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Abstract—This article presents a 3-D integrated molybdenum (Mo) thermoresistive microcalorimetric flow sensorin a 0.18-
um CMOS MEMS technology. The sensor consists of a MEMS structure which is fabricated inside a sealed microchannel
and a constant temperature control circuit implemented on the CMOS wafer. The MEMS structure and the CMOS circuit
are 3-D integrated at the wafer level. For the N, gas flow, the proposed flow sensor achieves a high sensitivity of 0.71
mV/(m/s) and a wide bidirectional detection ability of —26—26 m/s. Moreover, an equivalent circuit model is proposed in
this article, which depicts the nonlinear output/overheated temperature (V,./AT,) sensor response to the input gas flow.
This model would be an efficient tool for the design and optimization of high-performance system-on-chip calorimetric flow
sensors.

Index Terms—Sensor systems, calorimetric flow sensor, CMOS MEMS, microchannel, thermoresistive, 3-D integration.

[. INTRODUCTION

TMCF
Flow measurements are amenable to a wide variety of physical Sensor

principles [1]. As one type of flow devices, the thermal-based flow
sensors with no moving parts and good CMOS compatibilities have
attracted great research interests in recent years [2]-[7]. However,
most previously reported sensors require costly packaging to achieve
reliable flow sensing, such as the flip chip packaging [8]-[10]; the
surface mounted adaptor with the flow channel on the chip [11], [12];
and the sealed flow channel with the sensor chip [13] or a part of
sensor chip inside [14]. To the best of our knowledge [15], [16], very
few 3-D CMOS MEMS thermal flow sensors [17] have been reported
with the system-on-chip (SoC) solution. Herein, 3-D means the sensor
was integrated into a self-packaged microchannel formed between a
CMOS die and a MEMS die (see Fig. 1). A-A’ Sectional View
The microcalorimetric flow sensor is one of the heat-convection
based measurement devices that monitor the flow-induced asymmetric m

temperature profile around the microheater. As shown in Fig. 1, with
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heat convection, while the sensor sensitivity and accuracy can be ﬁ .lHT
significantly improved, especially for small input flow [18], [19]. [22um .

f

Two operation modes are usually used in microcalorimetric flow
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sensors: one is to drive the microheater with a constant current (CC) H
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or voltage (CV). Another method is to employ a feedback circuit to (3). Prepared CMOS Die and bond to (4). An TMCF Sensor with the
keep the microheater under constant temperature (CT) condition [20], MEMS Die (Al-Ge) @ packaging design

[21]. Despite the complexity of implementation, the CT operation

mode provides better sensing resolution, wider detection range, and Fig. 1. (a) Schematic of a 3-D integrated CMOS TMCF sensor within
faster dynamic response than those of CC or CV mode [17], [22], [23]. an internal micro flow channel by using the proprietary 0.18-um In-

Previously, we reported a CMOS MEMS flow sensor which demon- venSense CMOS MEMS process. (b) SEM micrograph of TMCF sensor
with the serpentine structure. (c) Optical view of the fabricated 3-D inte-
grated TMCF sensor die. (d) Key fabrication steps of the 3-D integrated
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strated a unidirectional flow range with a one-way CFIA based readout
circuit [24]. However, a bulky off-chip CT mode-based microheater
feedback circuit is needed to enable its operation.

In this letter, a new 3-D integrated CMOS MEMS flow sensor with
an on-chip interface circuit (includes a CT mode-based feedback cir-
cuit and a Wheatstone bridge-based readout circuit) was designed,
fabricated, and characterized. The first contribution of this article is
from the SoC design and fabrication perspective, whereby a very com-
pact and self-packaged flow sensor is presented. Different from the
monolithically integrated design [25], this CMOS MEMS flow sensor
with the integrated microchannel and the interface circuit can sig-
nificantly reduce the cumbersome packaging costs required for flow
measurement. Second, we also proposed an analytical 1-D model that
can better characterize the nonlinear heat transfer phenomenon of
the CMOS calorimetric flow sensor and an equivalent circuit model
(ECM) that can depict the coupled electro-thermal-mechanical effect
on the sensor system performance. These models would be effec-
tive tools for the design and optimization of high-performance SoC
calorimetric flow sensors.

II. DESIGN OF CMOS THERMORESISTIVE
MICROCALORIMETRIC FLOW (TMCF) SENSOR

A. TMCF Sensor

As shown in Fig. 1, the proposed TMCF sensor consists of one
centered molybdenum (Mo) microheater (R;) and two symmetri-
cally placed Mo thermoresistive sensors (R, and R,;) on a 5-pum-thick
silicon-based suspended microbridge structure. The TMCF sensor was
fabricated in a proprietary InvenSense 0.18-um CMOS MEMS pro-
cess [26], where the sensor is wafer-level sealed with an SOl MEMS
wafer bonded to a 0.18-um CMOS wafer. The detailed fabrication
process of Mo TMCEF sensor can be found elsewhere [17]. The mi-
crograph of the fabricated MEMS sensor on a 400 um x 400 xm x
22 pum (length x width x height) upper cavity is shown in Fig. 1(b),
where the flow sensor is integrated into a 3-D stacked structure [see
Fig. 1(c)] with the sealed microflow channel (Ilength x width x height:
2200 um x 400 um x 50 pwm). To realize the integrated flow channel
with the cost reduction of packaging, circular fluids inlet and outlet
with a diameter of 510 um were opened on the MEMS wafer, as shown
in Fig. 1(d).

Previously, we reported a general 1-D model to predict the charac-
teristics of a CMOS TMCEF sensor by considering the boundary layer
effect on one side of the flow sensor [25]. In this SoC design, the
double-sided fluids flow over the MEMS sensor, as validated by the
computational fluid dynamics (CFD) study [18], was sensed. There-
fore, with the assumptions of a uniform flow profile U and the upper
and the bottom thermal boundary thickness equal to cavity heights, a
new 1-D analytical model with the considered double-sided flow in
(1), shown below, is proposed to design the 3-D integrated flow sensor

d&°T dT
ky(h, +2t + h,,)& - pcpuﬁ(h,, + 21 + hy)
dx? dx
k(242 T(x)=0 1)
! hu hd Y=

where h, and h, are the upper and bottom cavity heights; # is the sensor
thickness; and k¢, p, and C,, are the thermal conductivity, density, and
heat capacity of the moving fluid, respectively.

Good agreement of thermal output AT between the 1-D model (a
fitting factor ¢ of 2.7) and the validated CFD study [18] is observed in
Fig. 2(a), which demonstrates that this 1-D model can effectively pre-
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Fig. 2. (a) Comparison of the sensor output between CFD and 1-

D model. (b) Effect of distance D between the heater and sensing
elements on the TMCF sensor’s sensitivity, where an optimal distance
D = 32 um was determined.
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Fig. 3. Proposed on-chip interface circuit for CMOS TMCF sensor.
(a) Microheater control circuit. (b) Folded-cascode amplifier with an
NMOS buffer stage. (c) Simulated open-loop gain and phase of the CT
control circuit.

dict the sensor response and significantly speed up the sensor design.
As shown in Fig. 2(b), the 1-D model analysis shows that the TMCF
sensor can achieve the highest sensitivity S with the distance between
microheater and thermistors D = 30 um for small input flow velocity.
To comply with the design rule of the CMOS MEMS process [26], the
distance D is designed to be 32 um.

B. Interface Circuits

Besides the MEMS design, an integrated CMOS interface circuit
is implemented on the CMOS die [see Fig. 1(a)] to realize a tangible
SoC TMCEF solution. As shown in Fig. 3(a), R;, R,, and R, are
the microheater and thermoresistive sensors in the MEMS structure,
respectively; R, and R, are on-chip polysilicon resistors; and R; and
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Fig. 4. CT operated TMCF sensor (a) output and (b) sensitivity re-
sponse to the nitrogen flow —50-50 sccm (—26—26 m/s).

R4 are on-chip Mo resistors, while Ry is an off-chip resistor. During the
operation, the negative feedback loop around an operational amplifier
A, guarantees V, = V_. Therefore, withR; =R, =76 Q, R, = R, will
hold under different input gas flows, which ensures the CT operation
of Ry. With a temperature coefficient of microheater & = 2.22 x 1073
and R, = 343 2, the resistance of the microheater (R, = 304 Q @
22 °C) will be increased by the joule heating until the CT circuit is
balanced, where a constant temperature 7, = 80 °C (AT, =1, - T, =
58 K) on R, should be maintained. The reason to choose A7), = 58 K
is to minimize the heating power of microheater (<13 mW), while
without heavily degrading the output signal strength. Moreover, under
this condition, the required voltage on the microheater V,, < 2.1V,
which enables the SoC system to be operated with a single 5 V supply.
With the thermal coupling of the MEMS sensor in the CT operation
mode, the thermal difference output AT between R, and R, can be
converted to a voltage output V,, by using an on-chip Wheatstone
bridge formed with R3, R4, R, and R,.

For the detailed CT circuit, a folded-cascade amplifier with a gain
A =75 dB is designed in Fig. 3(b). A large input transistor of 500 um
x 0.35 um and an overdrive voltage of 0.35 V are used to improve
the device matching and ensure an offset Vi <2 mV for accurate CT
control. Meanwhile, an NMOS buffer My is added to isolate the gain
stage and drive 210 Q resistive load formed by Ry, R,, R, and R;,. The
driving ability of this amplifier is designed to be 16 mA, which allows
a maximum sensible flow of 26 m/s without the significant drops of
microheater temperature. Fig. 3(c) shows the simulated loop gain and
phase of the CT control circuit. The overall power consumption of this
amplifier is 95 uW @ 5V, which ensures most of the system power
is consumed by the heating elements and the output stage.

Ill. RESULTS AND DISCUSSION

The measured output of the TMCEF sensor is plotted against the N,
gas flow from —50 to 50 sccm (—26-26 m/s), as shown in Fig. 4(a).
The TMCEF sensor is capable of detecting the bidirectional fluids
flow. Meanwhile, the sensitivity of the TMCF sensor that defined
as the slope of linear fit between two calibrated data points is plotted
in Fig. 4(b). The proposed SoC sensor shows a high sensitivity of
0.37 mV/scem [0.71 mV/(m/s)] and a large flow range of —50-50
scem (—26-26 m/s) in a CT mode (7, = 80 K and AT, = 58 K).
As shown in Table 1, the normalized sensitivity (57 ©V/(m/s)/mW)
with respect to the input heating power is better than those CMOS
flow sensors in the literature [11], [27] and shows comparable per-
formance with the monolithically released CMOS sensor [25]. More-

TABLE 1. Comparison Between the Previous CMOS Flow Sensor and
Current Work.

References 2?1’12 Packaging F S/{s’ z’w i*"/ J(m/s)mW
Wu [8] 16 Flip to Ceramic |Air |1~25 25 N/A

Bruschi [11] |16 PMMA adaptor |N, |-3.33~3.33 |4 23

Xu [25] 2.25 |PMMA Channel [N, (-11~11 2.36~2.77 |154.4

Dong [27] 36 Flip to Ceramic |Air |0.5~40 2~452.6  [39.3

Our work 34 Self-packaged |N, |-26~26 12.2~16.7 |58.2

DS = Device Size; F = Fluids; FR = Flow Range; P = Power; S* =
Sensitivity normalized with respect to input power and gain.
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Fig. 5. (a) ECM of the TCMF sensor’s microheater. (b) Comparison of

ECM simulation with experimental results.

over, the proposed flow sensor achieves the best bidirectional detection
range of —26-26 m/s. It is worth mentioning that the proposed sensor
design has a much more compact feature size thanks to the self-
integrated microflow channel, while it can cut down the costly and
bulk sensor packaging as compared to the monolithically integrated
one [25].

To obtain a higher output/sensitivity SoC flow device, more in-
put heating power can be consumed with the increased A7), [19].
Obviously, with the microheater work in A7, = 71 K and 81
K (see Fig. 4), the sensitivity can be further improved to 0.444
mV/sccm and 0.524 mV/scem, respectively. However, different from
the previously observed linear behavior of Vi, /AT, [19], the flow
range of this SoC device is reduced from —50-50 sccm to —40-
40 sccm with the increased heating power. The reason behind this
discrepancy could be explained by an ECM simulation with the
investigated electro-thermal-mechanical coupling phenomena of the
microheater.

Based on the energy balance described by a modified King’s law
[28], the ECM of the microheater [see Fig. 5(a)] is expressed by a
thermal capacitance Cr and a thermal resistance Ry [29]. As shown
in Fig. 5(b), the ECM successfully captures the microheater output
response Vj,, where the simulated results are in good agreement with
the testing data with an error of < 1.5%. From the ECM simulation,
the SoC flow sensor working in A7, = 58 K shows a 6 K decline of
AT, when the flow goes to 50 sccm [see Fig. 6(b)]. The decline of
ATy is due to the small system loop gain of gRgA, as shown in the
following equation [30]:

_ gRp AV, (R + Ry)
(R1 + R)(R2 + Ry) + gRp A(R R, — RyRy)

where gRp < 1, gisthe conductance of NMOS, and Rj is the loading
resistance formed by R;, R,, R;, and R,. When the convective flow
increase, the increment of feedback current 7, is not large enough
to power up R, with the maintained constant A7},. Besides, the flow
range was further reduced due to the CT-based sensor system (A7,
= 81 K) toward saturation [see the V), response in Fig. 6(a)], while a
14.3 K decline of AT}, is observed. To ensure much more accurately
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