oX | Mc 0.1291 0.319% 0.3484 0.355%
wST 0.2892 0.4608 0.4673 0.4674
s(a_ ) '

88 | mc 0.2162 0.4599 0.4687. 1 0.4675

g wsT | 0.1909 0.7939 0.8109 0.8106 -
S(H 1)

A MC 0.3704 0.7997 0.8213 0.8212
T wST 0.8033 0.2337 0.0565 0.0249
S({L)

MC 0.6991 0.2503 0.0587 0.0266
s(w) wsT %0 %0 %0 %0 .

- ‘and
'S(v‘) MC ~0 ~0 ~0 ~0




in table &, the differences betwyeen the precujte <rom both the
IOPrsT  case analysis and  t-a Zente Carlo method bocowa appreciable
when channel tength becomes very small,

in the worst case analysis, the change of each input including al
i3 ¢ixed. In Monte Carlo method, AL is merely the standard deviation.
A part of the AL is larger than that ot being used in the worst cast
analysis. The infiuence of thiz part on the dispersion of Vo becones
serious with L getting sma!l.

F1g.8 presents the vyields of Vo against Vo limitations. It is
' clear from this picture that, in adgition to the selected limitation,
even the equipment and the oprocesses conditions are maintained
totally the same, the vyields will be reduced merely due to
siortening of the channel length L. In the short channel region, this
effect &s very serious,

4, Results of analysisz and cemparison

(A} The results of the output parameter sensitivity, either from
worst case analysis or Monte Carlo method. show the same objective
law. If the channel length of MOSFETs 1s not short, for instance more
than-3 .. .um. . .the output Vr is actually independent of L. But, if L
becumes as small as 2 ym, Vo depends on L obviously. The short
channel effeci . 18 30 strong that, when it occurs, the sensitivity of
Vf to other. . input parameters drops sharply to compensate the
;ncreaslnz-sensitivity of Vo to L,

In this work, the deviation of the channel length and the channel
widih are fixed while the mean value of them is varying. It is
certain.that when L and W become smaller, the ratio of AL/L and aWw/w -
get larger.. This . is . also one of the reasons to cause the S(L) and
S(W) to . rise. As a processes simulation., L and W are practically
fixed.: From the mathematical view point, if we use the deviation of L
and W--so as - to maintain the ratio of AL/L and aw/w constant, the
- short:channel effect is Still reflected 1in the sensitivity Dbut is
less ‘serious than that of Fig.1 and Fig. 7.'

(B) For the output parametar’ sensitivity simulation, this work .



. Provides two methods, the worst case apalysis and  tnhe HMonts Car'o
etiod.  Both melhods gave 1ihe same result:, Either from  the
mailhemalical ‘procedure and prosr.a areparation, thwe woerst case mathod
is amuech . faster and simpler then that of the'ﬁonte Carlio method. For
tho pure zensitivity simulation, tne worst case analysis is good
gnough.-. _

(C} The superiority of the Monte Cario processes simulation {3
that.. Lt can simulate the statistical Process and supply the
distribution of all device parametcrs. With thiz merit of Monte Carlo
me2.hod, the simulation of the product yield becomes realistic.

1.8 shows that the yvield of V= basically depends an aVe when
the channel 1length 1is larger than 3 pm. As the channs! length L
becomes small, espectally less than 2 pm, with the same limitation
ef 4aVp o the yvield reduces very fast. It is notsd that when channe!
iength L is in the submicron region, to acquire the high yvyield of
SiCSFETs 1s difficult,

Conclusion.

The sensitivity of the thresiiold voltage of short channel MOSFETs
has been studied by the worst case analysis and the Monte Carlo
methed. Both the methods provided the same results. when the channel
lengih falls down to 3um, the short channel efifect comes into being.

A set of Vp generated Dby thz Monte Carlo method shows a normal
distiribution. and the short channel effect can also be observed.
The. yields. of the output parameter Vr has also been studied. The
resuit of it has shown that in the short channel ragion, the yield
reduced fast 1f L is shortened. For submicron channe! length
MOSFETS, it is hard to obtain a high yield, - |
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Haﬁpnxeam TPRIUASHCTORCS BCHET ¢ xopoTiun XamanoM

B cTaTee npoBenen ANamIN2  YYBCTBATSJABHOCTH NOPCIrOBOrC HaNpAReHus
TPAHIUCTOPOB MOC ¢ ucnonnsosaHuen Meona Monre-Kapao u Merona nauGonee
HeOaaonpUATROPO caygas, B ragacrTge napaseTpos, 32BUCAIIX oT
TEZUONONIMETKOro Nponeca, NPHMMTH: TOMDMA OKUCH BeHTWIA, INOIePXHOCTHAA
TAOTHAOCTE NPUMECER OCHOBAMIA, a TAKXC IUIMHA I EUPHER BEHTHA. PeaynLTaTH
OoOTBEPERANT, "ITO APH COIUMHAKOBNT YCIOBHAS npoRecca, yuMeHbLEeHIMe XM
RINLA2 NPUBORRT X YMEHLUEHID IPURPCITA NPONY ISt



