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Abstract—Thermal test structures and ring oscillators (ROs)
are fabricated in 0.18-µm three-dimensional (3-D)–SOI technol-
ogy. Measurements and electrothermal simulations show that ther-
mal and parasitic effects due to 3-D packaging have a significant
impact on circuit performance. A physical thermal model is pa-
rameterized to provide better prediction of circuit performance
in 3-D technologies. Electrothermal simulations using the thermal
model show good agreement with measurement data; the model is
applicable for different circuits designed in the 3-D–SOI technol-
ogy. By studying the phase noise of ROs, the device noise proper-
ties of 3-D–SOI technology are also characterized and compared
with conventional bulk CMOS technology.

Index Terms—Device noise, electrothermal, thermal model-
ing, three-dimensional (3-D) integrated circuit, 3-D silicon-on-
insulator.

I. INTRODUCTION

THREE-DIMENSIONAL (3-D) integrated-circuit technol-

ogy offers the ability to stack die in the vertical dimension,

and there is recent work using this technology to improve sys-

tem performance [1]–[5]. By utilizing the vertical dimension,

wiring lengths and chip sizes can be reduced. These reductions

keep signal propagation delay and power consumption due to

interconnections under control as the LSI capacity increases.

Therefore, 3-D technology can be used to achieve large-scale

integration with high performance and low power consumption.

However, thermal and packaging effects need to be addressed

before utilizing any 3-D technology, as these effects impact

both system architecture and circuit design [6]. Furthermore,

little is known about how thermal and packaging effects impact

device noise characteristics in emerging 3-D technologies.
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Fig. 1. Cross section of 3-D–SOI technology (not shown to scale).

There are many types of 3-D integrated-circuit technologies

which are actively being studied, including monolithic [7],

stacked-chip [8], and stacked-wafer [6] 3-D integrated circuits.

All the circuits discussed in this paper are implemented with

stacked-wafer 3-D technology, offered by the Lincoln Labo-

ratory, Massachusetts Institute of Technology (MIT). In this

0.18-µm technology, three wafers using fully depleted SOI are

bonded with interconnects using through-wafer vias [6]. The

integrated-circuit layers are labeled Tier A (A), Tier B (B), and

Tier C (C), with Tier A closest to the 675-µm-thick substrate,

as shown in Fig. 1.

This paper presents our findings on the thermal and packag-

ing effects, as well as device noise characterization, obtained

from a 3-D multiproject run offered by the Lincoln Laboratory.

The purpose of this paper is twofold. First, a physics-based

thermal model will be presented. The parameters of this model

were extracted from the thermal test structures and verified with

a separate set of test structures from another research group [9].

It is also demonstrated that this model is applicable for the elec-

trothermal simulations of different circuits. As an application

example of the thermal model, the electrothermal simulation

of ring oscillators (ROs) fabricated using 3-D–SOI technology

is presented. Second, device noise characterization was done

for 3-D–SOI devices with various geometric parameters. The

device noise performance is then compared with a single-chip

conventional 0.18-µm bulk CMOS process.

II. THERMAL AND PACKAGING EFFECTS IN

3-D–SOI TECHNOLOGY

Although the same structure is implemented on all three tiers,

the performance is not the same for all tiers because of thermal

and/or parasitic effects of 3-D stacking. In this paper, the

3-D–SOI test chip is wire bonded to an unsealed package to
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Fig. 2. (a) Ids–Vds curve of 3-D–SOI NMOS, with VGS of 1.5 V. W/L =

6 µm/0.2 µm. The performance degradation of Tiers B and C is mainly due to
thermal effects. (b) I–V curve of a 3-D–SOI diode. Performance degradation of
Tiers A and B is due to 3-D packaging (through-wafer vias) and other parasitic
resistive effects.

study these effects. Our proposed intrinsic model then can be

further integrated to different packaging models, including

those using advanced cooling technologies. It should be noted

that models of different advanced cooling technologies are not

discussed here, since they are beyond the scope of this paper;

Fig. 2(a) shows the measured Ids–Vds characteristics of a

MOSFET implemented on all three tiers. Note that Tier A

has the highest drive current while Tier C has the lowest drive

current.

Fig. 2(b) shows the measured I–V characteristics of diodes

from the same 3-D circuit. Note that the Tier-C diode now has

the highest current, and that of Tier A has the lowest. This trend

is opposite to that shown in Fig. 2(a). The physical cause of

this difference can be traced back to the thermal and packaging

effects in the 3-D–SOI technology.

The MOSFET performance degradation shown in Fig. 2(a)

could be mainly due to thermal-induced mobility reduction.

Without losing its generality, the saturation current expression

for a MOSFET can be approximated by

IDSat =
WµCox

2L
(VGS − VT )2

=
WµCox

2L
(VG − IDSat · RSParasitic − VT )2 (1)

where RSParasitic is the parasitic resistance between the source

pad to the source terminal of the transistor. For this test struc-

ture, RSParasitic is a few ohms and IDSat is a few milliamperes;

therefore, the packaging effects are negligible. However, carrier

mobility µ decreases considerably with increasing temperature

T and the effective mass of an electron m∗, following [10]:

µ =

√
8πqh4C11

3Eds(m∗)5/2(kT )3/2
∝ (m∗)−5/2(T )−3/2. (2)

Although the threshold voltage decreases at higher tempera-

tures, the effect of mobility lowering still dominates, resulting

in an IDSat decrease with increasing temperature. It follows that

the transistor on Tier A has the highest IDSat, while Tier C has

the lowest, as shown in Fig. 2(a).

Diode performance degradation due to 3-D packaging and

parasitic resistive effects is shown in Fig. 2(b). The diode

current can be expressed as

IDiode = I0

(

e
qVA
kT − 1

)

= I0

(

e
q(VPad−IDiode·RParasitic)

kT − 1
)

. (3)

For this test structure (with reference to Fig. 1), the product

of IDiode and RParasitic is significant because IDiode in Fig. 2(b)

is much larger than IDS in Fig. 2(a), and the IDiode × RParasitic

product has an exponential effect on IDiode. For this test struc-

ture, this effect dominates over the increase of the intrinsic

carrier density as temperature increases. This is the reason

for Tier A having the lowest diode current and Tier C the

highest, as shown in Fig. 2(b). Parasitic resistance of each

through-wafer via is independently measured to be approxi-

mately 3 Ω. The current degradation of the diodes, as shown

in Fig. 2(b), may be explained by parasitic resistances of this

magnitude.

These effects on circuit performance show opposite trends.

Therefore, both thermal modeling and parasitic extraction are

required for an electrothermal simulator to help circuit design-

ers better predict actual circuit performance.

III. THERMAL MODELING AND

ELECTROTHERMAL SIMULATIONS

A. Experiments

An N-type MOSFET is surrounded by diode-connected

MOSFETs, which act as on-chip heat sources to control the

temperature of this device under test (DUT). The DUT has

four connections to the gate, which can be used to accurately

measure the gate resistance [11]. The test chip is first placed in

a hot chamber, and the temperature dependence of the polysil-

icon gate resistance is calibrated in an enclosed temperature-

controlled environment, as shown in Fig. 3. The test chip is

then placed in ambient, and on-chip heat sources are used to

control the DUT temperature. Changes in gate resistance can

then be used to determine the temperature when the on-chip

heat sources are turned on. The effects of process variation

effects were taken into account by calibrating each gate resistor
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Fig. 3. Mapping of gate resistance as a function of temperature. With this
characterization, the gate resistance can be used to determine temperature when
the on-chip heat sources are turned on. The transistor shown has W/L =

6 µm/0.2 µm, and is on Tier C. Figure shown is a typical measurement. Each
gate resistor is calibrated individually.

Fig. 4. (a) Layout of the DUT and the heat sources on each tier. Temperature
of DUT can be controlled with surrounding heat sources. DUT gate resistance
is used as a thermometer. (b) Three-dimensional view of test structures. Test
structures are stacked on top of one another and can be turned on or off
individually to simulate different operating conditions.

individually. The layout of the DUT and heat sources are shown

in Fig. 4.

The thermal time constant for the self-heating of each tier

can be determined with this test structure by using the ac

output conductance technique [12]. The gate of the DUT is first

biased to Vdd. An impedance analyzer is then used to apply

both a dc bias and an ac signal with varying frequencies at

Fig. 5. Thermal test structure independently designed by the research group
at the Lincoln Laboratory [9]. Note that this test structure is approximately four
times larger than the thermal test structure in Fig. 4(a).

the drain. The drain admittance can then be measured as a

function of frequency. The drain admittance starts out negative

at low frequencies and then eventually becomes positive as the

frequency increases. This is due to the suppression of ac self-

heating at higher frequencies. In this way, the thermal time

constant may be experimentally determined. The results are

shown in Fig. 6.

In this paper, thermal test structures described earlier were

fabricated in order to develop a physics-based thermal model

that can be experimentally verified.

A separate set of thermal test structures was used to validate

the thermal model presented in this paper [9]. As shown in

Fig. 5, this test structure is entirely different from the test

structure used in this paper, including different layout areas

[∼522 µm2 for Fig. 4(a) versus ∼2400 µm2 for Fig. 5], heat

sources (diode-connected transistors versus resistors), and ther-

mal sensors (polysilicon gate resistors versus diodes). As shown

in Fig. 5, in this test structure [9], four SOI active resistors are

placed near a diode which is used as a thermometer. This test

structure was replicated in each of the three tiers. Voltages were

then applied to the resistors, and the diode current was used as

a temperature sensor. Temperature measurements were made

for all three tiers. The thermal model presented in this paper

matches the temperature measurements made by the research

group at Lincoln Laboratory, as will be presented in the next

section.

This thermal model was then implemented in an elec-

trothermal simulator, which was used to predict the actual

circuit performance of ROs fabricated on the same chip

(Section III-C). These same oscillators were also used to quan-

tify device noise (Section IV).

B. Thermal Modeling

A physical lumped thermal model is shown in Fig. 6, and

the model parameters can be extracted using measurement

data collected from the thermal test structure shown in Fig. 4.

This lumped model assumes an average tier temperature. This

assumption holds because the test circuit is designed to be small

compared with the geometrical scale for thermal conduction

and also because the thermal conductivity of silicon is much

larger than that of silicon dioxide. Therefore, the temperature

profile across the tiers is more significant than the profile within

a tier.

The thermal model is also verified, using thermal test struc-

tures independently designed by the Lincoln Laboratory, to be

applicable for different circuits. A single known temperature

Authorized licensed use limited to: Stanford University. Downloaded on September 27, 2009 at 18:54 from IEEE Xplore.  Restrictions apply. 



CHEN et al.: THERMAL MODELING AND DEVICE NOISE PROPERTIES OF THREE-DIMENSIONAL–SOI TECHNOLOGY 659

Fig. 6. Thermal model used in this paper. Power is the I × V product, and
thermal resistances are shown.

at a given power consumption level from the measured data

is required to calibrate the thermal model (Fig. 7). Calibration

is needed to reconcile measurement errors and experimental

deviations for model assumptions made by both teams. The

Lincoln Laboratory team designed a larger test structure, using

resistors as heating elements and diodes as thermal sensors. A

heated chuck was also used to control the external temperature.

In contrast, the test structure described in this paper uses

diode-connected transistors as heating elements and polysilicon

gate resistors as thermal sensors. The gate resistances were

measured using four-point measurements to ensure accuracy,

and a hot chamber is used to control external conditions. Given

the differences in the test structure designs and measurement

setups of both teams, it is not surprising that a single cali-

bration point is needed to reconcile both sets of measurement

results.

Fig. 8 shows the measured temperature data, together with

the temperature predicted by the thermal model presented in

this paper. It is worthwhile to note here that more power

is required to raise the temperature using the Lincoln Lab-

oratory test structures than the test structures presented here

since they are approximately four times larger than the test

structures shown in Fig. 4(a). Nevertheless, the thermal model

presented in this paper uses area as a parameter and is able

to account for different layout areas. The agreement between

the measured temperature data using two independently de-

signed thermal test structures verifies that the thermal model

is applicable for different circuits designed using the 3-D–SOI

technology.

Fig. 7. Figures comparing temperatures predicted by thermal model with
measured temperatures. (a) Only one tier active at any one time. (b) All three
tiers active at the same time.

Fig. 8. Comparison of temperatures predicted by thermal model with mea-
sured temperatures using the thermal test structures designed by the research
group at the Lincoln Laboratory. Note that the measured data agree well with
the results predicted by the thermal model although the power used in this
circuit is much larger than the power used in the Stanford test structures (Fig. 7).

As an application example, the thermal model will be used

to perform electrothermal simulations with asymmetric ROs

designed for device noise measurements.
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Fig. 9. Electrothermal simulations compared against measured oscillation
frequencies for all three tiers. Only one oscillator is turned on at any one time
for (a) 1×. (b) 3×.

C. Electrothermal Simulations

Asymmetric ROs were fabricated on this test chip primar-

ily to measure device noise [13]. However, since oscillation

frequency is a function of oscillator temperature, these oscilla-

tors can also be used to verify electrothermal simulation results.

The design of the ROs will be explained in Section IV, where

the device noise is discussed.

Three different asymmetric ROs with minimum channel

lengths of 0.18 µm (1×), 0.54 µm (3×), and 1.08 µm (6×)

are fabricated on each tier, resulting in a total of nine ROs.

Electrothermal simulations were performed to predict the

oscillation frequencies of ROs implemented on different tiers.

The temperature beneath the substrate and the temperature of

the air far above the test chip are set to be ambient. These

two boundary conditions mirror the experimental setup and are

built into the thermal model. It is expected that both thermal

and parasitic packaging effects will affect circuit performance.

However, the exact operating conditions, under which each type

of effect dominates, are unknown. Electrothermal simulations

can help to gain design intuition.

For the first set of experiments, only one oscillator is turned

on at any one time. Fig. 9 shows measured oscillation frequen-

cies and simulation results.

Fig. 10. Electrothermal simulations compared against measured oscillation
frequencies for all three tiers. All oscillators are turned on at the same time for
(a) 1×. (b) 3×.

For the second set of experiments, all oscillators are turned

on at the same time. Measurements and simulation results are

shown in Fig. 10. In Figs. 9 and 10, “No compensation” is the

idealistic (and most unrealistic) case when neither thermal nor

parasitic resistive effects are considered. “Parasitic Effect only”

is when the temperature is set to 25 ◦C for all tiers. “Thermal

Effect only” is for parasitic resistances set to zero. “Electrother-

mal simulation” considers both thermal and parasitic resistive

effects.

Fig. 9 shows the situation when only one tier is active at

any one time. For this case, Tier C has the lowest oscillation

frequency for the 1× oscillators [Fig. 9(a)], and Tier A has

the lowest oscillation frequency for the 3× [Fig. 9(b)] and 6×
oscillators (not shown). This is due to thermal effects being

dominant in 1× oscillators, and 3-D packaging effects being

dominant in 3× and 6× oscillators. Thermal effects are domi-

nant in 1× oscillators as they have a smaller area over which to

dissipate heat through conduction. From Fig. 2(a), drive current

is lowest on Tier C when thermal effects are dominant. Note that

lower drive current translates to a lower oscillation frequency.

It follows that Tier C has the lowest oscillation frequency for

1× oscillators, as observed in Fig. 9(a).
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Fig. 11. (a) Figure showing the asymmetric RO. Node A is the gate of the small inverters, and Node B is the gate of the large inverters. (b) Circuit schematic of
the small inverter and how Nodes A and B behave. (c) Behavior of Nodes A and B. Node A is driven by the large inverters, and the transition from low to high
happens very quickly. Node B is driven by a small inverter and has a slower slew rate compared with Node A, which is driven by a large inverter.

For the larger 3× and 6× oscillators, heat dissipation is

efficient enough that 3-D packaging effects become dominant.

From Fig. 2(b), Tier A has the lowest current when 3-D

packaging effects are dominant. Hence, Tier A has the lowest

oscillation frequency for 3× and 6× oscillators [Fig. 9(b)].

For the situation when all three tiers are active at the same

time, as shown in Fig. 10, Tier B has the lowest oscillation

frequency for the 1× oscillators [Fig. 10(a)], and Tier A has

the lowest oscillation frequency for the 3× [Fig. 10(b)] and

6× oscillators (not shown). It is shown in Fig. 1(a) that the

dielectric layer thickness between Tiers A and B is twice of that

between Tiers B and C. This difference is due to fundamental

technology design considerations and can explain why the tem-

peratures of Tiers B and C are very close for the 1× oscillators

when all tiers are on [Fig. 7(b)]. The increase in temperature

of Tier B, together with the ever-present parasitic effects,

contributed to Tier B having the lowest oscillation frequency

for the 1× oscillators when all tiers are on [Fig. 10(a)]. There

is no straightforward way to predict this result a priori without

electrothermal simulations, as shown earlier.

The observed different effects are validated through simu-

lations (Figs. 9 and 10). Experimentally observed oscillation

frequencies vary in the same direction, as predicted by the spe-

cific dominant effect (thermal and parasitic effects for the 1×
and the 3× oscillators, respectively). Considering both effects

as in “electrothermal simulation” gives the best match to actual

circuit performance for all cases. Note that the transistor drive

current degradation shown in Fig. 2(a) is due to mobility de-

creases. As transistors approach the ballistic transport regime,

drive current increases with temperature. In this case, Tier A is

expected to always have the worst performance, as both thermal

and packaging effects work against it. More investigation is

required to confirm this initial observation, as the impact of

advanced packaging technologies with improved thermal dis-

sipation performance was not considered in this paper.

IV. DEVICE NOISE

A. Experiments

Nine asymmetric ROs were fabricated to measure device

noise [13]. These ROs were designed so that accurate measure-

ments of the device noise may be made on the circuit level.

This RO has seven alternating stages, where an inverter

with a small width is followed by a large inverter with a

width ten times as large (Fig. 11), except for the last stage.

A large inverter is needed at the last stage to drive the out-

put buffer. These inverters are capacitively loaded with large

metal–insulator–metal (MIM) capacitors. These MIM capac-

itors are designed to be large enough to swamp the total

capacitance of all internal nodes of the oscillator. Therefore,

the total capacitance on all internal nodes is linear, has a high

quality factor, and is fairly independent of temperature and

device parasitic components.

Since all of the MIM capacitors have the same capacitance,

Node A, which is driven by a 10× inverter, transits between

high and low voltages much more quickly than Node B, which

is driven by a 1× inverter. This behavior ensures that the noise

of the oscillator is dominated by the small inverters, considering

that the induced jitter at each stage is inversely proportional

to the square of the voltage rate of change at its output [13].

Therefore, although the power spectral density of the current

noise at the output of the large inverters is approximately ten

times larger than that at the output of the small inverters, their

jitter contribution is ten times smaller because of the faster

voltage rate of change.

Furthermore, note that Node A, which is also the gate of

the small inverter, is almost always high when the output

of the small inverter, Node B, is transitioning between high

and low (Fig. 11). This characteristic means that the bias

conditions at which device noise is measured are known and

can be used for reliable indirect characterization of device
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Fig. 12. Figure showing phase noise of asymmetric RO measured at the 1/f2

region.

noise through phase noise measurements for various bias

voltages.

Three different asymmetric ROs with minimum channel

lengths of 0.18 µm (1×), 0.54 µm (3×), and 1.08 µm (6×) are

fabricated on each of the three tiers, resulting in nine different

oscillators.

Device noise is characterized by measuring the phase noise

of the ROs in the 1/f2 region, as shown in Fig. 12. In this

region, the 1/f noise of the device does not affect the device

noise. Furthermore, there is a one-to-one correspondence of the

phase and device noises in the 1/f2 region.

B. Discussion of Device Noise

Phase noise is a function of power and oscillation frequency.

Therefore, comparing absolute phase noise across ROs without

regard for power consumption and oscillation frequency is

meaningless. This is because different ROs have different oscil-

lation frequencies and consume different power, although they

might be nominally designed to be the same. Process variations

also cause performance differences between nominally similar

oscillators.

Delta phase noise (DPN, Fig. 13) is the difference between

the measured phase noise and the minimum achievable phase

noise PNmin(∆f) [14], [15]

PNmin(∆f) ≈
7.33f0kT

NCν2

dd
(∆f)2

=
7.33kT

Pmin

(

f0

∆f

)2

(4)

where Pmin = f0NCν2

dd
, f0 is the nominal oscillation fre-

quency, ∆f is the offset frequency, N is the number of stages

in the RO, C is the capacitance of each stage, and νdd is the

supply voltage.

As shown in (4), the minimum achievable phase noise com-

pensates for differences in power consumption and oscilla-

tion frequencies across ROs. Therefore, DPN, which is the

difference between the measured phase noise for a particular

oscillator and the minimum achievable phase noise of the same

oscillator, compensates for differences in power consumption

and oscillation frequencies of different oscillators. Thus, it is

a figure of merit for measuring device noise [14], [15]. Lower

DPN indicates better device noise performance.

Fig. 13. Figure showing measured device noise for 1× and 3× devices.
Device noise in 3-D technology compared with a comparable commercial
0.18-µm CMOS technology.

Six different chips were measured, and the average DPN

is shown in Fig. 13. The standard deviation of each point is

represented by error bars. As shown in Fig. 13, device noise

performance improved by 13.7 dB, going from 1× to 3×
devices. This trend is consistent with a comparable 0.18-µm

bulk CMOS process [13]. Further increase of the channel length

does not improve the noise performance, which suggests that

there is an optimal channel length when trading off between the

drive current and the noise performance.

For the 3× devices, device noise performance is best on

Tier A and worst on Tier C. This is consistent with having

a temperature gradient between tiers. From measurements,

temperature is lowest on Tier A and highest on Tier C. For

long-channel devices, this translates to the best device noise

performance on Tier A and worst on Tier C, as shown in Fig. 13.

The reverse is true for 1× devices. The device noise perfor-

mance is best on Tier C and worst on Tier A, although Tier C

has the highest operating temperature. This is because shot

noise is dominant in short-channel devices and higher temper-

atures do not necessarily worsen the device noise performance

in this regime [13].

V. CONCLUSION

The performance of 3-D ICs is influenced by thermal and

3-D parasitic effects. Actual circuit performance is difficult to

predict as thermal and 3-D packaging effects act in opposite

ways. To provide design insight, a stacked wafer 3-D–SOI

technology was characterized, and a physics-based thermal

model was developed and experimentally verified to be valid

for various operating conditions. The resulting thermal model is

also independently verified to be applicable for different circuits

designed in the 3-D–SOI technology. An application example

using the thermal model in electrothermal simulations was also

demonstrated.

Electrothermal simulations of 3-D ICs were performed, and

simulation results match measured data. If parasitic effects are

more significant, the performance of the first (bottom) tier is

expected to be the worst. In the cases where the thermal and

parasitic effects are comparable, the proposed electrothermal

simulations can be used to analyze the performance.
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Device noise measured for this technology shows the same

trends as a conventional 0.18-µm bulk CMOS technology.

Measurement data are also consistent with having a temper-

ature gradient between tiers for long-channel devices. Higher

temperatures do not necessarily degrade the noise performance

in short-channel devices, as shot noise is dominant.
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