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Abstract—in sub-1-V CMOS designs, especially around 0.5-V 0.4 )
CMOS designs, on-state drain current of MOSFETs shows pos- | —— Of NMOS, PMOS
itive temperature dependence, being different from the negative ol — ggog S
: = /e

temperature dependence in the conventional voltage designs. Com- —— 120°C
bined with low threshold voltage less than 0.2 V, the possibility <
of temperature instability increases. This paper describes possible £ 42
temperature instabilities in the low-voltage regime by using cir- a
cuit simulation environments incorporating temperature change - Temperature
in time and experiments using MOSFETs and the 32-bit adder cir- 0.1} increases
cuitin quarter-micrometer CMOS technology with a low threshold
voltage of 0.25 V.

Temperature
increases

0.0z
Index Terms—Leakage power, low power, low threshold voltage, [}
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package, temperature dependence, thermal breakdown. VesnV] VesplV]

Fig. 1. Measured temperature dependence for nMOS and pMOS transistors
. INTRODUCTION (temperature range from 0 to 12C).

ECENTLY, low-power and high-performance VLSI . : .
R design is attracting much attention due to the emergi §Itage is much smaller than the ZTC point and the positive

needs for portable multimedia equipments and due to thénperature dependence of drain current is observed in the

stringent heat problems for high-end processors. Since {ﬁgion. This reverse temperature dependence has been pointed

dynamic power component of CMOS digital circuits is pr09Ut in [7] as a favorable effect in the loWpp region. The

portional to the square of the supply voltagén, the scaling M mum value ofVpp and Vry used in [7], however, stil
of Vpp is very effective to reduce the power dissipation. TheMains rather high, such as 1.2 V IG5 and 0'7.\/ forVTH'
low-Vpp CMOS, however, suffers from large delay [1], an r_u.s paper shows that in practical lowp de§|gns .V.Vh'Ch
low threshold voltage less than 0.2 V is used [2] to mitigate tft%:'l'ze lower Vi such as 0.2 V, temperature instability may

) : cur.
delay degradation. The delay is expressed as . N . .
y deg y P Thermal instability in the lowk 4 regime has not been inves-

CVbp ~ CVbp 1) tigated. This paper reports the design implications of the tem-

Ip (Vbp — V)@ perature dependence of circuit performance in Wy region
using temperature-varying circuit simulation environments and
through measurements for the first time.

Delay x

where
Ip  drain current;
Vg threshold voltage;

: ; : : : [I. TEMPERATUREDEPENDENCE ONDRAIN CURRENT
o velocity saturation index, whose typical value is

around 1.3 for short-channel MOSFETS [3]. The MOSFET drain currenty is expressed as
From the discussions above, the low-power design in the future N
tends to use lowpp and low V. Ip o< (1) (Voo — Veu(T)™. )

It has been reported in [4] that the temperature dependence .
is a function of Vpp, and at around 1.2 V, the temperaturgli1ethreShOIO| voltag¥r (1) and the mobility. (') have tem-

: DT erature dependence [4] as follows.
dependence is minimized (measurement results shown P P [4]

Fig. 1). Historically speaking, this zero-temperature coefficient Ver(T) =Veu(Tp) — #(T — Ti) 3)

(ZTC) point has been recognized as an important voltage by 7\

analog designers for a long time. It is predicted, however, in the w(T) =p(Tp) <T> 4)
0

SIA roadmap [5] that in the year 2010, the mainstream supply
voltage will be around 0.6 V, and the circuit implementatiog,here
with 0.5-V supply voltage is getting focus recently [6]. The 7 temperature;

To  room temperaturély = 300 K);
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Fig. 2. Measured and simulated temperature dependence of drain currenigt 4. Simulated temperature dependence of gate delay foriighand
nMOS. high-Vry case and lowpp and lowd/ry case.
102 designs, being different from the conventional highp case,
< o + ‘Measurement where the worst delay occurs at the highest temperature.
Lines : SPICE model
103 fitted calculation [ll. TEMPERATUREVARYING CIRCUIT SIMULATION
3 In order to set up circuit simulation environments with
=10 N temperature-varying effects taken into consideration, an ex-
= 96°C 50§°C pression for CMOS power consumption and modeling of a
105 2050 o\ chip and a package as a thermal system are necessary. Equation
(5) shows the total power consumption of CMOS circuits,
. Vps=0.5V which consists of two component&sc and PLgak, Which
10_0_5 04 -03 -02 041 0 represent a dynamic power component and a leakage power
VaslV] component, respectively. A short-circuit power component has

been neglected, since it has been shown that the component is
Fig. 3. Measured and simulated temperature dependence of drain currentfuich smaller compared with the dynamic power component,
PMOS. even in the low¥pp, low-Vry region [9].

It is seen from [3] and [4] that the mobility arid+ shows neg- Prorar = Pac + PLeak ®)
ative dependence on temperature. When temp_erature incregses, component can be expressed by using the following ex-
by 100 K, the threshold voltage decreases typically by 0.25 Qfessions:
and the mobility decreases about 35%/, andVry (7o) are
relatively large, such as 2.5 and 0.7 V, respectively, as in the Pyc=a-C-f-V3p (6)
conventional designs, the increase of the drain current by the
Vru decrease of 0.25 V is only about 10%. This does not sur-
mount the current decrease by the mobility degradation. On theerea, C, f, andILesx correspond to switching activity, total
other hand, if/pp is below 1V, the currentincrease by thgy ~ capacitance, clock frequency, and leakage current, respectively.
decrease is 55% that surmounts the mobility degradation. Thisorder to introduce temperature effects in these expressions,
leads to the overall positive temperature dependence of on-state cases have to be separated. The first case is a synchronous
current. circuit case, where a clock frequengyis independent from

The measuredps—Vgs characteristics for 0.3pm nMOS  temperature, and the other is an asynchronous case, where
and pMOS are shown in Figs. 2 and 3. These figures cleartya function of temperature. In the former cagas fixed at a
show positive temperature dependence of the drain currentaartain value, and in the latter cageis inversely proportional
temperature in sub-1-V region. The figures also show a fitted gate delay. For both cases, the temperature dependence of
SPICE model calculation that coincides well with the measuré-gsk is shown in Fig. 5. For the highpp, high-Vry case,
ment results. This suggests that the built-in temperature dep#re line is almost straight since subthreshold leakage current is
dence in SPICE can be used to simulate circuits with tempeexponentially dependent on temperature. On the other hand, the
ture effects taken into account. line is not straight for the low4;p, low-Vry case, because the

The positive temperature dependence inevitably impacts l@akage at high temperature is no longer subthreshold leakage
gate delay. Fig. 4 shows simulation results for the temperatumat on-state drain current, since the threshold voltage decreases
dependence of the gate delay of a two-ingatD gate with by 0.25 V as temperature goes up by 100 K, and therefore the
fanout of two for the hightpp, high-Vry case and lowspp, MOSFET is in a depletion mode at the high temperature.
low-Vrg. The graph indicates that the operation speed ofFig. 6 shows an equivalent electrical circuit for a thermal
circuits gets faster as temperature increases in theWgw- system of a chip and a package used in this work. In the model,

Prrax =Iieakx - Vop (7)
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Fig. 6. Equivalent electrical circuit of chip and package system. . . . . .
the circuit, Pay, over a short time stept, is calculated using

the average current oveéy:. The time stepA¢ should be small
temperature corresponds to node voltage and heat correspQiilsi gh to precisely track the thermal behavior of the system.

to current. In the figure/; signifies a junction temperaturé,  pynamically changing the value ¢ gives more efficient and

signifies an ambient temperatuiejs the heat resistance of ayrqcise simulation, but the time constant of the thermal system

package, and is the heat capacity of a system. The power Ol hicte in Fig. 6 is far larger compared with the time step used

sumption of the chip corresponds to the current source. ThiSihe transient analysis of circuits. Thereforst is treated as

model is a simple first-order approximation in which the wholg,nsiant in this simulation. The temperature change duking

chip has a single temperature. Actually, each circuit block of@ca|cylated by using (8). Now that the new temperature is cal-
chip has different activity, and therefore has different tempergg|ated, using the above expression, the temperature is updated
ture. However, itis a well-known fact that when a latchup phgyy, ging the TEMP statement in SPICE and the simulation is

nomenon occurs in some part of a chip, the local increase of te@hinued using the new temperature. This loop is iterated. All
perature rapidly spreads over the whole chip and causes ther edures are automated using Perl scripts [8] in UNIX envi-
breakdown. Though all the parameters in the model are treajgf nents.

in average, this simple model in Fig. 6 is still valid for the latter
discussion on the possibility of thermal breakdown due to the
positive feedback mechanism. For a small time intervahof
from time ¢ during which the power consumption is constant, Transientresponses of a synchronous circuit for two different
the system has an exponential solution as in (8), which chand@i§al PLeax/Pac are shown in Fig. 8 (chip temperature) and

IV. SIMULATION RESULTS

from 7} iniia1 towardZ;, + 6P with a time constant of6. Fig. 9 (total power), using the same value foand¢. Package
parameterg andé are chosen so that the chip temperature set-
Ti(t+ At) = (I, + 6Py) + (L(t) — 1n — 0Pay) tles around 100C in high+4p, high-Vry design. The simu-

At lation time step is 50 ms. The highyp, highVry case and
X €xXp <—g> - (8) the low+Vhp, low-Vry case are compared in the figures. Al-
though total power consumption at room temperature is equal
In reality, the power consumption changes in time and thisr both cases, the final temperature becomes over°Csfbr

solution can be applied only for a short time interd&l. Thus, the low-Vpp, low-Vrg design, while it does not change much
the asymptotic temperature in (8}, + 8P, does not mean that from 100°C for the highVpp, high-Vry design even when the
the system asymptotes to this temperature. In order to simulatene package is used. 150 is not desirable in view of both
the response of the system, a simulation environment is set pmper operation of circuits and long-term reliability of devices.
the flow chart of which is shown in Fig. 7. First, SPICE simuFig. 8 also indicates that there is a possibility of thermal run-
lation is carried out and then the average power consumptionasfay in some cases.
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Fig. 10. Transient response of chip temperature for asynchronous circuits f
two different initial conditions. Synch.  Asynch. Memory Analog
Digital  Digital
_Transmnt responses for an asynchronous circuit are shown High-Vop, High-Vrn i i i H
Fig. 10 (chip temperature) and Fig. 11 (gate delay). All the pa )
rameters are the same as those in the previous simulations fort ~ Low-Voo, High-Vry M L L L
synchronous case. In the asynchronous circuit, when the ter  Low-Vpp, Low-Vy L L L L
perature increases, the drain current increases and, as a res H: High, M: Medium, L: Low

the frequency of the circuit increases. Then, the dynamic power
component.fCV? increases and the temperature increases fur- . . .

ther. This is a positive feedback loop. This temperature dep@rﬁynchronous operation, and in addition, they usually have d_c
dence ofPsc, in addition with the increase df gk, results current paths such as current sources, sinks, and mirrors in

in the easier thermal runaway than the synchronous circuit ca%@.p“f'ers'_ Th_eref_ore, their reS|I|_ency Is written as *Low.” A
memory circuit with large capacity and low threshold voltage

The positive feedback loop in the loWsp, low-Vry . S
region is depicted in Fig. 12 for both of the synchronous a7ﬁ the most dangerous case. As for synchronous circuits in the

o o ) ”
asynchronous cases. Actually, this positive feedback also ex é% ‘Dé)’ h'gtthtTH region, th(t?' hav;a_ pct)sg!;{;e tembpl)eraturﬁll
even in circuits operated in the highyp, high-Voy region, ependence that can cause a thermal Instability problem, whiie

since the clock frequencies for synchronous circuits are usua{ﬁ kage c_urrent can be well suppre_ssed. .IFS stabmty _depends
operation frequency. Therefore, its resiliency is written as

maintained at a certain value by usin hase-locked loo . N
y gp “Medium.” Synchronous circuits in the lowpp, low-Vry re-

(PLLs) against a wide range of temperature variations, an - . A .
therefore thePs does not decrease, though the gate del Ion have a large possibility of thermal instability as mentioned
' ove, and therefore denoted as “Low.”

slightly increases, as shown in Fig. 4. In the highg region,
however, the leakage component of the power consumption
is much lower than the dynamic component, and hence the
Pp does not become a dominant factor in the heat generationFig. 13 shows a test chip fabricated with a quarter-microm-
This is the reason why the thermal runaway is not observeter CMOS technology with a low threshold voltage of 0.25 V.
frequently in the conventional designs. The resiliency for tHeig. 14 shows the measured temperature dependence of a 32-hit
temperature instability is tabulated for various circuit blocks iadder. It can be seen from the figure that the temperature depen-
Table 1. In this table, memory and analog circuits are addedince of the circuit speed is not only opposite in the kyy; re-
Except for synchronous circuits, all the others can becorgen, but also is greater compared with the relatively higiy
unstable in the lowpp region because they are essentiallgdesign.

V. MEASUREMENTRESULTS AND DISCUSSIONS
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It can be seen from the expression that the minimum threshold
voltage at room temperature should be more than 0.2 V, which
coincides with the theoretical optimum threshold voltage given
in [10]. A 0.25-V decrease of the threshold voltage should al-
ways be considered in the high temperature range.

Now, let us consider package selection. As Figs. 8—11 show,
thermal stability of a system has a close relation with package
parameters and the initial condition fBY pax /Pac. Itis clear
from (14) that the package with low heat resistance is desirable
to decrease the threshold voltage. In selecting a package, the
following equation needs to be satisfied to avoid the thermal
runaway, which is derived from (9) and (10).

T —T.
§< i ta (15)
Pac+ PLpax
Fig. 13. Microphotograph of test chip. The tolerable thermal resistance of a package becomes lower in
4 the low+ g region whereP; gak is dominant compared with

the conventional highry region, because the second term in

Measured the denominator can be neglected.

3
£ VI. CONCLUSION
O
82 With sub-1-V supply voltage, the on-state drain current and
g hence the operating speed of circuits shows positive dependence
5 1 on temperature. This will change the design validation process
b

for worst-case conditions. In the future when I0%p is used,

the worst delay occurs at low temperature, being different from

0 the current situation. This positive temperature dependence has

1 been regarded as an advantageous phenomenon fordew-

Voo [V] LSls [7]. In low-Vpp, low-Voy designs, however, chip tem-

Fig. 14. Measured temperature dependence circuit delay in a 32-bit adderperature goes up much more than in the Mgy, high-Vry
designs, even if power consumption at room temperature and

rﬁackage are the same. In both of the synchronous and asyn-

perature Vo i, that assures the junction temperature to béwonous designs, thermal runaway is more threatening in the

less thart; .,..x. The following equations determine the systen‘? ub-1-V and low¥’ry region, and more careful choice is re-
¥ duired for a package and a cooling system.

Let us consider the minimum threshold voltage at room te

T, =T, + P 9)
P \%
— =afCVZy + Voplcexp <— g TH) (Positive Vrp) ACKNOWLEDGMENT
N k] The authors appreciate useful discussions with K. Sasaki,
(10)  T. Kuroda, and K. Ishibashi. Wafer fabrication support was pro-
=afCV3p + Vo — Vru|®  (Negative Vo) (11) vided by Toshiba Corporation.

VTH :VTHO — H(T — To) (12)

whereI,, q/nk, and3 are constants an®/ is the number of
gates on a chip. When the leakage power is determined by th&!
subthreshold leakage, that is, whepy is positive, (10) holds

[11], but whenVy becomes negative, the leakage power is de-[2]
termined by the drain current of a depletion mode MOSFET and
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