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ABSTRACT 
 

We have developed the tactile sensor using the microcantilevers with strain gauge film 

which can detect normal and shear forces simultaneously.   In this work, the tactile sensor and 

the IC amplifier have been integrated heterogeneously to shorten the wire length by chip-on-chip 

stacking and reduce the noise in the output voltage.  Standard deviation of the noise can be 

reduced from 27.6 mV to 3.3 mV by heterogeneous integration of the tactile sensor and the IC 

amplifier using Au wire bonding.  By this heterogeneous integration, the device size and wiring 

numbers can be reduced, and installation of more sensors is allowed on fingertips of the robot.  

Moreover, through-silicon-via (TSV) holes were fabricated to mount an IC amplifier on the 

backside of the sensor chip, instead of using Au wires.  Although TSV can be fabricated 

successfully, resistance to sacrificial etching process is problem.  As a result, Si3N4 used instead 

of SiO2 has improved insulation between TSVs. 

 

INTRODUCTION 

 

In recent years, there have appeared serious problems concerning the relative increase in 

the aged population and the reduction in the working population in many countries.  Therefore, 

care of the aged and automation in manufacturing have become very important in solving these 

problems, and human-support robots with skillful performance have attracted much attention.  In 

order to produce the skillful and dexterous robot, excellent sensors are required to detect 

condition of the object and especially tactile sensor is much valuable for holding the object in the 

nurse care and the automation. We have developed the tactile sensor using the microcantilevers 

with strain gauge film, fabricated by MEMS technologies and embedded in the elastomer.  The 

sensor can detect normal and shear forces simultaneously [1-4].  However, there appear some 

problems.  One is the signal noise in the sensor output generated in the long wire from the sensor 

elements to the signal amplifier.  The other is a number of wires for collecting many signals of 

distributed sensor arrays.  These problems can be solved by heterogeneous integration of the 

sensor and the signal amplifier, and moreover, it is considered that stacking of these chips can 

reduce the device size and allows installation of more sensors on fingertips of the robot. 

In this work, the tactile sensor chip and the IC amplifier chip have been stacked and 

integrated heterogeneously to shorten the wire length and reduce the noise in the output voltage.  

Firstly, IC amplifier chip was mounted on the surface of the tactile sensor chip (chip stacking).  

Moreover, through-silicon-via (TSV) holes were fabricated to mount an IC amplifier on the 

backside of the sensor chip, instead of using Au wires. 

 



EXPERIMENT 

 

Fabrication process of chip stacking and wire bonding 

 

 Figure 1 shows a schematic view of the heterogeneously integrated device of the tactile 

sensor and IC amplifier by chip stacking and wire bonding.  A commercial analog amplifier for 

the piezoresistive accelerometer (AT-1051, ACT-LSI Inc.) was employed.  It can amplify the 

input voltage 50-400 times and compensate the offset voltage and temperature drift.  The chip 

size of IC amplifier is 2.5 x 2.5 mm
2
.  The tactile sensor was designed in size of 5 x 7 mm

2
, as 

shown in figure 1. 

   
Figure 1. A schematic view of stacking of IC amplifier on the tactile sensor chip. 

 

Figure 2 shows a cross-sectional structure of the microcantilever.  SOI wafer (Si: 2.5 

µm/SiO2: 1 µm/Si 500 µm) was used for the substrate.   At first, the Si3N4 (50 nm) for the 

insulation layer, NiCr (40 nm) for the strain gauge layer, and Au (100 nm) for wiring layer thin 

films were deposited by rf sputtering.  They were patterned by photolithography process.  The 

Cytop (Asahi glass Co., Ltd.) film (6 µm) was spincoated and cured at 200oC to bend upward the 

microcantilever by residual stress.  Then, the pattern for sacrificial etching is formed by 

photolithography and the microcantilevers were released from the substrate by etching of SiO2 

layer in buffered HF solution (NH4HF2: 20%) for 5-7 h.  Finally, the microcantilevers were 

embedded in polydimethylsiloxane (PDMS; silpot184, Dow Corning Toray Co., Ltd.) elastomer 

(~1 mm). 

 

   
Figure 2. A cross-sectional structure of the microcantilever for tactile sensing. 

 

 

 



After fabrication of the micorcantilevers, the IC amplifier chip was bonded on the sensor 

chip by cyanoacrylate adhesive and inter-connected with sensors through electrical pads by Au 

wires bonded by the ultrasonic wire bonder.  Figure 3 shows a photograph of the fabricated 

tactile sensor integrated with an IC amplifier chip. 

 
Figure 3. A photograph of the fabricated tactile sensor integrated with an IC amplifier chip. 

 

Fabrication process of through-silicon-via 

 

 To achieve further noise reduction and take out signals easily from the backside, the IC 

amplifier must be mounted on the backside of the sensor chip using TSV holes instead of Au 

wires.  Figure 4 shows fabrication process of TSV holes in a SOI wafer.  The thickness of SOI 

wafer was reduced to 300 µm by polishing and Si3N4 film (300 nm) was deposited by LPCVD as 

insulation layer.  Via holes of diameter 30-55 µm were made by reactive ion etching (RIE) and 

deep-RIE.  SiO2 film (800 nm) was grown by thermal oxidation to insulate wall of TSV holes.  

Then, TSV holes were filled by Cu electroplating.  Projecting surface of Cu plating was polished 

by chemical mechanical polishing (CMP).  Finally, the surface and backside electrodes (Cr: 50 

nm/Au: 300 nm) were deposited by electron beam evaporation and patterned by lift-off method. 
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Figure 4. Fabrication process of TSV. 

 



RESULTS AND DISCUSSION  

Tactile sensor integrated by chip stacking 

 

 Resistance change of the strain gauge on the microcantilevers under normal and shear 

forces is obtained as voltage from Wheatstone bridge circuit and amplified by integrated IC 

amplifier.  Figure 5 shows output voltages of fabricated tactile sensor amplified by integrated 

amplifier as functions of (a) normal and (b) shear forces, respectively.  Gain of the amplifier was 

set to be 220.  Linear output is obtained in both cases.  The sensitivity to normal force is enlarged 

from 55 µV/N to 12 mV/N by using integrated amplifier.  On the other hand, the sensitivity to 

shear force is enlarged from 50 µV/N to 11 mV/N. 

 
Figure 5. Amplified output of the tactile sensor as functions of (a) normal and (b) shear forces. 

 

 Figure 6 shows the output voltage of the tactile sensor without force application.  The 

output voltage was amplified by external amplifier in the case of figure 6 (a).  On the other hand, 

in the case of figure 6 (b), output was amplified by an integrated amplifier chip on the tactile 

sensor.  It is demonstrated that the standard deviation of the noise can be reduced from 27.6 mV 

to 3.3 mV by heterogeneous integration of the tactile sensor and the IC amplifier, because wiring 

length between the bridge output and the amplifier input in the stacked structure becomes much 

shorter than that in only the bridge structure. 

(a) (b)

 
Figure 6. Output voltage amplified by (a) the separate and (b) integrated amplifiers.  



Characterization of fabricated through-silicon-via 

 

 Figure 7 shows resistance of TSV as a function of its diameter.  The resistance calculated 

from Cu bulk resistivity (1.7 µΩcm [5]) is 7.2 mΩ for 30 µm diameter or 2.1 mΩ for 55 µm 

diameter.  Measured resistance of fabricated TSV is considerably larger than calculated value.  

Table 1 shows images of fabricated TSV.  From cross-sectional images, it is found that TSV 

holes are filled up completely by Cu without any voids.  However, Cu pillar is extrusive and its 

head shows inverse taper shape on the surface side.  It is considered that connection between 

TSV and electrode is not enough because of difficulty of coverage by electrode film. 

 

 
Figure 7. Resistance of TSV as a function of diameter. 

 

Table 1. The images of fabricated TSV with 30-55 µm diameters. 

 30 µm diameter 40 µm diameter 50 µm diameter 55 µm diameter 

Surface 

(SEM) 

2 µm

15 µm

 2 µm

15 µm

2 µm

15 µm

2 µm

15 µm

 

Backside 

(SEM) 

2 µm

15 µm

 

15 µm

2 µm
2 µm2 µm

15 µm

 
2 µm2 µm

15 µm

 
Cross-

section 

(OM) 

100 µm  
100 µm  100 µm  100 µm  

 

 Tolerance of fabricated TSV to sacrificial etching process was evaluated.  The samples 

were dipped in BHF for 5 h.  After dipping in BHF, insulation between TSVs is degraded as the 

insulation resistance is reduced from > 50 MΩ to several MΩ by the dipping.  It is considered 

that these phenomena are caused by etching of SiO2 film on Si3N4 surface or TSV wall.  From 



these results, fabrication process of TSV must be revised to improve etching tolerance of 

insulation between TSV and Si substrate.  So, the insulating film of TSV wall should be changed 

from SiO2 to Si3N4 and oxide on Si3N4 surface should be etched in HF solution before deposition 

of the electrode film.  Resultantly, the insulation between the TSVs was not changed even after 

the sacrificial etching process.  Moreover, Resistance is not so changed by BHF dipping.  Figure 

8 shows resistances of Si3N4-covered TSV before and after BHF dipping process.  It is 
demonstrated that Si3N4-covered TSV has enough tolerance to fabrication process of the 

microcantilever. 

 

 
Figure 8. Resistance of Si3N4-covered TSV before and after BHF dipping process. 

CONCLUSIONS 

The tactile sensor and the IC amplifier chips have been integrated heterogeneously to 

shorten the wire length and reduce the noise in the output voltage.  Standard deviation of the 

output noise can be reduced from 27.6 mV to 3.3 mV by heterogeneous integration of the tactile 

sensor and the IC amplifier using Au wiring.   Moreover, it is demonstrated that TSV with Si3N4 

has enough tolerance to fabrication process of the microcantilever so that output noise is 

expected to be reduced further. 
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