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ABSTRACT

In this work we present the processing conditions and the characterization results of a time-of-flight
(TOF) flow microsensor implemented using polysilicon microfilaments. Numerical simulation
(ANSYS®/FLOTRAN®) and experimental results for analysis with air flow and nitrogen are com-
pared considering different heater to sensor distances and flows. A good agreement was observed
between experimental and simulated results. However, experimental TOF values resulted ever con-
sistently higher than the simulated ones due to delays introduced by the circuitry and the data acqui-
sition system and also in the thermal response of the microfilament. Analysis of the heater microfil-
ament reveal that temperatures of the order of 100 °C (that is low enough to not affect the gas flow)
can be obtained with a power dissipation of tens of mW. The time-of-flight measurements show that
the proposed structure is suitable for the detection of low volumetric flows (tens of SCCM) and pres-

ents a response time of the order of milliseconds.

Index Terms: time-of-flight, flow, microsensor, surface micromachining, microsystem.

1. INTRODUCTION

The use of Micro-Electro-Mechanical-Systems
(MEMS) technology has made possible the develop-
ment of different types of flow microsensors. These
devices find application in many important areas as
process and environmental control, biomedicine and
instrumentation [1] [2] [3].

In thermal flow microsensors that operate accor-
ding to the calorimetric principle [4] [5] [6], the mass or
volume flow modifies the temperature profile around a
heater element. This change in temperature profile is
then converted into an electrical signal by two sensors
positioned upstream and downstream to the heater [4]
[6] [7]. Another important principle is the thermal time-
of-flight (TOF) [7] [8]. In this case a transient tempera-
ture profile is generated by an electrical pulse applied to
the heater element and is detected by a downstream sen-
sor, as presented in Figure 1. The time between the heat
pulse generation and its detection (time-of-flight) can be
used for flow measurement [8][9].

In reference [9] we proposed the design of a
new thermal flow microsensor that combines the pos-
sibility of flow measurement using the calorimetric
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Figure 1. Flow measurement by TOF principle [9].
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and time-of-flight principles and presented prelimi-
nary results that validate its dynamical numerical sim-
ulation. In this work we present its complete fabrica-
tion sequence, the characterization of the heater
microfilament and the comparison of numerical simu-
lation and experimental results considering different
heater to sensor distances and flows and operation as
a time-of-flight flow sensor.

2. NUMERICAL SIMULATION

Two dimensional numerical simulations were
conducted using the commercial software ANSYS®/
FLOTRAN® with FLOTRANI141® [10] as element
type. Simulation was validated in reference [9] con-
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silicon on top of silicon nitride. Figure 3 defines the

timing adopted in the simulations. Air flow was ana- 35
i T T T T T T

lyzed considering ambient temperature, T = 273 K, Position
heater temperature, T), = 473 K, and heating pulse 3.0+ OSIIONS
width, t, = 200 ms. 25 —o— 1038 um i
’ —o— 653 um
i tube wall o } é) 2.0q « 519 wm
. TV L @ 1.5- —v— 210 pm ||
| L e L [P E ,
yL T S | i F 1.0 \ .
F: heater 051 }\‘) . 1
Figure 2. Tube and geometry defined for dynamic numerical ) V\v\_v v 1
simulation. o0l —r—-r—--v—-+--7T" —
20 30 40 50 60 70
Volume flow (sccm)
T(K)
Figure 5. Time-of-Flight as a function of volumetric air flow con-
Tht sidering different distances from the heater to the sensor.
3. DEVICE FABRICATION
Figure 6 presents the schematic cross-section of
T ; ; ' + a device, for illustration of the fabrication sequence.
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Figure 3. Thermal pulse applied on the heater element.
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As can be seen, this structure is suitable for the P

detection of low volumetric flows and presents a

. J Figure 6. Main process steps for fabrication of the flow microsen-
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Silicon wafers were used as substrates. Firstly, a
layer of about 1.2 pm of PECVD oxide was deposited
in TEOS (Tetra-Ethyl-Ortho-Silicate) ambient, which
serves as a sacrificial layer [14] [15]. The deposition
conditions are presented in the Table 1.

Table I. Conditions of deposition by PECVD of the sacrificial
layer.

Adjusted condition Adjusted values

Chamber temperature (°C) 400
Pressure (Torr) 5

O,, TEOS and Ar flow (sccm) 40, 15 and 100
RF Power (watts) 400
Process time (minutes) 2.5

In the sequence, layers of SizN, and polysilicon
were deposited by LPCVD, with thicknesses of about
0.1 pm and 0.5 pm, respectively. The LPCVD condi-
tions are presented in the Table II. The polysilicon
doping was performed using phosphorus silicate glass
(PSG) diffusion (1150 °C, 10 minutes) resulting a
sheet resistance of around 68 Q/square.

Table Il. LPCVD conditions.

Adjusted condition Adjusted values

Silicon nitride layer Polysilicon layer

Temperature (°C) 720 630
Pressure (mTorr) 500 500
Gases concentrations 16 NH3 : 1 SiH,Cl, 4 N, :1SiH,

Table Ill. Plasma etching conditions.

Adjusted condition Adjusted values

Chamber Pressure (mTorr) 50
SFg, Ar and H, flow (sccm) 10, 20 and 15
RF Power (watts) 100
Process time (minutes) 20

Six microfilaments

i
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olysilicon contacts

Figure 7. Schematic representation of the top view of the micro-
sensor.
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The first photolithographic step (conventional
microelectronics process) and plasma etching (condi-
tions presented in Table IIT) were performed for poly-
silicon electrical contacts and microfilaments definition.
The aluminum layer was deposited by evaporation
(thickness around 0.5 nm) and patterned to form elec-
trical contacts through conventional wet chemical etch-
ing after the second photolithographic step.

The wafers were cut for devices definition.
Them the sacrificial layer removal was performed in
DLV solution (6NH,F + 1HF) in a time of approxi-
mately 50 minutes. Figure 7 shows a schematic repre-
sentation of the top view of the device, which results
after the fabrication process.

4. MICROFILAMENTS CHARACTERIZATION

Figure 8 compares I-V curves obtained for
individual filaments before and after sacrificial layer
removal. When the removal is complete, red light can
be seen for voltages higher than 27 V, an indication
that very high temperatures can be achieved. Also, a
non-linear behavior is observed, with a resistance
decrease, due to the contribution of intrinsic carriers

[16][15].

6 Y T T Y T T hd T
7

54 without sacrificial |, ~ ]
—_ layer removal 4
< 4 y // ] .
£ P2
= 31 with sacrificial |
2 o layer removal
=)
O

14 ]

O T v T

0 S 10 15 20 25 130
Aplied voltage (volts)

Figure 8. I-V curves before and after sacrificial layer removal.

In order to obtain a temperature of the order of
100 °C, that is low enough to not affect the gas flow,
a voltage of the order of 12 V has to be applied to the
heater, resulting a power dissipation of the order of 30
mW.

5. FLOW SENSOR CHARACTERIZATION

After fabrication, the sensor was mounted on
the bottom of a flow channel with a circular cross-sec-
tion with 1 mm of the diameter and a length of 20 cm.
This structure was connected in series with a com-
mercial mass flow meter, as shown in Figure 9.
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Figure 9. Experimental Setup.
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Figure 10. Schematics of the electronics circuit used for applica-
tion of pulses in the heater filament and for detection.
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Figure 10 shows the electronic circuit used.
The pulses coming from the signal generator are
applied to the contacts of the heater filament. For de-
tection of variations of the resistance of the sensor mi-
crofilament (Ry,) a Wheatstone bridge was used. The
output of the bridge was amplified a thousand times
using an instrumentation amplifier.

A data acquisition system was used to store the
output of both the input generator and of the output
amplifier as a function of the time. The TOF was
defined as the delay  between these two signals. The
signal obtained from the data acquisition system
(Vour, Figure 10) was treated and analyzed in a way to
permit the comparison with the pulses applied to the
heater (Vy,). Figure 11 illustrates the method used to
experimentally determine the delay until the change in
behavior of Vout after the transition of the input pulse
Vht- This measured delay corresponds to the TOF
and it was measured for each adjusted volume flow
value. Figures 12 and 13 present the TOF as a func-
tion of flow rate, for heater to sensor distances of 544
pm and 1038 pm, respectively. A good agreement is
observed with respect to the numerical simulation,
confirming the predicted behavior. The experimental
TOF values are ever consistently higher than the sim-
ulated ones due to delays introduced by the circuitry
and the data acquisition system and also in the ther-
mal response of the microfilament. Noise and varia-
tions of the temperature of the filament can be con-
sidered as the main causes for the fairly large size of
the error bars in Figures 12 and 13. The coupling of
the microsensor with an integrated amplifier could
help to reduce the noise.
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Figure 11. lllustration showing the pulse applied at to the heater
(V) and the signal due to the variation of temperature around the

sensor microfilament (V,,) that is obtained using the circuit pre-
sented in Figure 10.
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Figure 12. Time-of-Flight for heater-to-sensor distance of 544 um.
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Figure 13. Time-of-Flight for heater-to-sensor distance of 1038 ym.

87

o



07-Rodrigues-V4 N2-AF

19.08.09 19:42 Page 88

—4—

Time-of-Flight Flow Microsensor using Free-Standing Microfilaments

Rodrigues & Furlan

6. CONCLUSIONS

In this work we presented the numerical analy-
sis, the implementation and the characterization of a
flow sensor structure fabricated using surface micro-
machining in combination with sacrificial layer tech-
nology. This approach allows obtaining free-standing
polysilicon microfilaments that can be used as heaters
or temperature sensors. Although the presented struc-
ture can be operated using both the calorimetric and
the TOF principles, in this work we explored in detail
the second one. Numerical simulation using the com-
mercial software ANSYS® /FLOTRAN® showed a
compromise between the size of the device (distance
between heater and sensor, in the range between 210
pm and 1038 pm) and the range of volumetric flow to
be detected. Also, the proposed structure is suitable
for the detection of low volumetric flows (lower than
100 sccm) and presents a response time of the order
of milliseconds. Experimental results demonstrate that
microfilaments were released from the substrate and
the heater can be operated at a temperature of the
order of 100 °C (that is low enough to not affect the
gas flow) by using a voltage of the order of 12 V. The
heater operates with a power dissipation of the order
of 30 mW. Also, tests with the implemented flow sen-
sor structure and characterization apparatus revealed a
good agreement with respect to the numerical simula-
tion, confirming the predicted behavior.
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