
M
t

U
a

b

A
R
R
A
A

K
M
T
H

1

h
t
t
c
s
i
c
i
a
t
s
o
d
o
H
t
b
t

T

0
h

Sensors and Actuators B 185 (2013) 274– 281

Contents lists available at SciVerse ScienceDirect

Sensors  and  Actuators  B:  Chemical

journa l h om epage: www.elsev ier .com/ locate /snb

icro-hot-plates  without  simply  connected  hot-spots  and  with  almost-circular
emperature  distribution

sman  Khana, Christian  Falconia,b,∗

Department of Electronic Engineering, University of Tor Vergata, Via del Politecnico 1, 00133 Rome, Italy
CNR IDASC, Via Fosso del Cavaliere, 100, 00133 Rome, Italy

a  r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 October 2012
eceived in revised form 7 March 2013
ccepted 23 April 2013
vailable online xxx

eywords:

a  b  s  t  r  a  c  t

We  have  recently  shown  that  the temperature  distribution  in  micro-hot-plates  with  perfectly  circular
geometry  can  be  accurately  expressed  in terms  of modified  Bessel  functions.  However,  the  geometry  of
practical  micro-hot-plates  cannot  be  perfectly  circular  due  to  several  issues,  including  the  presence  of
the  electrical  contacts;  in  fact,  a typical  manifestation  of  poor  circular-symmetry  is the occurrence  of
simply  connected  hot-spots.  Here  we systematically  investigate  all these  issues  and  describe  strategies
for  designing  micro-hot-plates  without  simply  connected  hot-spots  and  with  an  almost  circular  temper-
icro-hot-plates
emperature distribution
ot-spots

ature  distribution.  FEM  simulations  consistently  confirm  that  our  methodology  reduces  the temperature
deviations  from  ideal  circular  symmetry  down  to  levels  which  are  unimportant  for  most  applications  (e.g.
less than  2.5 ◦C  for  a micro-hot-plate  operating  at 800 ◦C). As a  result  of  the  excellent  circular  symmetry,
the  temperature  distribution  in  the proposed  micro-hot-plates,  unlike  previously  reported  devices,  can
be accurately  expressed  in  terms  of  the  modified  Bessel  functions,  which  is  a  key  step  toward  the design
of micro-hot-plates  with  unprecedented  temperature  uniformity  or with  desired  temperature  profiles.
. Introduction

Micro-hot-plates are micro-devices comprising resistive
eaters integrated within a thin membrane; the low thickness of
he membrane results in an increased thermal resistance between
he heater and the substrate, so that high operating temperatures
an be obtained with low power consumption [1]; moreover,
ince the micro-hot-plate can be heated without significantly
ncreasing the substrate temperature, other devices on the same
hip (electronic interface [2], other sensors/actuators and possibly,
n the future, integrated energy harvesters [3–5]) can operate
t much lower temperatures than the micro-hot-plate [6]. For
hese reasons micro-hot-plates are widely utilized in chemical gas
ensors for metal-oxide gas sensing [7–9], infra-red emitters for
ptical gas sensing [10,11] and micro-reactors for chemical vapor
eposition [6,12]; in almost all these applications, the uniformity
f temperature distribution within the heater is decisive [13–15].
owever, micro-hot-plates with simple meander shape heaters
ypically have a central hot spot [15] as, despite the asymmetry
etween the central part and the peripheral part of the heater,
he power per unit area within the heater is almost constant.
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Though the temperature distribution can be easily made more
uniform by using an heat-spreading plate [1,6,15], this solution
increases both the cost and complexity of micro-fabrication. As
another option which does not require any additional fabrication
step and can also be combined with the heat-spreading plate for
an even superior temperature uniformity, the heater geometry
can be modified so that the power per unit area within the heater
becomes significantly non-constant and can, therefore, somehow
compensate for the asymmetry between the central and the
peripheral parts; an effective implementation of this general
solution is to use spiral heaters which give non-constant power
per unit area. However, the accurate generation of the required
distribution of the power per unit area requires an accurate and
quantitative knowledge of the thermal losses in the different parts
of the heater. Similarly, it has been proposed to use two distinct
heaters for separately compensating the thermal losses inside
and outside heater [16–18]; however, the accurate generation
of the required compensating powers of the individual heaters
requires an accurate and quantitative knowledge of the thermal
losses in the interior and the exterior of the heater. Although
FEM simulations can provide such information with reasonable
accuracy, they do not provide sufficient insight for systematic

design of the micro-heater. In fact, the systematic design of
micro-heaters is inherently highly complex due to the presence
of many free parameters. As a result, without an analytical model
for the temperature distribution, designers can only improve the

dx.doi.org/10.1016/j.snb.2013.04.098
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:falconi@eln.uniroma2.it
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emperature uniformity by trial-and-error, obviously resulting
n largely sub-optimal designs due to the high number of free
arameters.

For these reasons, in a previous manuscript [19] we have shown
hat the temperature distribution in a micro-hot-plate with per-
ectly circular geometry can be accurately expressed in terms
f the modified Bessel functions; these analytical relations have
lmost the same accuracy as FEM simulations and can, there-
ore, be used for the systematic design of micro-hot-plates with
niform temperature distribution or with a desired temperature
rofile. However, perfect circular geometry was a prerequisite
or the analysis reported in [19] because such a geometry, along
ith the typical (i.e. very small) membrane thickness, reduces the

omplex three dimensional temperature distribution to a much
impler one-dimensional problem. However, practical heaters may
ot be perfectly circular because the unavoidable electrical con-
acts somehow break the circular symmetry; such potentially
ery strong perturbation of the circular symmetry (see Section

 on FEM simulations) is mainly caused by both the external
ontacts to the driving circuitry and by the internal contacts
mong the individual heaters (which is the case of a multi-heater
icro-hot-plate design with any of the heater configurations:

eries or parallel). We  stress that, since the importance of circu-
ar symmetry was recognized only very recently [19], the design
f micro-hot-plates with almost circular symmetry is virtually
nexplored.

Another key issue in micro-hot-plates design is minimizing
imply connected hot and cold spots. Simply connected hot-spots
an be defined as well localized, simply connected (i.e. there are
o holes) regions at significantly higher temperature in compar-

son with their surroundings (e.g. due to an excessive local heat
eneration). Though generally not explicitly mentioned or dis-
ussed, hot-spots are well known by micro-hot-plates designers
nd can often be easily identified by inspection of the tempera-
ure distributions in micro-hot-plates, as for instance in [15,20–24].
n particular, an almost-constant power per unit area in regions

hose surroundings are very different (e.g. in contrast to the cen-
ral region, the peripheral parts of the micro-heater are adjacent
o areas which are not directly heated, such as the bridges or

embranes which connect the heater to the bulk) easily results in
ignificant temperature differences, as in [15,20–22]. Alternatively,
ot-spots can also arise in parts of the heater with substantially
igher current flow as it was likely the case in the references [23,24].

n the case of multi-heater design [16–18] the electrical contacts
an also be critical as, apart from breaking the symmetry due to
heir typically very high thermal conductivity (in striking contrast
ith the very low thermal conductance of the thermally insulat-

ng membrane), the current flow in the contacts will generate an
ndesirable heat, which may  also give an hot-spot. Clearly, cold-
pots can be defined in a dual manner and may  be introduced by a
ocally insufficient heat generation. Despite its crucial importance,
he minimization of simply connected hot-spots has not yet been
ystematically investigated in the literature. For instance, micro-
eaters using a series [17,18,23] or a parallel [23] connection of
ifferent sub-heaters have been reported, but it has not been dis-
ussed if one option is better than the other in terms of hot-spots.

e stress that a good circular-symmetry of the temperature dis-
ribution can only be obtained if, in particular, there are no simply
onnected hot-spots and/or cold-spots.

Here, we determine the guidelines for designing micro-heaters
ith an almost-circular temperature symmetry and, in particular,
ithout simply connected hot-spots and cold-spots. FEM simula-
ions confirm that our method allows one to design micro-heaters
ith a circular symmetry which is so good that the analytical rela-

ions found in [19] are still very accurate. The proposed design
ethodology, in conjunction with the model [19] may  allow the
m

Fig. 1. Cross-sectional view of a micro-hot-plate (not in scale).

systematic design of micro-hot-plates with unprecedented tem-
perature uniformity or with desired temperature profiles.

2. Strategies for the design of micro-hot-plates without
simply connected hot-spots and with almost-circular
temperature distribution

Here, we describe methodologies for designing a micro-heater
structure with almost circular temperature distribution and, in par-
ticular, without simply connected hot-spots or cold-spots. First,
in order to obtain a circular temperature distribution we adopt
a multi-heater design [16–18] with the total heater made of a
combination of circular heaters. For simplicity, here, we con-
sider a micro-hot-plate with circular membrane and with only
two circular ring-heaters, as schematically shown in Fig. 1 (cross
section) where th and tm are the thicknesses of the heater and
of the membrane, who and whi are the widths of the inner and
outer heaters, rhi, rho and rm are the radii of the inner heater,
outer heater, and membrane, respectively. We  stress that though
we consider only two circular ring-heaters, as we shall discuss
later, our method can easily be applied to a generic number of
heaters.

2.1. Temperature distribution in an hypothetical micro-hot-plate
with perfectly circular geometry

In hypothetical micro-hot-plates with perfectly circular geom-
etry the temperature can be accurately expressed in terms of
modified Bessel functions [19]. With reference to Fig. 1, the device
can be considered as composed by five regions: the central region
inside the inner heater; the inner heater region; the intermedi-
ate region between the inner and outer heaters; the outer heater
region; the external region, which is outside the outer heater. In
[19], we  assumed that, for both the inner and outer heaters, the
temperature within an heater region is perfectly constant and
determined the analytical expressions for temperature distribu-
tion in the central, intermediate and external regions [19] for two
distinct design cases. Here, for conciseness, we  only report the
relations which correspond to the case of the inner and outer
heaters temperatures equal to two arbitrary values, Thi and Tho,
respectively, as this choice offers a better temperature uniformity
if the both the temperatures (Thi and Tho) are equal (case (a) in
[19]).

The temperature in the central region (0 ≤ r ≤ rhi) is

T (r) = (Thi − To)
I0 (norhi)

I0 (nor) + To (1)

The temperature in the intermediate region (rhi + whi ≤ r ≤ rho)
is

T (r) =
[

[(Thi − To)K0(norho) − (Tho − To)K0(no(rhi + whi))] I0(nor)
[I0(no(rhi + whi))K0(norho) − I0(norho)K0(no(rhi + whi))]
− [(Thi − To)I0(norho) − (Tho − To)I0(no(rhi + whi))] K0(nor)
[I0(no(rhi + whi))K0(norho) − I0(norho)K0(no(rhi + whi))]

]

+ To (2)
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The temperature in the external region (rho + who ≤ r ≤ rm) is

(r) =
(

(Tho − Ta) [K0 (narm) I0 (nar) − I0 (narm) K0 (nar)]
I0 (na(rho + who)) K0 (narm) − I0 (narm) K0 (na(rho + who))

)

+ Ta. (3)

o =
√

2hc + 8�εT3
h

ktm

a =
√

2hc

ktm
,

o =
(

2hcTa + 6�εT4
h

+ 2�εT4
a

2hc + 8�εT3
h

)

i is the modified Bessel function of 1st kind and ith order [25],
nd Ki is the modified Bessel function of 2nd kind and ith order
25], whereas � is Stefan’s Boltzmann constant, ε is the average sur-
ace emissivity of membrane and hc is the average convection heat
ransfer coefficient (average refers to the top and bottom surfaces
hich, in general, may  have different emissivities and convection
eat transfer coefficients), k is the thermal conductivity of mem-
rane and Ta is the ambient temperature.

.2. Possible causes of imperfect circular symmetry of the
emperature distribution and strategies for minimizing deviations
rom circular symmetry and for avoiding simply connected
ot-spots and cold-spots

In order to design a micro-hot-plate with almost circular tem-
erature distribution and, in particular, without simply connected
ot-spots or cold-spots, we will separately investigate all the pos-
ible causes of imperfect circular symmetry of the temperature
istribution, namely the type of connection between the individ-
al heaters (either series or parallel), the structure of the individual
eaters (e.g. number of turns in the case of serpentines), the elec-
rical contacts (both internal and external contacts), and the gaps
nd cuts.

.2.1. Electrical connection among individual heaters
In multi-heaters designs hot-spots can easily arise from

mproper electrical connection between different individual
eaters. A two-heater micro-hot-plate requires internal contacts
etween the individual heaters (in any of the configuration: series
r parallel) and external contacts to the electronic interface of
he micro-hot-plate; the contacts, which obviously do not have
ircular-symmetry, can perturb the circular symmetry either by
heir (typically high) thermal conductivity or by heat generation.
n particular, the heat generation in the contacts often dominates
nd, besides breaking the circular-symmetry of the temperature
istribution, easily introduces simply connected hot-spots at the

unction between the contact and the heater (see also the discus-
ion on FEM results in Section 3). Therefore, a proper design must
inimize the heat generated within the electrical contacts. Accord-

ngly, we prefer a series configuration of the individual heaters
shown in Fig. 2). In fact, every electrical contact, whose electri-
al resistance can be referred to as RCX, is in series with the part
f the heater which is internal to the contact and whose electrical

esistance can be referred to as RICX. Therefore, the heat generated
ithin the contact is negligible in comparison with the heat gener-

ted within the part of the heater internal to the contact if and only
f RCX is much smaller than RICX. However RCX cannot be arbitrarily
Fig. 2. Micro-hot-plate with two-heater geometry (top) and zoom of the central
part of micro-hot-plate (bottom).

reduced (e.g. for external contacts, excessively thick and wide con-
tacts would act as thermal short-circuits and degrade the thermal
resistance between the hot-plate and the bulk); as a result, RICX
must be sufficiently high, which in practice, taking into account
the high electrical conductivities of typical heater materials and
the limitations on the available area and on the minimum width, is
substantially easier with series connections. The series connection
is especially crucial for avoiding simply connected hot-spots at the
external contacts which easily have a significant resistance due to
their possibly very high length (especially if the radius of the mem-
brane is very large in comparison to the radius of the active/heater
region).

As is obvious, the series connection (i.e. higher total resistance)
will require, in order to generate the power required for a desired
hot-plate temperature, a larger supply voltage in comparison with
the parallel connection (i.e. lower total resistance). Though this can
be an issue for low voltage applications or may  require, for instance,
additional circuitry (e.g. charge pumps [26,27]) or even more robust
processes, in this work we exclusively focus on how to minimize
hot-spots and to minimally degrade the circular symmetry.

2.2.2. Structure of the individual heaters
Fig. 2 shows the proposed structure where, for simplicity, we

only considered two-heaters simply referred to as the inner and
outer heaters; rhi, rho and rm are the radii of inner heater, outer
heater and membrane, respectively; wti and wto are the track
widths of inner heater and outer heater, respectively; Sint is the
length of the intermediate region, St is the spacing between the
tracks and Sc is the length of the cuts at the extremities of the tracks
length; nc-int and nc-ext are the contact-width multiplicity factors
for internal contacts and external contacts, respectively; nso and
nsi are the distance-to-junctions multiplicity factors for outer and
inner edges of internal contacts, respectively, whereas, ns-ext is the
distance-to-junctions multiplicity factor for the external contacts.

As discussed above, the inner and outer heaters are connected
in series. Since the outer heater has to compensate for significantly

higher thermal losses than the inner heater in the series, for the
series configuration (i.e. both heaters have the same current), the
outer heater resistance must then be higher than the inner heater
resistance. For this reason, in order to have a sufficiently higher
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Table  1
Material properties.

Material Thermal conductivity (W/(m K)) Resistivity (� m)  Temperature coefficient of resistance (1/K) Surface emissivity
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Silicon dioxide 1.4 – 

Silicon nitride 20 – 

Platinum 71.6 1.05 × 10−7

uter heater resistance with a reasonably narrow track width, the
uter heater can be made by serpentine resistors which must ulti-
ately be connected in series, and each serpentine resistor can be
ade of more turns; for instance, Fig. 2 schematically shows an

uter heater made of two serpentine resistors, each with four turns
approximately an 8 times narrower track would be required for an
uter heater with two single track resistors).

Fig. 2 also shows an inner heater made up of a middle ring (com-
rising two parallel track resistors) in series with two  symmetrical
racks resistors (one on each side of the middle ring). As discussed
bove, the series connection is used for avoiding simply connected
ot-spots in the contacts. However, though not essential for cir-
ular symmetry, here we also introduce an additional strategy for
mproving the temperature uniformity by inclusion of a middle ring

ith a parallel connection of two tracks having half of the inner
eater track width, wti in order to keep the power produced per
nit area almost constant within the inner heater region.

.2.3. Electrical contacts
In order to further reduce the heat generation in the contacts

n comparison with the heat generated in the heater, the contact
idth can be made larger than the inner heater track width. For

larity we define the contact-width multiplicity factor nc, as the
atio between the contact width and the width of the track of the
djacent heater-ring internal to the contact. For instance, in our
wo-rings-heater the width of the external contacts can be made
qual to nc-ext*wti and the width of the internal contacts equal to
c-int*wti, as schematically shown in Fig. 2. Since the contacts can-
ot have a circular-symmetry, reducing the heat generated within
he contacts, beside avoiding simply connected hot-spots, is also
ecisive for achieving a good circular-temperature-symmetry (see
lso the discussion on FEM results in Section 3).

In close proximity of the junction between contacts and heaters,
he contact-width is not multiplied by the correspondent contact-
idth multiplicity factor as this would reduce the power generation

n the junction regions in comparison to the other parts of the heater
nd result in a simply connected cold spot. In fact if, intuitively, we
onsider a very large contact-width it is clear that the very large
ontact-width would locally short-circuit a region of the heater.
herefore, the wider part of a contact is kept at a distance from
he junction region and at smaller distance from the heater the
rack width is the same as the width of the correspondent heater.
s schematically shown in Fig. 2, the distances between wider
ontacts and junctions can be synthetically expressed in terms of
istance-to-junctions multiplicity factors, so that the wider part
f the internal contacts can be kept at a distance of nso*wti from
he outer heater and at a distance of nsi*wti from the inner heater;
ikewise, the wider part of the external contacts can be kept at a
istance of ns-ext*wti from the outer heater. The choice of the mul-
iplicity factors is not critical as there is a range of values which
esults in excellent circular symmetry; however, for validation, FEM
imulations can be used.

Another important concern, since the heater materials (e.g. plat-
num) generally have a much higher thermal conductivity than the
embrane, is that the contacts tend to act as thermal short circuits
n their area. Since thermal insulation between the heater and the
ulk is crucial, this is especially important for the external con-
acts. In order to prevent this phenomenon, the wider part of the
– 0.5 [11]
– 0.9 [32]
3.927 × 10−3 –

contact must be kept at sufficient distance from the junction (i.e.
by increasing ns-ext*wti).

2.2.4. Gaps and cuts
As schematically shown in Fig. 2, the serpentine tracks intro-

duce gaps (with spacing St) between adjacent tracks and moreover
a circular micro-heater structure typically requires cuts (length Sc)
at the extremities of the track lengths. Nevertheless, the gaps do
not significantly deteriorate the circular structural symmetry as
they are almost perfectly circular. Likewise, although cuts can be a
source of temperature asymmetry in circular direction due to the
absence of heat generation in a part (cuts) of the heater, this is
a minor issue as the cut lengths can be made very small (in the
micrometer range).

The heater geometry schematically represented in Fig. 2 is flexi-
ble as the turns (in serpentine tracks) can be increased or decreased
to adjust the track widths of inner and outer heaters at desirable
values depending on the application. Moreover, our structure can
be utilized to realize any multi-heater-geometry (having more than
two heaters) with good circular symmetry, with all the heaters con-
nected in series. Each individual heater, apart from the innermost
heater, will comprise two  symmetrical serpentine tracks, similar
to the outer heater schematically shown in Fig. 2; the innermost
heater will have a middle ring (comprising two parallel tracks) with
two symmetrical track resistors. All the inner heaters will contact
the adjacent heaters with internal contacts which are wider than
the heaters except in proximity of the junctions with the heaters.
Similarly, the outermost heater will contact the supply with exter-
nal contacts which are wider than the outermost heater except in
proximity of the junction with the outermost heater.

The choice of all the multiplicity factors is typically not criti-
cal as there is a range of values which results in excellent circular
symmetry; however, for validation, FEM simulations can be used.

3. FEM simulation

Here we  verify that the design strategies introduced in Section 2
allow us to obtain excellent circular symmetry of the temperature
distribution, prevent the occurrence of simply connected hot-spots,
and allow to use the model [19] (found under the assumption of
perfect circular symmetry) in practical micro-hot-plates. For vali-
dation, we utilize COMSOL for FEM simulations, with the Joule
heating function of the heat transfer module. For meshing, we
adopted the swept mesh method with the free triangular mesh at
the source faces; importantly, we  opted for a finer mesh within
the heater and a coarser mesh in the external region as, firstly,
not much detail is required in the external region and, secondly,
this choice largely reduces the computation time. Regarding the
boundary conditions, we  replace the substrate with a temperature
boundary condition T = Ta [16] with Ta = 20 ◦C and we  utilize the
convection heat transfer coefficient of 250 W/(m2 K) at the top sur-
face and 150 W/(m2 K) at the bottom surface [28]. Though, for our
validation test, we  simply consider the values of convection heat
transfer coefficient from [28], we  mention this coefficient strongly

depends on micro-hot-plate geometry, packaging and environment
[29] and several methods have been reported in the literature
for its prediction, mainly utilizing FEM simulations and/or exper-
iments [17,29,30] so that for a practical design the heat transfer
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Table 2
Micro-hot-plates parameters.

Parameter Micro-hot-plate with
narrow contacts

Micro-hot-plate with
wide contacts

rm 589 �m 611 �m
tm 1.7 �m 1.7 �m
th 0.3 �m 0.3 �m
rhi 55 �m 55 �m
rho 137 �m 137 �m
whi 4 �m 4 �m
who 7 �m 7 �m
wti 2 �m 2 �m
wto 1 �m 1 �m
Sint 78 �m 78 �m
St 1 �m 1 �m
Sc 1 �m 1 �m
nc-int 1 12
nc-ext 1 12
nso 1 1
nsi 1 1

c
r
a
a
t
p
s
o

w

t

c
t

p
t
t
e
h

3

t
s
t
s
w
c
w
o
r
f
h
a
t
d
c

ns-ext 10 10
Supply voltage, Vs 29.5 V 30.7 V

oefficient must preliminarily be determined. Regarding the mate-
ials, we consider a membrane consisting of stacked silicon dioxide
nd silicon nitride (with 0.35 �m silicon dioxide at the bottom
nd 1.35 �m silicon nitride); the heater is made up of platinum;
he material properties are summarized in Table 1. The micro-hot-
lates parameters are given in Table 2. Since the membrane is a
tack of materials, our model determines the thermal conductivity
f the region j using the expression [31]:

kj =
∑n

i=ia
j
i
tj
i
kj

i

tj
e

tj
e =

n∑
i=1

aj
i
tj
i

(4)

here aj
i

is the ratio of the area of layer i in the region j to the

otal area of the region, tj
i

and kj
i

are the thickness and thermal

onductivity, respectively, of layer i in region j and tj
e is the effective

hickness of region j.
Here, firstly, we analyze the circular temperature symmetry in a

ractical micro-hot-plate utilizing our novel micro-heater geome-
ry. After verifying the excellent circular symmetry we demonstrate
hat the temperature in the proposed devices can be accurately
xpressed in terms of modified Bessel functions [19], similar to
ypothetical perfectly circular devices.

.1.1. Circular temperature symmetry in the micro-hot-plate

The combined use of all the design strategies proposed in Sec-
ion 2 allows us to substantially reduce the deviations from circular
ymmetry of the temperature distribution. In order to quanti-
atively illustrate this result, we choose a representative design
trategy, namely using, instead of electrical contacts with constant
idth (as in all previously reported micro-hot-plates), electrical

ontacts which are wider (in order to reduce the heat generated
ithin the contact) apart in close proximity of the junctions (in

rder to not de-activate a significant part of the heater which would
esult in a cold-spot). As a result, Fig. 3 presents the FEM results
or the surface temperature distribution for the proposed micro-
eater structure, both with constant-width contacts (Fig. 3(a))

nd with the proposed contacts (Fig. 3(b)). As evident, conven-
ional constant-width contacts result in poor circular symmetry
ue to the undesired (non-circular) heat generation in the narrow
ontacts; we stress that if wider contacts are used, a significant
Fig. 3. Surface temperature distribution within the micro-heater structure (a) with
narrow contacts and (b) with wide contacts.

part of the heater, at the junction with the contact, would be
partially deactivated, resulting in a cold-spot, rather than hot-spot.
In contrast, Fig. 3(b) shows and excellent circular symmetry; more-
over, despite the unavoidable presence of temperature differences
(perfect temperature uniformity is clearly impossible), there are no
simply connected (i.e. without holes) hot-spots.

In order to more accurately evaluate the circular tempera-
ture symmetry, we may  analyze, in both cases, the temperature
along circumferences located inside the micro-heater; the maxi-
mum  temperature difference along the circumference, �Tmax can
be taken as a concise parameter for quantifying the deviations from
perfect circular symmetry along a certain circumference. Figs. 4–8
present the temperature along circumferences located in all the five
regions of the micro-heater (�Tmax is the maximum temperature
difference along the circumference): circumference in the internal
region with radius rhi/2 (Fig. 4); circumference in the inner heater
region with radius rhi + whi/2 (Fig. 5); circumference in the inter-
mediate region with radius rhi + whi + Sint/2 (Fig. 6); circumference
in the outer heater region with radius rho + wto/2 (Fig. 7); circum-
ference in the external region with radius rho + who + (rm − rho)/2
(Fig. 8). Clearly, in the case of the conventional constant-width
narrow contacts, the temperature peaks occur in correspondence
with the electrical contacts which generate an undesired heat (left-
side plots in Figs. 3–8). By contrast, due to much smaller contact
resistances, these peaks disappear or, at least, are much smaller
in the proposed micro-hot-plates (right-side plots in Figs. 3–8)
which exhibit very small deviations from perfect circular symmetry
(�Tmax equal to 0.025 ◦C, 0.65 ◦C, 2.35 ◦C, and 1.63 ◦C in the central,
inner heater, intermediate, and outer heater regions, respectively);
for most practical applications such small deviations are likely
insignificant in comparison to the operating temperature (800 ◦C).
We mention that, for the proposed micro-hot-plates, circular sym-
metry is improved in the external region, which is outside the area
of interest (�Tmax equal to 8.18 ◦C).

3.1.2. Comparison of model and FEM temperature distributions

Since the temperature distribution in the proposed micro-hot-
plates has excellent circular symmetry, we expect the model found
in [19] is still very accurate. In fact, Fig. 9 compares the analytical
relations [19] and FEM simulations for the proposed micro-hot-
plate. For completeness two different cases are considered for the
FEM simulations: in the first case (green-triangle curve) the radi-
ation heat transfer is ignored in the external region (i.e. radiation
heat transfer is considered only within the micro-heater area) as
assumed by our analytical model [19]; in the second case (black-
circle curve) FEM simulations have been performed by taking into

account radiation heat transfer everywhere (i.e. the most accu-
rate possible FEM simulation). Due to the non-zero thickness, FEM
temperatures are taken at the top surface of the membrane and
Tavg (in Fig. 9) denotes the (spatial) average temperature within
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Fig. 4. Circular-temperature-plots in the central region at a radius of rhi/2 in a micro-hot-plate (a) with constant-width narrow contacts and (b) with the proposed contacts.
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Fig. 5. Circular-temperature-plots in the inner-heater region at a radius of rhi + whi/2 in a micro-hot-plate (a) with constant-width narrow contacts and (b) with the proposed
contacts.
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Fig. 6. Circular-temperature-plots in the intermediate region at a radius of rhi + whi + Sint/2 in a micro-hot-plate (a) with constant-width narrow contacts and (b) with the
proposed contacts.

0 0.5 1 1.5 2
780

785

790

795

800

805

810

Ang le,   [radians]φ φ

T
e
m

p
e
ra

tu
re

, 
T

 [
 

C
]

 

 

T
max

=23 .3
o
C

0 0.5 1 1.5 2
795.5

796

796.5

797

797.5

Ang le,   [radians]

T
e
m

p
e
ra

tu
re

, 
T

 [
 

C
]

°°

 

 

TΔΔ
max

=1.63
o
C

π/2 π 3π/2 2π

(b)

π/2 π 3π/2 2π

(a)

F
c

ig. 7. Circular-temperature-plots in the outer-heater region at a radius of rho + wto/2 in a m
ontacts.
icro-hot-plate (a) with constant-width narrow contacts and (b) with the proposed



280 U. Khan, C. Falconi / Sensors and Actuators B 185 (2013) 274– 281

0 0.5 1 1.5 2
195

200

205

210

215

220

225

Angle,  [radians]φ φ

T
e
m

p
e
ra

tu
re

, 
T

 [
 

C
]

° °

TΔ
max

=27
o
C

0 0.5 1 1.5 2
190

192

194

196

198

200

Angle,  [radians]

T
e
m

p
e
ra

tu
re

, 
T

 [
 

C
] TΔ

max
=8.18

o
C

π/2 π 3π/2 2π

(b)

π/2 π 3π/2 2π

(a)

Fig. 8. Circular-temperature-plots in the external region at a radius of r + w + (rm − rho)/2 in a micro-hot-plate (a) with constant-width narrow contacts and (b) with the
p

t
d
a
h
t
t
r
p
t
w
p

m
c
m
b
[
u

F
s

ho ho

roposed contacts.

he micro-heater area. As evident, the analytical model [19] intro-
uces a constant error (i.e. a shift of the curves) which is due to the
ssumption of constant temperature within the inner and outer
eaters regions (which, clearly, is only an approximation [19]) and
o the impossibility to easily include heat transfer radiation outside
he micro-heater region (only within the micro-heater region the
adiation heat transfer can be linearized by the first-order Taylor
olynomial [19]). Nevertheless, such a constant shift is unimpor-
ant for studying with high-accuracy the temperature uniformity
ithin the active area [19] as the temperature profile is almost
erfectly preserved.

Overall, FEM results (Figs. 3–8) confirm that the proposed
ethodologies allow one to design micro-heaters without simply

onnected hot-spots, with excellent circular temperature sym-
etry and, therefore, with a temperature uniformity which can

e accurately investigated in terms of modified Bessel functions
19]; these results may  allow to designing micro-hot-plates with

nprecedented temperature uniformity.

0 0.1 0.2 0.3 0.4 0.5 0.6
0

100

200

300

400

500

600

700

800

900

Radius, r [mm]

T
e
m

p
e
ra

tu
re

, 
T

 [
 

C
]

°

°

°

°

°

0 0.05 0.1 0.15
780

785

790

795

800

805

810

815

Radius,  r [mm ]

T
e
m

p
e
ra

tu
re

, 
T

 [
 

C
]

0.4 0.6Model (T
avg

= 795 .6C)

FEM (radiation only within heater) (T
avg

= 80 4 C)

FEM (radiation everywhere) (T
avg

= 79 2 C)

ig. 9. Temperature distribution in the proposed micro-hot-plate according to FEM
imulation and to the analytical model proposed in [19].
4. Conclusions

We have recently determined simple and compact analytical
relations for the temperature distribution in a multi-heater micro-
hot-plate with circular structural symmetry [19]. However, in real
micro-hot-plates, the circular symmetry may  not be perfect, for
instance due to the electrical contacts; in particular, a typical man-
ifestation of poor circular symmetry is the occurrence of simply
connected hot-spots or cold-spots. Here, first, we have system-
atically investigated all the possible causes of imperfect circular
symmetry, including simply connected hot or cold spots; after-
wards, we  have proposed strategies for designing micro-hot-plates
with minimal perturbation of the circular symmetry and, in par-
ticular, without simply connected hot-spots and cold-spots. FEM
simulations demonstrate that our approach allows the fabrication
of micro-hot-plates with negligible deviations from ideal circu-
lar symmetry (e.g. less than 2.5 ◦C for an operating temperature
equal to 800 ◦C) and, therefore, the analytical relations found for
hypothetical perfectly circular micro-hot-plates can still be rea-
sonably accurate for practical micro-hot-plates. In conclusion, the
proposed design strategies along with our previous model [10] for
temperature distribution constitute a powerful tool for designing
micro-hot-plates with unprecedented temperature homogeneity.
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