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Abstract— The temperature-independence point (TIP) of the ~ 2) Contrary to long_g, the oscillation period is hardly im-
drain current for MOS transistors in a 0.1um-scale pocket-im- proved under th¥pp > TIP condition for the shortg.
plant technology is gate-length I g) dependent and has different
magnitudes for n-MOSFET and p-MOSFET. Circuits such as
ring-oscillators have a TIP, lying between the values for n- and p- 160
MOSFET. The circuit TIP is close to the n-MOSFET TIP for long
Lg and gets closer to the p-MOSFET TIP for shortLy. The reason
is the different temperature dependence of electron and hole mo-
bility as a function of Ly. Due to the high field effect, oscillation
periods of ring-oscillators with short Lg hardly improve, when the
supply voltage is raised beyond the TIP. Therefore, an advanta-
geous supply-voltage \{pp) choice for pocket-implant technolo-
gies is near the TIP of circuits, allowing a favorable combination
of short switching delay and minimized temperature dependence.
By designing theVin p closer toVin, not only the low power dis-
sipation, due to the reduction of the TIP, but also the suppressed
TIP fluctuation can be realized.
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|I. INTRODUCTION

It has been observed that the delay characteristics of ring-
oscillators for different temperatures cross at certain applied
voltages Ypp). We call the voltage point, at which the tem-
perature dependence vanishes, the temperature-independence
ppint (TIP).. The importance of the TIP has pgen recognized 02 06 1 14
since long time for analog designs, where minimized temper- Vo (V)
ature dependence is often desired. The TIP is generally ex- DD
pected to occur at the rather high voltage of 1.2V [1]. An inF_ig. 1 l\/_leasureq (sym_bols) and simulated (lines) oscillation period of a
stability concern for low-voltage LSIs with \ép lower than ””gfosﬁ'.”atof "(Vj'.th flt';]“’eTrltgr stages. (&) = 1.0um, (b)Lg = 0.13um. The
1.2V has thus recently been raised, because such LSls wo&?é"“ mes indleate fhe T
have to operate in the region of a positive temperature coefg-. . . : .
cient [2]. Fig. 1 compares oscillation periods of ring-oscillator ince the _TIP-varlatlon as a function bf is undes_lrable for_
fabricated with two different gate lengthsyj in a 0.1ym tech- circuit design, we have analyzed the TIP properties of a ring-

nology for various temperatures. As can be seen in Fig. 1 tﬁ)gcnlatorttogeéhgr WIItT' thc:cseaif n- andl pé\l/\l/l%SSFtETﬁ b); mea-
TIP is in general small enough to relieve instability concerng-rements and simulation for im-scale echnology

for low-voltage designs contrary to the previous result [2]. with popkgt-implantg [3]. We report here that the origin of the
However, two additional features are obvious from our meatlp variation withl g is a d'ﬁerem temperat.ur'e-dependence of
surement: n- and p-MOSFETs as a function bf. This is caused by a
' different temperature dependence of electron and hole mobil-
1) The ring-oscillator TIP for shottg is higher than that for ity. The saturation of the oscillation period for increasifig
long L. is also explained by the mobility characteristics.
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I[l. CHARACTERISTICS OF THE
TEMPERATUREINDEPENDENCEPOINT (TIP)

J Vi mobility (D)
—_~ ) “4e
G 2 — room
'\:/0 5 temperature
ke = - - high
temperature
VgS
Fig. 2. (a) Drift- and diffusion components &fs as a function of the gate

voltage Vgs); (b) Schematic temperature dependenci\sfcharacteristics. A
region with minimized temperature dependence and a temperature
independence point (TIP) exist due to the different signs of the temperature
coefficients of the current components.
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The source-drain currenig) of MOSFETSs is well known to [Vgs (V)
consist of a drift-componentds(drift)) and a diffusion compo- rig. 3 Temperature dependence of the curves of (a) n-MOSFET
nent (gs(diff)), which have different temperature coefficientqw, = 5um) (b) p-MOSFET \; = 10um) as a function of the gate voltage
and are dominant in different operating regions [#js(diff)  (Vos) for Ly = 1.0um. Measured data (symbols) and simulated data with
dominates in the sub-threshold and weak-inversion region, gr%'\x] (('T'nisg&rﬁf?g;‘;)”e'cmgl;’é”'ca' solid and dashed lines indicate the TIP
shown in Fig. 2a. It has a positive temperature coefficient due
to the bandgap narrowing, and therefore induces a threshold- 3.0
voltage Vi) decrease with increasing temperature. On the
other hand,lys(drift) dominates in the main part of the lin-
ear region as well as in the saturation region and has a nega-
tive temperature coefficient. The reason is a carrier mobility
decrease with temperature due to an increased phonon scatter-
ing. Consequently, the overall temperature dependentg, of
schematically shown in Fig. 2b, has an intermediate region of
minimized temperature dependence.

Vin of n- and p-MOSFET \{hn, Vinp) are designed to be
0.17V and 0.30V for londg = 1.0um as well as 0.30V and
0.38V for shortLyg = 0.13um at room temperature. Fig. 3a and K] | p-MOSFET
b show the temperature dependence oflgg&/ys characteris- 7 g0
tic of n- and p-MOSFET fot g = 1.0um atVys=1.0V. Fig. 4a
and b show this temperature dependencelfpe= 0.11um.
The TIP is clearly observed for all cases, but occurs at differ-
entVgs values. It ranges 0.45V-0.57V for n-MOSFETs and
0.68V—-0.71V for p-MOSFETSs for changdd,. Lines show
the simulation results with the drift-diffusion model for cir- 0 . . .
cuit simulation HiSIM (Hiroshima-university STARC IGFET 0.4 0.8 1.2
Model) [5, 6], which reproduce the measured temperature and |VgS W)l
Lg-dependence of the TIP with good accuracy. Fig. 5 showsg. 4. The same figures as Fig. 3 but foy = 0.11um.
extracted TIP with the help of HiSIM and measuiggl It is
seen that TIPs are at about a factor 2 to 2.5 abiyeFig. 6
summarizes thég-dependence of the TIP for n- and p-MOS-the reverse-short-channel effect (RSCE) caused by the pocket
FET as well as the ring-oscillator. The analyzed ring-oscillamplantation. Fig. 7 shows the simulation result for an equiv-
tor circuits consist of 31 inverter stages with a widikyY of ~ alent non-pocket technology. TIP of n- and p-MOSFET don't
5um and 1@m for n- and p-MOSFETSs. The reproducibility increase with smallek gy in Fig. 7, which confirms our argu-
of the oscillation period with HiSIM is demonstrated in Fig. 1.ment.

The increase of the MOSFET TIP with decreasiggor both Fig. 6 shows also a continuous increase of the ring-oscilla-
MOSFET types is attributed mainly to thMg-increase due to tor TIP with decreasingy from about 0.45V folLg = 1.0um
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Fig. 5. Extracted TIP with the help of HiSIM and measuigg as a function
of Lg. (&) n-MOSFET, (b) p-MOSFENgs is fixed to be 1.0V for thé,
measurement.
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to 0.70V forLg = 0.13um. The ring-oscillator TIP is near to 07 . 05 . 10
the n-MOSFET TIP for lond.g = 1.0um. For shorter g it ) ' '

changes its relative position and gets close to the p-MOSFET Lg (Hm)

TIP atLg = 0.13um. This suggests that we have a change frorig. 7. Simulated TIP-dependence bg for transistors with removed pocket
an n-MOSFET domination at |0|’ng to a strong p-MOSFET implantation. Otherwise transistor data is the same as for Fig. 6.
contribution at short 4. TheVys dependence of the TIP is very 0.6
small as verified in Fig. 8 for n-MOSFETSs of short and long )
Ly as a function olys. After a small increase at the begin- L e

ning the TIP saturates to a constant value abéue= 0.25V. Lg=0.11um
Therefore we can exclude the responsibility of the short-chan- 054 <

nel effect for the change from n-MOSFET to p-MOSFET dom-
ination here.

Fig. 9 shows that the normalizégl with the channel length Lg=1.0um
decreases by more than a factor 2 for the n-MOSFET, while 0.4r
it remains almost constant for the p-MOSFET, whgris re- ) ) ) )
duced from 10um to 0.13um. For the investigatioNys s fixed 0.2 0.6 1.0
to 1V andVgys is selected to give the strong inversion. The rea- Vs (V)
son for thelgs reduction of the n-MOSFET is attributed to theFig. 8. Drain voltage Yys) dependence of the TIP for n-MOSFETSs under the
strong electron mobility degradation with decreadigglue to  same bias condition as Fig. 8. The calculation is done with HiSIM.
the higher lateral electric field, induced along the channel (see
Fig. 10). Thepes is characterized by two steps; the low field

mobility o and the high field contribution. respectively. The temperature dependence is mainly induced

TIP (V)

Ho by the phonon scattering im. Thus the mobilitypes under
Hett = E\ 2 1/2 (1) high field is strongly suppressed in comparison to the low field
<1+ (M) ) mobility pp as demonstrated for the n-MOSFET in Fig. 11. A
Vsat Monte Carlo simulation result shown in Fig. 12 confirms also
1 1 1 -1 the characteristics of the mobility. Namely, in the channel re-
Ho = ( ) (2)  gion where the field is not so high, the temperature dependence
Hcoulomb  Hphonon  Hroughnes:

of the mobility in n-MOSFET is obvious. Whereas it is dimin-
where Ey, Vsa, Hcoulomb Hphonon 8Nd Proughnessfepresent lat- ished in the high field region at the drain side. This is also
eral electric field, saturation velocity, mobility due to Coulomlresponsible for the observed smaller temperature dependence
scattering, phonon scattering and surface roughness scatterioign-l4s at shortLg in Fig. 9. On the contrary, the p-MOSFET



36*04 Vod - Minl =082/ __—— ] ooy
"‘E i n-MOSFET _ [ Vds=1.0V 1
% , :g 300} 1o

S A _ £

g02—" p-MOSFET =

*TI;J - 383;5 - 2007 TEer e meean, Ll
= 0 ) ) . Lgl=0.1l3uml o

0.2 » (?fn ) 1.0 300 320 340 360

Temperature [K]
Fig. 9. Measuredgys normalized with the channel lengthg,anne) as a

Fig. 11 Extracted mobility values of an n-MOSFET with HiSIM as a
function ofLg. W is fixed to 1Qum for both cases. function of temperature.
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Fig. 12 Mobility vs. position in the channel characteristics simulated by a
o Monte Carlo device simulator.
mobility is equally low along the whole channel, and shows

the weak temperature dependence fot gl

For long Ly the temperature dependence ofggis much 1.2 ) %

larger than that of pgs (see Fig. 9), which explains the n- L,=0.13um X\, in
MOSFET determination of the ring-oscillator TIP in Fig. 6. — i V=12V 1 i
For shortlLy the temperature dependence dfypand pigs be- 2 08F i
come approximately equal. Therefore, the ring-oscillator TIP e n-Vy =030V | i

is expected to be in the middle of the n- and p-MOSFET TIPs. W2 i { — original

The determination of the ring-oscillator TIP by the p-MOSFET 04Ft Vi, pl=0-38V |
is mainly due to the low inverter-switching threshold, demon- I reduced
strated in Fig. 13 by a solid circle. This low inverter-switching i i Vin pf=0-30V
threshold is caused by a smalék, in comparison to the, p. 0 1 1 e .
Indeed, the inverter switching-threshold rises if we choose the 0 0.4 0.8 1.2

sameVinp for n-and p-MOSFET, as shown in Fig. 13 by an

Vin (V)
ircle, and the TIP of the ring-oscillator moves closer t

open circie, - ) Pig. 13 HiSIM simulation of the switching-threshold voltage of CMOS
Vpp/2 as shown in Fig. 6 by an open box with an arrow. inverters through a change of thfg,p.

I1l. DISCUSSION

suggest, that the TIP may be the best design point for opti-
Important is the fact that the delay hardly improves beyonthizing advanced pocket-implant technologies. It may become

the TIP forLg = 0.13um, while the improvement is still sub- possible to fulfill the requirements of low TIP aNgp for low-

stantial forLg = 1.0um. This is attributed to the high-field voltage applications and to combine short delay, minimized
effect for shortLg, which prevents further carrier velocity in- temperature dependence and low power dissipation. As we
crease as applied voltage becomes larger. Our observatidrave shown, the n-MOSFET TIP determines the oscillator TIP



for long Ly, whereas the both MOSFET types are responsibiag Nsynpof p-MOSFET by 10%. The dashed line depit®P

for shortLy. This verifies the necessity of\4, , reduction to
meet the requirement of low voltage applications.

Fig. 14. Simulated TIP of n- and p-MOSFET as well as a ring-oscillator
circuit as a function of4. The thicker lines indicate the TIP with reduced

with the originalVi, p, and the solid line with the reducééh
shown by the thick dotted line. It can be seen that optimizing
Vin,p Closer tovin  is effective to reduce the TIP fluctuation as
well.

IV. CONCLUSION

It is found that the transistor TIPs for alpm-scale CMOS
technology with pocket implants are at about a factor 2 to 2.5
above threshold, areg-dependent and have different magni-
tudes for n- and p-MOSFET. The measured values range from
0.45V-0.57V for the n-MOSFET and from 0.68V —0.71V for
the p-MOSFET. Circuits such as a ring-oscillator are found
to have a TIP (0.5V-0.7V), which lies between the TIP-val-
ues of n- and p-MOSFET, being dominated by the n-MOSFET
TIP for longLg and both the n- and p-MOSFET TIPs for short
Lg.
gThe low circuit TIP-values are very favorable for low-volt-

Vinp by decreasing the bulk impurity concentration and the pocket maximunage applications, relieving the concern of circuit operation with

concentration. The reductions of these values are optimizegl-at0.13um
(indicated by a vertical line) satisfying the inverter-threshold voltage to be
equal toVpp /2.
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a positive temperature coefficient as well as the possibility of
thermal instabilities [2]. Furthermore, the ring-oscillator oscil-
lation period for short 4 hardly decreases, in contrast to long
Ly, when the supply voltage is raised beyond the TIP. By de-
signing theVinp closer toVinn, a reduction of the TIP for the
ring-oscillator can be realized. This allows not only low power
dissipation and higher temperature stability of circuits, but in
addition suppresses the TIP sensitivity to technology fluctua-
tions.
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