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a  b  s  t  r  a  c  t

This  work  presents  the  first  thermal-diffusivity-based  temperature  sensor  realized  in  SOI  technology;
it has  an  untrimmed  inaccuracy  of ±0.6 ◦C (3�)  from  −70 ◦C up  to  225 ◦C and  uses  up  to  7×  less  power
than  prior  art.  The  sensor  uses  the  phase  shift  of  an  Electrothermal  Filter  (ETF)  as a proxy  for  the  thermal
diffusivity  of  silicon,  D, which  has  a well-defined  1/T1.8 temperature  dependence.  The  ETF’s  output  is
then  digitized  by a  phase-domain  sigma-delta  modulator.  Measured  data  from  several  process  lots  show
that  that  the  sensor’s  inaccuracy  is mainly  limited  by lithographic  spread,  and  not  by  wafer-to-wafer  or
eywords:
emperature sensors
hermal diffusivity
hermal conductivity
eat diffusion
hase digitizer
mart sensor

batch-to-batch  variations.
© 2012 Elsevier B.V. All rights reserved.
. Introduction

Because of their small size, low cost, ease of use and digital
utput, integrated temperature sensors are widely used. Such sen-
ors are typically based on the temperature dependence of bipolar
ransistors (BJTs). However, because BJTs are intrinsically sensi-
ive to process spread, their untrimmed inaccuracy is limited to

 few degrees Celsius. This can be greatly improved by trimming
ndividual devices, but this increases cost. Furthermore, BJTs suffer
rom exponentially increasing leakage currents at high tempera-
ures, with recent sensors achieving inaccuracies of ±1.0 ◦C up to
75 ◦C [2] and ±3.0 ◦C at 200 ◦C [3].  The development of such high
emperature sensors is driven by the needs of many industrial and
utomotive applications. However, their inaccuracy is currently
uch worse than the ±0.1 ◦C (3�) inaccuracy that can be achieved

t temperatures below 125 ◦C [1].
An alternative way of measuring temperature is via the thermal

iffusivity of silicon, D, which has a 1/T1.8 temperature depen-
ence. D can be determined by measuring the characteristics of
n Electrothermal Filter (ETF), which consists of a heater and a rel-

tive temperature sensor realized in the substrate of a silicon chip
Fig. 1). In this structure, power dissipated in the heater generates
eat pulses that diffuse through the silicon, creating temperature

∗ Corresponding author.
E-mail address: c.p.l.vanvroonhoven@tudelft.nl (C.P.L. van Vroonhoven).

924-4247/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2012.02.024
fluctuations at the sensor. The time it takes for these pulses to dif-
fuse is a function of absolute temperature, or, in other words, the
ETF adds a temperature-dependent phase shift, �ETF, to a signal
at a single frequency. Because the desired temperature informa-
tion is now in the time domain, ETFs are unaffected by leakage
currents [6].  Additionally, ETFs typically do not require trimming
because, for IC-grade silicon, D is well-defined and the distance
between the heater and the thermopile, r, is accurately determined
by lithography. It has been shown [4,7] that ETFs with equal r
achieve untrimmed inaccuracies of ±0.7 ◦C(3�) and ±0.2 ◦C(3�) in
0.7 �m and 0.18 �m CMOS, respectively, indicating that the dom-
inant source of error is lithographic spread. Moreover, theory [10]
and earlier work [5] indicate that D is only weakly sensitive to dop-
ing fluctuations at the doping levels typically used in IC technology,
which suggests that variations between wafers and process lots
should be small.

The characteristics of ETFs in bulk CMOS have been well-
documented in prior art [4–7]. Their signal-to-noise ratio (SNR)
is rather poor, because a lot of heat is lost to the substrate. This
work presents the first ETF in an SOI process, in which the pres-
ence of a buried SiO2 layer significantly reduces this heat loss [20].
Although this is expected to improve the ETF’s SNR, the effect on its
well-defined characteristics was, up until now, unknown. Based on

measurement results from 3 process lots, this work reports on the
characteristics of SOI ETF and their device-to-device spread. The
measurements show that the effect of changes in doping concen-
tration, wafer-to-wafer and batch-to-batch spread is limited.

dx.doi.org/10.1016/j.sna.2012.02.024
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:c.p.l.vanvroonhoven@tudelft.nl
dx.doi.org/10.1016/j.sna.2012.02.024
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the simulated �ETF(T) for r = 24 �m and fdrive = 85 kHz in bulk CMOS.
This characteristic and the ETF’s T0.9 temperature dependence have
been confirmed by measurements in earlier work [4].
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Fig. 1. Schematic side view of a basic Electrothermal Filter (ETF).

The use of an SOI process also enables the implementation of a
eadout circuit that can operate at very high temperatures, because
ll devices can be fully isolated, which greatly reduces the effect
f leakage current on circuit performance. It has been shown that
uch circuitry can operate up to 250 ◦C [8].  In this work, �ETF is
igitized by a precision �� ADC which has been designed to oper-
te up to 250 ◦C. Measurement results from −70 ◦C to 225 ◦C will be
resented; this range is mainly limited by test setup considerations.

The next section describes the ETF and its operating principles in
reater detail. After discussing its design, analytical and FEM mod-
ls are used to predict the effect of the buried SiO2 layer. Section 3
hen discusses the readout circuit used to digitize the ETF’s output
ignal and its high-temperature operation, and Section 4 presents
he measurement results. The paper ends with conclusions.

. The Electrothermal Filter

.1. Basic ETF modeling

As discussed in Section 1, a basic ETF consists of a heater and
 temperature sensor, spaced at a distance r in the substrate of a
ilicon chip (Fig. 1). AC power dissipated in the heater (Pheat) creates
emperature fluctuations at the sensor, which are low-pass filtered
y the substrate’s thermal inertia. For typical values of r (∼24 �m),
he substrate can be assumed to be infinitely thick, and the SiO2
ayer on top of the silicon is considered to be an ideal insulator.
he filtering characteristics of the point-heater, point-sensor ETF
n Fig. 1, driven at an angular frequency ω, are expressed by the
ensor’s thermal impedance to the heater, which relates T(ω,r), the
emperature increase at the sensor, to Pheat(ω) [11]:

th(ω, r) = T(ω, r)
Pheat(ω)

= 1
2�kr

exp

(
−r

√
ω

2D

)
exp

(
−jr

√
ω

2D

)
,

(1)

n which k is the thermal conductivity and D is the aforementioned
hermal diffusivity, which is given by

 = k

�Cp
(2)

.e. the thermal conductivity divided by the heat capacity. For bulk
ilicon, D is equal to 0.8 cm2/s at 27 ◦C and, over the military tem-
erature range, its temperature dependence can be approximated
y a 1/T1.8 power law [4].  When the heater is driven at a frequency

drive, the temperature sensor output has a phase shift, �ETF, which,
rom Eq. (1),  is given by:√

�f

ETF = −r drive

D
(3)

t constant fdrive, �ETF has a near-linear T0.9 temperature depen-
ence, which means that ETFs can be used as temperature sensors.
Fig. 2. Top view of an ETF. The thermocouple junctions are positioned on a phase
contour to maximize VETF .

A typical CMOS implementation is more complex than a basic
point ETF; Fig. 2 shows the top view of the ETF used in this work.
The heater is an n+-diffusion resistor and the temperature sensor
is a thermopile consisting of a series of 48 p+-diffusion/aluminum
junctions. At both the hot (nearest to the heater) and cold junctions,
a Seebeck voltage develops across the metal-diffusion interface;
the location of each thermocouple is, therefore, precisely defined
by the contact mask. Fig. 2 structure can be modeled by dividing the
heater into a number of point heat sources (P) and calculating the
thermal impedance of each thermocouple (N) to these heat sources.
Superposition then yields Zth,ETF:

Zth,ETF = 1
N

N∑
n=1

P∑
p=1

Zth,hot(rn,p) − 1
N

N∑
n=1

P∑
p=1

Zth,cold(rn,p) (4)

To optimize the ETF’s transfer function, the heater is designed to
mimic  a point source and the thermopiles are aligned so that their
both their hot and cold junctions each are on equal phase contours
[12]. The phase shift of this structure then approximates that of the
point-heater, point-sensor ETF, and the lower curve in Fig. 3 shows
Temperature (°C)
−75 −55 −35 −15 5 25 45 65 85 105 125 145

Fig. 3. Simulated �ETF vs. temperature characteristics of ETFs in bulk CMOS and SOI
technology.
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.2. Modeling the effect of lithographic spread and doping
ariations

Variations in �ETF other than those due to changes in T are unde-
irable, and will lead to temperature-sensing errors. This can be
een by looking at the partial derivatives of Eq. (3):

∂�ETF

�ETF
= ∂r

r
= −0.5

∂D

D
= 0.9

∂T

T
(5)

In a typical ETF, the dominant source of temperature error is the
pread in r. This, in turn, is a function of the lithographic spread of
he process used. Although ır/r can be minimized by making r suffi-
iently large, this results in small signal amplitudes (as per Eq. (1)),
o a tradeoff between inaccuracy and resolution exists. Implemen-
ations with r = 24 �m in 0.7 �m and 0.18 �m CMOS have shown 3�
emperature-sensing errors of ±0.6 ◦C and ±0.2 ◦C respectively (see
4,7]); if these errors are solely attributed to lithographic spread,
hey correspond to values for ır/r of 0.14% and 0.045% respectively,
r a ∼5% (3�) spread on the minimum feature size of the technol-
gy. This work used a 0.5 �m SOI process, and to allow comparison
o ETFs in bulk CMOS with the same geometry, r is again set to
4 �m.

For typical doping levels used in IC technology, D is only
eakly sensitive to variations in doping. To understand this, a more
etailed look at the doping sensitivity of each parameter in Eq. (2)

s required. Both � and Cp are nearly doping-insensitive: silicon has
 × 1022 atoms/cm3, so changes due to e.g. 1 × 1017 dopants/cm3

re at the ppm-level. The thermal conductivity, however, is some-
hat more sensitive. In non-metallic crystals, k is the macroscopic

esult of phonon transport, and phonon scattering processes pre-
ent k from being arbitrarily large. An expression for k is given by
9]:

 = 1
3

Cpv
 (6)

n which v is the mean phonon velocity and 
 the mean free
ath associated with phonon scattering. Although phonon–phonon

nteractions dominate at temperatures beyond ∼100 K [9],  small
eductions in k due to phonon-impurity scattering have been mea-
ured. An excellent discussion is found in [10], in which a model
or the doping sensitivity of kSi is provided. This model has been
sed to calculate the effective value of 
 for different doping con-
entrations so that, through Eq. (2),  the doping sensitivity of D can
e modeled.

Both the effects of spread in lithography and doping fluctua-
ions can be simulated for an ETF, using the model described in Eq.
4). Lithographic spread was simulated by adding random errors to
ach contact location, with � = 10% of the minimum feature size.
ig. 4 shows the (positive) 3� limits for phase and temperature
rrors based on 100 trials in both 0.18 �m and 0.7 �m technology.
pread due to doping variations was simulated in a similar way,
y setting � = 10% of the nominal doping level and calculating the
ffective Dsi based on the model in [10]. It can be seen that for dop-
ng levels below 1017, spread due to lithography is dominant, even
n advanced CMOS technology.

.3. ETF signal-to-noise ratio

For values of r that correspond to small (∼0.5 ◦C) temperature
ensing errors, �ETF is well-defined, but the ETF’s output signal VETF

s quite small. For a heater power dissipation (Pheat) of 2.5 mW and
 thermopile sensitivity of 10 mV/K, VETF is typically only 400 �Vpp.

he thermopile’s own Johnson noise then limits the ETF’s SNR and
ictates a narrow readout bandwidth. For Pheat = 1 mW,  a bulk CMOS
TF read out at a 1S/s conversion rate has a Johnson noise-limited
oise level of 0.1875 ◦Crms [4].  One reason for this poor SNR is that
Fig. 4. Simulated phase and temperature errors due to spread in doping and lithog-
raphy. All lines are 3� limits based on statistical simulations with N = 100.

the thermal conductivity of silicon is rather high; another reason
is that, in bulk CMOS, a substantial amount of heat is lost to the
substrate, and thus does not contribute to temperature fluctuations
at the surface (i.e. at the thermopile).

Because SiO2 has a thermal conductivity 100× lower than that of
silicon, it should be possible to use the buried SiO2 (BOX) layer in an
SOI process to reduce the heat loss to the substrate, thereby increas-
ing VETF. Since there is a linear relationship between the amplitude
of VETF and Pheat, this means that Pheat could be reduced proportion-
ally. To test this hypothesis, the ETF was  implemented in a partially
depleted 0.5 �m SOI BiCMOS process with a thick BOX layer, buried
several microns below the surface.

2.4. Modeling the effect of the SOI buried oxide layer

The effect of the BOX layer on �ETF can be incorporated in the
model described by Eq. (4).  In developing this model for bulk CMOS
ETFs, the IC surface was modeled as an ideal thermal insulator.
The resulting boundary condition of zero heat flow through the
chip’s surface was modeled by adding a mirror image heater to
the model [11], as shown in Fig. 5. Using a method also used to
model self-heating in SOI BJTs [13], the effect of the BOX layer
can be incorporated by mirroring the heater an infinite number
of times. In practice, since the magnitude of Zth rapidly falls off for
increasing r, only mirror image heaters with ∼r,eff < 2r1 contribute
significantly.

Fig. 6 shows the simulated offset as a function of the BOX layer
depth; �ETF,SOI clearly adds a positive offset to �ETF,BULK. The upper
curve in Fig. 3 is the predicted ETF transfer characteristic in this
technology. Although this is in line with measurements (see Sec-
tion 4), the analytical model overestimates the signal amplitude
and does not include the effects of spread in BOX layer thickness.
In practice, some heat also flows through the SiO2 layers; however,
taking this into account makes analytical modeling prohibitively
complex. Moreover, the underlying assumption that heat diffuses
through a semi-infinite medium no longer holds. Finite element

simulations are more accurate, but require much more computa-
tional effort; basic FEM simulations indicate that VETF increases by
∼5.5× [14]. Further work is required to develop accurate analytical
models for ETFs in SOI.
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.5. Fully depleted SOI

The analysis above has focused on the thermal properties of
artially depleted SOI BiCMOS technology with relatively thick-
pi layers (tepi > 1 �m);  such process technology is typically used
or relatively high-voltage and analog-intensive circuitry. For mod-
rn deep submicron devices, however, fully depleted SOI (FD-SOI)
echnology is more common; FD-SOI technology typically uses

 top silicon layer with a thickness of only tens of nanometers,
hile the BOX layer is typically ∼100 nm thick. By fully deplet-

ng the channel, superior electrical transistor characteristics can be
chieved.

ETFs in FD-SOI technology should have an even further increase
n their output signal amplitude, because the effective ther-

al  resistance increases with reducing epi-layer thickness [15].
oreover, such ETFs can leverage the greatly reduced litho-

raphic inaccuracy to reduce r (keeping ır/r constant), further
mproving SNR [7].  Finally, for very thin heat channels, phonon-
oundary scattering will significantly reduce k [16], which also

eads to an increase in amplitude (viz. through Eq. (1)). Over-
ll, an SNR improvement of several orders of magnitude can be
xpected. However, it is still unknown whether spread in phonon-
oundary scattering may  introduce significant device-to-device
emperature-sensing errors.
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Fig. 6. Additional phase shift as a function of BOX layer depth.
Fig. 7. Block diagram of a phase-domain sigma-delta modulator (PD��M)  digitiz-
ing �ETF .

2.6. Summary

This section has described ETF design and modeling in both bulk
CMOS and SOI technology. It has shown that the accuracy of �ETF

is a function of lithographic spread and, to lesser extent, of dop-
ing variations. Although the typical SNR of an ETF is quite low,
using a buried oxide layer is expected to improve this significantly.
The next section will discuss a precision readout architecture that
digitizes �ETF.

3. Readout architecture

As discussed before, the ETF outputs a small phase-shifted sig-
nal at a known frequency, so its readout circuit should be a phase
detector. Furthermore, a narrow bandwidth is required to filter
the Johnson noise; this suggests the use of lock-in techniques. A
narrowband phase digitizer can be realized using a phase-domain
sigma-delta modulator (PD��M).  Temperature digitization typ-
ically requires a resolution of ∼13–14 bits: a resolution of 0.02 ◦C
over the military temperature range (−55 ◦C to 125 ◦C) corresponds
to 13.1 bits. Sigma-delta modulators can easily achieve such levels
of resolution; a block diagram of a first-order, single-bit PD��M
is shown in Fig. 7.

The ETF is driven using a constant frequency fdrive, so that �ETF is
temperature dependent. The fdrive signal can be derived from a crys-
tal oscillator, which then also acts as the time reference required
to convert the thermal delay to a (unitless) digital representation
of temperature. The PD��M’s  phase-differencing node is imple-
mented by multiplying the phase-shifted output signal of the ETF
is with one of two  feedback signals, which are phase-shifted copies
of fdrive having digitally generated phase shifts �0 and �1. The DC
component of the resulting output is proportional to the cosine of
the phase difference and equals zero when this difference is 90◦.
The PD��M forces the average multiplier output to zero, in which
case the bitstream represents a weighted average of two reference
phase shifts (�0, �1) that approximates (�ETF − 90◦). The bitstream
is then processed by a decimation filter (not shown), which limits
the bandwidth and outputs a high-resolution digital output.

A 16 MHz  crystal oscillator was used to drive an FPGA that gener-
ates fdrive (=85 kHz) and other timing signals. Based on the simulated
�ETF for this fdrive (Fig. 3), the phase feedback signals �0 and �1 were
set to define a �ETF input range from 45◦ to 135◦. The sampling fre-
quency fsample was set to fdrive/4 = 21.33 kHz, and the bitstream was
decimated using a sinc1 decimation filter. For typical settings, the

quantization noise of the PD��M is much smaller than the ETF’s
thermal noise.

The PD��M is implemented by the circuit shown in Fig. 8.
Here, the integrator has been implemented by a gm-C stage, and



70 C.P.L. van Vroonhoven, K.A.A. Makinwa / Sensors and Actuators A 188 (2012) 66– 74

fsample

ETF

VDD

GND

fφ0 fφ1

MUX

fchop

bitstream

Cint

ileak

CH1

isignal

i
bias

i
bias

fφfb

fφfb

60μA

500μS

10μA 10μA10μA

XOR

fchop

fdrive

XOR

VETF

M imp

t
a
n
f
w
a
g
t
n
i

m
w
s
c
E
q
e
f
t
c
a
i
t
c

l
a
c
e
m
s
d

Fig. 8. PD��

he quantizer is a basic sampled comparator. The ETF output volt-
ge, VETF, is converted to a current by a differential pair with a
ominal transconductance of 500 �S. This current flows into the

olding node of the gm-stage and is demodulated by chopper CH1,
hich is located at the source terminals of a regulated cascode

s in [4]. The demodulated output current, isignal, flows into inte-
rator Cint (=40pF), and the DC component of isignal is proportional
o VETF × gm × cos(�ETF − �fb). The comparator drives the PD��M’s
egative feedback loop to ensure that the average current into Cint

s zero and that the voltage swing on Cint is limited.
The PD��M is designed so that its contributions to measure-

ent error are small. The noise floor of the system is dominated by
hite noise from the thermopile. The 1/f  noise corner of the gm-

tage is located below fdrive, at around 50 kHz, and the white noise
ontributions of the circuit are about 2× smaller than those of the
TF. The gm-stage offset is modulated to fdrive by CH1 and subse-
uently filtered out by the integrator, so that it does not contribute
rror. Mismatch between the charges injected by the devices that
orm CH1 contributes an effective DC current that is not chopped;
o reduce the effect of this current, a pair of low-frequency digital
hoppers was added. These choppers operate at fchop = fdrive/16,384
nd switch only once per conversion; this inverts the heat polar-
ty, effectively inverting the polarity of any residual DC errors so
hat, after averaging in the decimation filter, these errors are can-
elled.

Current source ileak models the error current due to junction
eakage. At very high temperatures, the reverse-biased junctions
ssociated with all diffusions start to conduct significant leakage
urrent [17]; if not reduced, this can cause temperature-sensing

rrors in the order of several degrees. Since this circuit was imple-
ented in SOI, each device could have its body connected to its

ource terminal, so that source-body leakage is not present and
rain-body leakage only manifests itself as a small current source
lementation.

in parallel with the device, thus only causing a small biasing
error. Additionally, all sources of leakage before CH1 are modu-
lated to AC by the chopper and subsequently filtered by Cint. The
NMOS devices in CH1, however, have their body connected to
ground to ensure a high off-resistance, so the drain-body junc-
tions of CH1 are the dominant source of leakage. However, the
low-frequency choppers also invert the effective polarity of this
error, so that, over one conversion, its error contribution is can-
celled.

PD��Ms  have previously been successfully implemented in
0.7 �m and 0.18 �m bulk CMOS technologies [4,7], and their imple-
mentation in SOI technology (either partially or fully depleted) is
relatively straightforward, because they are fully CMOS-compatible
and do not rely on precision analog process options. Circuit simu-
lations show that the PD��M is nearly transparent: its worst-case
residual error is about 0.05 ◦C, even at high (225 ◦C) temperatures.
The measurement results can therefore be directly related to ETF
characteristics.

4. Results

4.1. Implementation

The ETF and the PD��M were fabricated in a 0.5 �m SOI BiC-
MOS  process (Fig. 9). The device has an area of 1 mm2, which is
limited by the need for several test bondpads; an ETF occupies
only about 0.01 mm2. The ETFs are realized in a large silicon well

with typical (low) epi-layer doping. The devices were packaged in
ceramic DIL16 packages. The PD��M consumes 2.5 mW from a 5 V
supply and Pheat was regulated by an external voltage source and
could be controlled from 0 to 7.5 mW.
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.2. Measurement setup

In order to measure �ETF as a function of temperature, the
evices were mounted in good thermal contact with a large alu-
inum block, of which the temperature was swept. A Pt100

hermistor, calibrated to 10 mK  inaccuracy at the Dutch Metrol-
gy Institute, was placed inside the aluminum block to be used as
he reference temperature sensor. Over the −70 ◦C to 170 ◦C range,
he devices were characterized using a Vötsch VTM7004 climate
hamber.

.3. Device characteristics

By sweeping temperature and comparing the measured �ETF of
any devices to the temperature reading from the reference ther-
istor, a master curve that maps the digital output to absolute

emperature can be calculated. Fig. 10 shows this master curve,
ased on 16 devices from a single batch. It can be seen that, as
xpected, �ETF is approximately proportional to T0.9. When com-
ared, however, to the same ETF geometry in bulk CMOS [4],  �ETF

as a clear positive offset, which is due to the effect of the buried
hermally insulating layer, as was modeled in Section 2. The value
f this offset is about 8◦, which is about half of the ∼16◦ predicted
y Fig. 3. This is likely due to the fact that, unlike in the model, the
OX layer is not a perfect thermal insulator.

The output of each device was compared to the master curve so
hat the device-to-device errors could be calculated. Fig. 11 shows

he untrimmed device-to-device spread for 16 devices from a sin-
le batch, indicating a worst-case temperature-sensing inaccuracy
f ±0.6 ◦C (3�) over the −70 ◦C to 170 ◦C temperature range. This
pread is in line with earlier results at a similar lithographic node
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ig. 10. Measured �ETF as a function of temperature, compared to an ETF in bulk
MOS.
Fig. 11. Device-to-device temperature errors. The black lines indicate 3� limits.

in bulk CMOS [4],  and these results show that the ETF indeed has
a low untrimmed inaccuracy over a wide temperature range. At
lower temperatures, the spread is slightly higher than expected
from modeling; this is likely due to minor influence from the spread
in the properties of the BOX layer. Fig. 11 also shows that the devices
do not suffer from leakage at high temperatures.

4.4. Signal-to-noise ratio

To measure SNR, temperature was  kept constant and �ETF was
digitized at a conversion rate of 1 Hz. At Pheat = 1 mW,  the quan-
tization noise of the PD��M can be neglected and the system is
thermal-noise limited. The measured noise level was  0.037 ◦Crms

(based on 200 conversions), which is a 5× improvement over the
same ETF in bulk CMOS [4].  A second ETF had 2× more thermocou-
ples, which was  achieved by reducing the thermocouple pitch and
by fully surrounding the heater with thermocouples, completing
the phase contour illustrated in Fig. 2. Capacitive coupling between
the heater and the thermopile was prevented by metal shielding.
This ETF achieved a noise floor of 0.026 ◦Crms, representing a further
1.4× improvement.

This 7× SNR improvement demonstrates the feasibility of wide-
range thermal diffusivity sensors with sub-mW power dissipation.
In SOI processes with higher lithographic accuracy, the ETF’s
dimensions could be reduced [7] to further improve the signal to
noise ratio.

4.5. Batch-to-batch variations

According to the theory presented in Section 2, the device-to-
device spread of ETFs should be mainly defined by lithographic
spread. This means that, ideally, batch-to-batch variations (e.g. in
doping concentration and layer thickness) should only have a minor
effect on the ETF characteristics. To test this, the same ETF lay-
out was  fabricated on 3 process runs over a 1-year period. Since
these were multi-project wafer (“MPW”) runs, this also tests for
maskset to maskset variations. Variations in BOX  layer depth were
not tracked during fabrication and have not been measured. Fig. 12
shows the device-to-device spread of 32 devices from 3 batches
and the corresponding batch averages. The 3� error bounds are
at about ±0.6 ◦C and variation in batch averages is in the order of

±0.1 ◦C, demonstrating that the effect of batch-to-batch variations
is limited.



72 C.P.L. van Vroonhoven, K.A.A. Makinwa / Sensors and Actuators A 188 (2012) 66– 74

Temperature (°C)

0

-0.8

-0.6

-0.4

-0.2

0.2

0.4

0.6

0.8
T

em
pe

ra
tu

re
 E

rr
or

 (
°C

)

−60 120100806040200−20−40−80

F
m

4

m
c
h
h
(
e
e
a
h
[

n
w
m
s
D
i
h
w
t
m
d

4

i
t
(
t
b
e

t
t
t
r
a
R
(
g
4

r
t
p

All integrated temperature sensors have finite power supply
rejection ratio (PSRR), which means that small variations in VDD are
erroneously interpreted as temperature changes. For temperature
sensors based on BJTs, this is typically in the order of 0.1 ◦C/V [18],
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ig. 12. Device-to-device spread for 32 devices from different fabrication lots. The
iddle bold lines are lot averages.

.6. Doping sensitivity

Since ETFs are thermal rather than electrical devices, they are
uch less sensitive to spread in doping concentration. As was  dis-

ussed in Section 2, doping only contributes significant errors at
igh doping levels. This is in agreement with earlier work [5] that
as shown that that the thermal diffusivities of p-doped silicon
Na = 5 × 1014/cm3) and n+-doped silicon (Nd = 3 × 1016/cm3) were
qual to within 0.1%. At these relatively low doping levels, how-
ver, it is notoriously difficult to measure associated changes in k
t ‘high’ (T > 200 K) temperatures, since phonon–phonon scattering
as much higher scattering rates than phonon-impurity scattering
9].

In this work, a second experiment was performed using an
++-implant, normally used to reduce the resistivity of a silicon
ell (Fig. 13a); its doping concentration is more than 2 orders of
agnitude higher than in [5].  This high doping level leads to a mea-

ureable increase in �ETF of ∼2.3◦, corresponding to ∼9 ◦C (Fig. 13b).
evice-to-device spread on a single wafer did not increase signif-

cantly, but in contrast to the regular ETF, this ETF was  found to
ave significant batch-to-batch errors (∼0.8 ◦C shifts in average),
hich can clearly be attributed to the spread in doping concentra-

ion. Since typical doping concentrations are more than 2 orders of
agnitude lower, this reaffirms that for regular ETFs, the effect of

oping is very small.

.7. Self-heating

Since ETFs dissipate heat to measure temperature, there
s an intrinsic tradeoff between power consumption and
emperature-sensing accuracy. The total power consumption
Ptotal = Pheat + Pcircuit) heats the die above ambient through the finite
hermal resistance of the package. Additionally, power dissipated
y the ETF locally increases the die temperature, which locally influ-
nces D.

To determine Rth, ambient temperature was kept constant while
he ETF was driven at high power levels. Pheat was ramped from 2.5
o 7 mW in several steps, and the measured �ETF was  converted
o temperature through Fig. 10 master curve. Fig. 14 shows the
esult for 4 devices; the self-heating causes a significant temper-
ture offset (about 0.7 ◦C for Ptotal = 3.5 mW)  and the extrapolated
th is about 250 K/W. This is significantly higher than for bulk CMOS
∼50–100 K/W) due to the presence of the BOX layer, and this is in
ood agreement with the 5× increase in VETF discussed in Section
.4.
However, for a certain ETF geometry, all ETFs will self-heat in
oughly the same way, so that only the spread in self-heating (due
o either spread in Rth or Pheat) will cause device-to-device tem-
erature errors; the nominal component will be included in the
Fig. 13. ETF with highly doped buried layer and measured phase characteristics.

master curve that maps the digital output to temperature (see Sec-
tion 4.3). The device-to-device spread in Rth is only about ±2%, so
that at a typical power levels (Pheat = 1 mW),  spread in self-heating
corresponds to only ±5 mK  errors.

For ETFs with reduced r, or for ETFs implemented in SOI technol-
ogy with a very thin top silicon layer (FD-SOI), it is expected that Rth
will increase further, so that self-heating will increase accordingly.
However, the DC and AC thermal impedance of an ETF are coupled
(viz. through Eq. (1)), so the ETF’s SNR will have increased propor-
tionally, allowing lower Pheat for the same resolution. If a higher
resolution (or shorter conversion time) is required, Pheat should not
be reduced, in which case spread in self-heating could eventually
increase the ETF’s temperature-sensing errors.

4.8. Power supply rejection
Pheat (mW)

Fig. 14. Measured self-heating as a function of ETF heater power (based on 4
devices).
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Table  1
Comparison between high-temperature BJT-based temperature sensors and ETFs.

ADT7312 [2] LM95172 [3] Bulk CMOS ETF[6] SOI ETF (this work)

Worst-case inaccuracy ±1.0 ◦C trimmed ±3.0 ◦C trimmed ±0.7 ◦C (3�) untrimmed ±0.6 ◦C (3�) untrimmed
Temperature range −55 ◦C to 175 ◦C −40 ◦C–200 ◦C −70 ◦C–160 ◦C −70 ◦C–225 ◦C
Power dissipation 0.73 mW 1.2 mW 3.5 mW 3.5 mW
Conversion rate 4.16S/s 2.8S/s 1S/s 1S/s
Resolution 0.0078 ◦C 0.0078 ◦C 
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ig. 15. Device-to-device temperature errors over a wide temperature range.

ut it can be as small as 0.03 ◦C/V [19]. In ETF-based temperature
ensors, two sources of finite PSRR can be identified: changes in
he amplitude of the square wave applied to the heater, and errors
n the PD��M.  The latter is very small, since the PD��M is fully
ifferential and processes a time-domain input signal. The supply
oltage of the PD��M was swept from 4.5 to 5.5 V, but no variation
n �ETF could be measured. A more dominant source of finite power
upply rejection comes from changes in Vheat, and therefore in Pheat.
n this chip, Vheat is set by an external voltage source, connected to
he heater through a separate pin, so variations in Pheat are propor-
ional to Vheat

2. Through Rth (∼250 K/W), variations in Vheat cause
ariations in self-heating; the resulting change in temperature is
iven by:

T  = PheatRth = V2
heat

Rth

2Rheater
→ ∂T

∂Vheat
= VheatRth

Rheater
(7)

n the current system, spread in Vheat introduces a finite PSRR of
bout 0.16 ◦C/V at Pheat = 1 mW.  This sensitivity can Vheat can be
educed by decoupling Pheat from Vheat, e.g. by using a constant-
ower control circuit in which a feedback loop keeps Iheat × Vheat
qual to a constant value.

.9. Very high temperature operation

In an additional high-temperature experiment, a Carbolite HT-
/28 high-temperature oven was used to measure from 125 ◦C to
25 ◦C, while the climate chamber was used for lower tempera-
ures. To obtain reliable data at very high temperatures, Teflon
iring and high-temperature solder were used to connect to the
evices. As can be seen from Fig. 15,  ETFs also work at temperatures
s high as 225 ◦C, while maintaining an untrimmed inaccuracy of
0.5 ◦C (3�).

.10. Comparison to BJT-based sensors
Based on the results described above, ETF-based temperature
ensors can be compared to conventional temperature sensors
ased on bipolar transistors. Although state-of-the art BJT-based
0.1875 ◦Crms 0.026 ◦Crms

temperature sensors [18] consume much less power than the ETF-
based sensors in this work (7.5 �W vs. 3.5 mW),  ETFs have two
important advantages: firstly, they operate over a wide temper-
ature range and are unaffected by leakage currents; secondly, their
untrimmed inaccuracy is as low as ±0.6 ◦C (3�) over this range.
Table 1 shows a comparison between two commercially available
high-temperature sensors and ETFs; several key temperature sen-
sor specifications are listed.

5. Conclusions

This paper has discussed the modeling, design and measure-
ment of temperature sensors based on thermal diffusivity sensing
in SOI technology. Such sensors use an Electrothermal Filter to mea-
sure the temperature-dependent time it takes for heat to diffuse
through a silicon chip. For ETFs in bulk CMOS, a significant amount
of heat is lost to the substrate. However, in an SOI process the pres-
ence of a buried SiO2 layer reduces this heat loss, leading to up to
7× lower power consumption compared to ETFs in bulk CMOS.

Sensors from a single wafer have an untrimmed device-to-device
spread of ±0.6 ◦C (3�) from −70 ◦C to 225 ◦C, while the effects of
wafer-to-wafer and batch-to-batch variations were measured to
be at the 0.1 ◦C level. Thermal diffusivity sensors therefore do not
require any kind of trimming to achieve <1.0 ◦C inaccuracy, which is
the best performance reported for integrated temperature sensors.
The effects of spread in doping concentration are very small and
well-understood.
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