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Introduction

Abstract

One of the key components of a microsensor is the Micro electromechanical
system (MEMS) microheater. It has a wide range of applications such as gas
sensors, pressure sensors, and so on. In this study, a platinum microhotplate
based on suspended membrane structure is introduced. A simple microfabri-
cation process is adopted to form the micromachined suspended microheater.
Some integrated circuit processes such as E-beam evaporation of Pt and Au,
oxidation, wet etching process, and photolithography process are used to
fabricate the device. As the usage of deep-reactive ion etching and low-pressure
chemical vapor deposition systems are avoided, the microfabrication process of
the hotplate is accessible even in laboratories with limited equipment. In order
to achieve uniform temperature distribution over the active heater area and
to increase the robustness of the membrane, a thin silicon island was placed
underneath the dielectric membrane. Thermal and thermomechanical behav-
iors of this structure obtained by finite element analysis show that the designed
microhotplate is relatively strong. Experimental results show that power
consumption and time constant are 50 mW and 4.23 ms, respectively, for the
temperature variation from 30°C to 500°C in the fabricated microhotplates.

and especially compatibility with standard inte-
grated circuit (IC) processes to enable co-integrated

In recent years, thin-film microhotplates have been
emerging as a topic of considerable interest for a wide
variety of applications, such as gas sensors, flow/wind
sensors, humidity sensors, infrared sources, and so
on.'7> The use of microhotplate in sensor design
can increase the dynamic response and significantly
reduce the power consumption of the sensor due
to the small thermal mass of the microhotplate.® Its
usage as sensors can also reduce the complexity of
manufacturing process’ and the costs involved in
mass production.?

To satisfy the needs of modern and portable
electronic system applications, microhotplates are
expected to have high thermal uniformity to increase
the sensitivity and the selectivity of the heated layers
to specific gases, low-power consumption for portable
applications, high thermal and mechanical strength
to intensify robustness in harsh environments,

microsystems and to allow low-cost batch production.
Finally, the ability to reach temperatures up to 700°C
is an asset to perform the on-chip annealing of the
deposited gas-sensitive layers after packaging.’

Several studies have been conducted on micro-
heaters using Pt,%1°714 polysilicon,'”> and doped sili-
con as the heating electrode. Polyimide,'® Si,*!* and
SOI'” have also been investigated for use as mem-
brane materials. Pt is a well-known standard material
for high-temperature heaters. It is electrically and
thermally stable for high-temperature operation and
easily available for the deposition process. It is also
highly conductive and, thus, can be used with a
low-drive voltage. Doped silicon- or polysilicon-based
heating electrode known to be gradually degraded
by silicon oxidation at high-temperature operation
in ambient air, so that they require special device
packaging such as inert gas sealing.'%1°
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As mentioned earlier, for gas sensors, high thermal
uniformity is also critical to increase the sensitivity
and selectivity to gases. As reported in Ref. 20, the
temperature gradient over the sensitive area should
not exceed 50°C to maintain good sensitivity per-
formance. Briand groups recommend a temperature
gradient lower than 25°C.?! Temperature unifor-
mity on a microhotplate can be achieved through
several methods, such as using a thicker silicon
island underneath the microhotplate membrane,?!22
placing a polysilicon plate under the microhotplate
membrane,?? placing metal or a metalloid compound
on the top of the heater, and using various geometries
on the dielectric membrane and heater design.?*

Despite there are numerous published literature
contains the microfabrication process of microhot-
plate using bulk micromachining technology, they
used deep-reactive ion etching (DRIE) systems!’
or deposited silicon nitrides as silicon mask during
etching of Si in potassium hydroxide (KOH) using
low-pressure chemical vapor deposition (LPCVD)
systems!? both of which (DIRE and LPCVD systems)
are not accessible in laboratories with limited equip-
ment. In addition, they need a vacuum chamber and
the other costly instruments associated with them.

In this work, a suspended microhotplate is pre-
sented on silicon substrate with Pt heating electrode.
For achieving uniform temperature distribution over
the active heater area and increasing the robustness
of the membrane, thin Si island is placed under-
neath the dielectric membrane. Simulation results
using (ANSYS software, Cecil Township, Pennsylva-
nia, USA) show that the designed microhotplate is
comparability strong. In accordance with the principle
of structural design, the simple fabrication processes
are designed for the microhotplate. Some IC processes
such as electron-beam evaporation of Pt and Au, wet
etching process, and photolithography process are
used to fabricate the device. For silicon bulk microma-
chining, a simple wet-releasing process is performed
using tetramethyl ammonium hydroxide (TMAH) as
Si etchant and silicon dioxide as protector of silicon
during wet etching of Siin TMAH. TMAH is non-toxic
to humans, no damage to integrated circuits, and com-
patible with CMOS technology. In addition, while
using TMAH to etch silicon, thermal oxidation of sil-
icon dioxide can be a good mask. Finally, suspended
microhotplates are fabricated and characterized.

Design and Simulations

The desired structure in this article consists of a
heater/thermometer element that is freely suspended
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Figure 1 Schematic diagram of the top view of the microhotplate.

via tethers. Figure 1 shows the layout of the platinum
microhotplate. A rectangular island at the center
is linked to the bulk silicon with four tethers.
Two interdigit serpentine platinum resistors are
placed in the rectangular island, and two platinum
resistors enable several operational configurations.
For instance, one of them is used as a heater, and
the other resistor is used as a thermometer or both
resistors can be used as heaters.

The designed microhotplate has been supported
using thermal and mechanical simulations with the
ANSYS finite element analysis software. Temperature
gradient simulations and mechanical stress simula-
tions of the structure are required to establish the
geometrical features of the microhotplate. For the
simulation, the ambient temperature, the applied
voltage to the microhotplate, and the thermal
convection coefficient are set up at 25°C, 0.35V,
and 100 W/m? K, respectively. It should be noted
that only convective energy losses have been taken
into account as the irradiative energy losses are very
small due to the small the size of microhotplates
and the temperature range of favorite.?> The thermal
and mechanical properties of the materials used in
the microhotplate design are shown in Table 1.2 In
addition, details of the hotplate dimensions used in
Finite element method (FEM) simulation are shown
in Table 2.

Figure 2 shows the temperature simulation results
of two microhotplates with and without silicon island
underneath the dielectric membrane to compare their
temperature uniformity.

For gas sensors, high thermal uniformity is critical
to increase the sensitivity and selectivity to gases.
Temperature uniformity on a microhotplate can be
achieved through several methods. In this study,
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Table 1 Material properties used for microhotplate structure®

Simple Fabrication of a Microhotplate

Thermal Electrical Young's

Density Specific heat conductivity conductivity Modulus Poisson’s
Material (kg um=3) (pJkg™"K) (pW/umk) (ps/um) (Mpa) ratio
Si 2.33e—15 7.12e+14 1.5e8 1.44€9 1.5e5 0.17
SiO2 2.27e—15 1.0e+15 1.4e4-6 - 0.7e+5 0.2
Pt 2.14e—14 1.33e+14 7.2e+7 9.6e+12 1.68e+5 0.38
Au 1.93e—14 1.29e+14 2.97e+8 45.2e+12 7.8e+4 0.44
(a)

Temperature vasat
Type: Temperature
Unit: *C
Time: 1
Custorn
1/10/2014 T:31 AM

498.37 Max

Figure 2 Microheater (a) with and (b) without a silicon island under the dielectric membrane.

Table 2 Dimensions of the microhotplate

Structure Dimension (um)
Membrane length 1000
Heater length 440
Heater width 20
Tether length 400
Tether width 50
Silicon thickness 10
Silicon dioxide thickness 0.3
Platinum thickness 0.12
Gold thickness 0.15

the method of placing silicon island underneath the
dielectric membrane is investigated. As it is shown
in Fig. 2, the microhotplate with silicon island has
high temperature uniformity in heater-active area,
whereas the microhotplate without silicon island has
high temperature gradient (more than 80°C) in its
active area. Therefore, we chose suspended mem-
brane microhotplate with silicon island underneath
the active area in our structure.

Simulation results of the mechanical stress and the
vertical displacement of the microhotplate at 500°C

Experimental Techniques (2014) © 2014, Society for Experimental Mechanics; Exp Tech (2016) 40: 755-763

using ANSYS software are shown in Figs. 3 and 4,
respectively. The mechanical stress is on the order
of 100-170 MPa which is less than the compressive
strength of silicon dioxide (about 690 MPa) and the
vertical displacement is about 3 um for the suspended
microhotplate. These results show that the designed
microhotplate is relatively strong.

Device Fabrication

Fabrication of the suspended membrane microhot-
plate involves five photolithographic processes with
four masks carried out using optical lithography and
standard cleanroom processes. The microfabrication
process typically consists of 13 steps: growing of the
silicon oxide layer on the substrate, evaporation of
the chromium film in the front side, patterning
of back-side silicon oxide layer, etching of silicon,
patterning the front-side chromium layer, repeat-
ing the silicon etching, removing of silicon oxide
layer, removing chromium layer, growing a new sil-
icon oxide on the substrate, patterning of front-side
silicon oxide layer, evaporation of Cr, Pt, and Au
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respectively on front side and patterned by liftoff pro-
cess, etching the front-side silicon, and releasing of the
structure.

Figure 5 shows the basic fabrication steps used to
implement the simple fabrication microhotplate in
this work.

The micromachined structure was fabricated on a
p-type «<100> Si wafer with the thickness of 460 um.
The water is cleaned by Radio Corporation of America
(RCA) cleaning process. First, a 1-um-thick SiO; is
thermally grown on double-side polished substrate
by means of wet oxidation process (Fig. 5(a)), then
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Figure 3 FEM simulation of the
mechanical stress in the
microhotplate.

Figure 4 FEM simulation of the
vertical displacement in the
microhotplate.

150 nm thick Cr layer is then evaporated on top of
the SiO, on the front side of wafer using thermal
evaporation method (Fig. 5(b)). This Cr layer is used
for SiO, patterning and extra protection of SiO,
during the subsequence etching of Si in TMAH. Cr
deposition is followed by 1h annealing at 400°C at
5sccm nitrogen flow pressure. After that, a square
window is opened on the back side of SiO, using
standard lithography process by butfered hydrofluoric
acid (BOE) etchant (Fig. 5(c)). Subsequently, the
silicon substrate is etched using commercially avail-
able TMAH (25%; Merk, Hohenbrunn, Germany)
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Figure 5 Fabrication process of the microhotplate: (a) growing of the 1-um-thick SiO, mask layer on the substrate, (b) evaporation of the 150-nm-thick
Cr mask layer on the SiO, in the front side, (c) patterning of back-side SiO, layer by BOE etchant, (d) etching of Si using TMAH etchant to make
60-um-thin membrane, (e) double-sided lithography used to pattern in the front-side Cr layer, (f) continuing the silicon etching again to observe red
thin film membrane, (g) removing of SiO, layer using BOE etchant, (h) removing Cr layer completely, (i) growing 300-nm-thick SiO, layer on front side,
(j) patterning of front-side SiO, layer, (k) evaporation of Ti, Pt, and Au films respectively on front side and patterned by liftoff process, (I) patterning of

Au layer, and (m) release of the structure.

at 90°C for 6h to make 60-um-thin membranes
(Fig. 5(d)).2° Double-sided lithography is used to
pattern the front-side and back-side square windows.
Cr is then etched by Ammonium Cerium (IV) Nitrate
((NH4)2Ce(NOs3)g) diluted with deionized water for
30s (Fig. 5(e)).

Back-side silicon substrate etching is again contin-
ued by immersion in TMAH (25 %) until red thin
film membrane is observed (Fig. 5(f)). The SiO, layer
is then removed completely using BOE for 20 min
(Fig. 5(g)). This process is practiced because the

previously grown SiO, had lost its quality during
different thermal and chemical process. Following this
step, Cr is removed completely by Cr etchant using
aqueous (NH4)>Ce(NOs)q for 30s (Fig. 5(h)). A fresh
300-nm thick SiO, layer is then thermally grown on
front-side substrate (Fig. 5(i)). The SiO, structure is
then patterned on the front side of silicon substrate
with photolithography technique using wet etching
technique by BOE etchant (Fig. 5(j)). After that, the
wafers are spin-coated with positive photoresist on
the fronts and patterned, then Ti, Pt, and Au are
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@ | (b)
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deposited by e-beam evaporation one by one with
the thickness of 20, 120, and 150 nm, respectively. A
lift-off technique is used to form Ti—-Pt—Au trimetallic
wires (Fig. 5(k)). Subsequently, Au is patterned and
etched (in a saturated solution of KI in H,O and 1
iodine crystal) (Fig. 5(1)). Finally, the front-side sili-
con is etched using 25% TMAH at T=90°C, and the
structures are released (Fig.5(m)). Figure 6(a) and (b)
shows SEM images of top and cross-sectional view of
the back-side etching using TMAH etching process.
A smooth bottom of the crater indicates the success-
ful etching of the silicon without hillock formation.
Figure 7(a) and (b) shows SEM images of the top and

178P 813 25kv  @.89kx
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Figure 6 SEM image of (a) top
view and (b) cross-sectional view of
the back-side membrane.

Figure 7 SEM image of (a) top
view and (b) cross-sectional view of
the fabricated microhotplate.

cross-sectional view of the fabricated microhotplate,
respectively.

Results and Discussion

The fabricated microhotplates consist of two platinum
resistors each of which can be used as either a
heater or a resistive thermometer. We used one
of the resistors as a heater and another resistor
as a thermometer, and studied the temperature
characteristics of the heater element, the power
consumption, and the time constants of the device.
To calculate the temperature coefficient resistance

0.35
0.3
0.25
y < 0.0027x - 01078
. il i i
E 0.15 /
0.1 /
0.05

Figure 8 Calibration curve
obtained using a temperature

30 40 50 60 70 80 90
Temperature

100 110 120 130 140 150

controlled system. The resulting
slope yields a TCR value of
27x1073 ¢,
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characteristic of the platinum heater, a calibration
curve has been obtained. For that, the device was
placed into an oven with a temperature reference
sensor and the change in resistance was measured
for different temperature steps as shown in Fig. 8.
The temperature response proves linear and a TCR
value of 2.7 x 1072 C~! was calculated. This value
of the TCR is in good agreement with the reported
literature for a platinum-based element. However, it
is lower than the theoretical value of bulk platinum
(3.9 x 1072 C~?). This is possibly due to the electron
scattering at grain boundary in films.?”

In Fig. 9, the heater temperature as a function of
heater power consumption of the device is presented.
As it is shown in this figure, the temperature as high
as 500°C can be reached by applying 50 mW power.

The response time of the microhotplate (i.e. the
time needed for the microhotplate to reach 63%
of its final steady-state temperature) has also been
measured. To measure the response time, a current
pulse was applied on the heater and the signal of
thermometer was obtained by using the thermometer
connected in Wheatstone bridge circuits.

The transient response of the temperature has also
been measured. To measure the response time, a
current pulse was applied on the heater. A dedicated
circuit was used to transform a typical voltage pulse
into a current pulse (Fig. 10).

Figure 11 shows voltage of the thermometer as a
function of time when the square current pulse of
5mA with 70 ms duration is applied to the heater. As
shown this picture which is plotted directly from the
measured instrument, heating time constant is 4.23
in the temperature range of room temperature up to
500°C.

The microhotplate achieves high heating effi-
ciency and short response time that is comparable

temperature of the microhotplate
as a function of the power
consumption of the device.

50 60

Vcc

Heater

BC547

Pulse

Figure 10 Voltage of the current pulse generator used to extract the
response time of the device.

or superior to previously published platinum
microhotplate.#1°~14 In addition, better temperature
uniformity is expected in the heater due to the rela-
tively high thermal conductivity of silicon.

Conclusion

In this study, a suspended microhotplate using silicon
substrate and platinum as the heating electrode mate-
rial has been designed, fabricated, and characterized.
Simulation using ANSYS software showed that micro-
hotplate with silicon island underneath the dielectric
membrane has high temperature uniformity. More-
over, the simulation results of mechanical stress and
the vertical displacement of the microhotplate show
that the designed microhotplate is relatively strong.
Simple fabrication processes were designed in which
TMAH is used as silicon etchant and silicon dioxide
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Figure 11 Voltage of the thermometer as a function of time when a
square current pulse is applied to heater.

is used as protector of silicon during etching of Si
in TMAH. Measured electrical and thermal behaviors
of the fabricated microhotplate show that the power
consumption and the response time of the microhot-
plate are better than those of most platinum-based
microhotplates that were previously reported. More-
over, the robustness and temperature uniformity are
improved due to the relatively high thermal conduc-
tivity of silicon island underneath the microhotplate
membrane.
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