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A MICRO-ELECTRONIC BOND DEGRADATION SENSOR 

AND METHOD OF MANUFACTURE 

CROSS REFER.ENCE TO RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Application No. 

60/119,166, entitled "Micro Electro*Mechanical Systems Adhesive Bond Degradation 

Sensors," filed February 8, 1999, the contents of which are herein incorporated by 

10 reference in its entirety for all purposes. 

BACKGROUND 

This invention relates to devices and systems for detecting bond 

degradation and more particularly, to micro-electronic devices and systems for detecting 

15 degradation in an adhesive bond fonned between two or more structures. 

Bonded structures that are comprised of materials adhesively :fixed 

together can provide relatively light weight with great strength. An adhesive material is 

typically applied to one or both of the materials, which are then pressed into contact. 

After the adhesive cures, the adhesive material holds the two materials together, without 

20 physically altering the state or condition of the respective materials. Bonded materials 

offers many advantages over traditional joined materials, which usually require drilling 

aiid riveting of plates with the consequent problems associated with increased stress at the 

rivet holes. Thus, the bonded materials do not loose any of their inherent strength or 

other features of the materials themselves. Bonded materials are extensively used, for 

25 example, in the aircraft industry for making aircraft wings, fuselage coverings, and other 

body structures. 

A complete release of the bond between materials, called. a disbonding, is 

Unusual and, fortunately, is typically rather easy to detect. One problem with bonding 

t.echnology is reliably detecting a loss of strength. of the bonded structure, as opposed to a 

30 oomplete disbonding of parts of the structure. The lack of a test for partial bond 

degr8dationhas (1) limited the application ofbonded manufacture and repair technology, 

especially in critical components of air-frames; (2) meant that the current teclmology 



W000/46593 PCT/US00/03308 

2 

relies heavily on good ·bonding practice and procedures perfonned·by trained technicians; 

(3) resulted in some aircraft in-service bonded repair failures with consequent impact 

damage with-the separating bondechepair patch; and ( 4)resulted in unnecessary, and 

expensive, removal of old or suspect bonded repair patches for replacement with a new 

5 patch. 

There is a great need for a reliable technique for monitoring the condition 

of bonded components in both military and civilian applications. The development of 

such techniques wouldlead to a greater confidence and hence wider application of 

bonding technology for manufacture and repair, more reliable condition-based 

10 maintenance of bonded structures, and improvements in bonding methods through the 

understanding gained from the use of degradation-sensitive sensors in the study of bond 

degradation mechanisms. 

15 

Macroscopic Fracture Mechanics Testing 

Macroscopic exaniination of~ surlaces has revealed that adhesive 

failure can occur at the adhesive bond interface between materials. Corrosion has been 

found to exist in the metal layers that are bonded together, undei; some conditions. 

Generally, :fracture surfaces of specimens subjected to dry air show that failure occurs . 

principally in the adhesive film itself. Fracture analysis of specimens tested in humid air, 

20 however, reveal large ·areas of adhesive failure at the bond interface, and also reveal 

evidence of corrosion in the bonded materials. This clearly demonstrates the need for a 

reliable metal interface sensor. 

Common macroscopic testing methods that will be known to those skilled 

in the art include the "Boeing wedge test" (ASTM D3762-79, reapproved 1988) and the 

25 Constant Load Point Displacement Rate Test. 

The Boeing wedge test is the standard test method for adhesive bonded 

surface durability of Aluminum (Al). The method simulates in a qualitative manner the 

forces and effects on any adhesive bond joint at a metal adhesive/primer interface. In the 

Boeing wedge test, one end of a double-cantilever beam (DCB) specimen is opened to a 

30 specified and constant crack opening displacement using a wedge. The elastic energy 

release rate depends on the crack length. The crack length typically cannot be measured 

accurately due to the uncertainty in locating the crack tip. Hence there is a need for a test 

that eliminates the need to measure the crack length. 
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The Constant Load Point Displacement Rate Test (CDRT) eliminates the 

need to measure the crack length. A bonded DCB specimen is opened at a constant load 

point displac_ement rate. The rate selected strongly influences the crack velocity. In 

humid air, the load-point displacement rate can be selected to drive the crack at a velocity 

5 that is either faster or slower than the rate of degradation of the bond ahead of the crack 

tip. The application of :fracture mechanics to the CDRT leads to expressions for both the 

elastic energy release rate and crack velocity. 

Unfortunately, none of the methods of fracture mechanics applied to the 

Boeing wedge test lead to well-defined parameters describing the rate of bond 

10 degradation. By contrast, the CORT reveals the range in crack velocity where crack 

propagation undergoes a transition from llll-degraded to degraded material. The 

transitional crack velocity is directly linked to the rate of bond degradation under 

apparent constant stress intensity at the crack tip. A limitation of the CDRT method is the 

long times typically required to obtain data :from a range of load point displacement rates 

15 (up to 3 months). 

Microscopic Investigation 

Scanning mectron Microscopy (SEM) techniques have been used to 

investigate thin adhesive layers in adhesive/metal interfaces. The manner in which water 

20 degrades an adhesive bond is complex. It is believed that the processes of bond 

degtadation involve the migration of water ahead of the crack tip, the decoupling of the 

adhesive or coupling agent from the oxide, and the hydration of oxide at the unprotected 

sites on the oxide surface. Models of the x-ray generation close to an interface, using 

Monte Carlo and finite element techniques, allow for the detennination of thin layers on 

25 the interface and hence microscopic insight of the adhesive/metal interface. The SEM 

observations imply that the metal oxide is not being degraded by diffusion of water 

through the bulk oxide. Thus diffusion of water must be occurring either along the 

epoxy/metal oxide bond interface or within the epoxy. The macroscopic :fracture 

mechanics tests would indicate that the diffilsion of water is suspected to be along or very 

30 close to the interface. 

Electrical impedance measurements from 10 Hz to 10 MHz have been 

perfonned on bonded specimens after different times of exposure to water. The results 

show that the metal-epoxy-metal bond initially behaves like a capacitor and then becomes 
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more resistive at low~- frequencies with longer exposure. to water .. This resistive behavior 

is due to the wat.er penetrating the adhesive. Ions in the water oscillate under the· 

influence o:£t;he alternating electric field. Above a certain frequency these ions will not 

be able to respond to the varying electric field, due to inerti~ and the bond will once 

S again appear capacitive. The impedance versus frequency dependence clearly 

differentiates between a bond with few voids and a bond with many voids after exposure 

to water. These measurements are also sensitive to the continuing degradation of the 

bond :with ingress of water. Development of this technique could lead to a nondestructive 

technique for interrogating the integrity of ·adhesive bonds in the field. 

10 

Current NDE Systems for Bonded Components 

Three conventional non-destructive evaluation (NOE) teclmiques are 

commonly used with adhesively bonded repairs. The three techniques are (1) x-ray 

tomography, (2) ultrasonics (including laser ultrasonics), and (3) infra-red imaging. All 

15 of these techniques are external to the bonded component. All are sensitive to gross dis­

bonding and corrosion and, with infra-red imaging, can detect voids larger than 

approximately 1 square millimeter (mm) in a bond. None of the three teclmiques are 

sensitive to reduced bond strength when there is still good physical contact between the 

two bonded surfaces (the so called "kissing bond" problem). All of these NOE ·· 

20 techniques require good access to the bonded region visually and/or manually. The x-ray 

systems often suffer from occupational health and safety considerations, since typical x­

ray energies used are around 200keV. 

25 

Honeywell Smart Sensor Technology 

An electrochemical-based smart sensor system was developed by 

Honeywell Technology Center to provide early warning detection of corrosion related 

symptoms in bidden locations. of aircraft structures. The Honeywell system, called 

"Smart Aircraft Fastener Evaluation (SAFE)" system, detects symptoms of extensive pH 

cycling and the presence of extensive moisture. 

30 The SAFE system measures ionic activity in real time. The SAFE system 

uses a prototype Lawrence Livennore National Laboratory (LLNL) multi-element micro 

sensor array developed under the Smart Metallic Structures (SMS) program designed to 
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sense a specific ionic .phenomenon. Those skilled in the art will be familiar with the 

SAFE system and LLNL sensors. 

The sensor system is packaged in Hi-Lok fasteners used to bolt aircraft 

''ikintogether. Various methods for mounting the sensots in the fasteners have been used. 

5 'Typically, a corrosive electrolyte solution is transported from between aircraft skin layers 

via a series of capillary channels located in the well of the fastener to an intemally­

located environmental chamber, where the LLNL sensor array can sense the effects and 

quantify early corrosion symptoms. Als<> used are designs with the sensors mounted in a 

shallow slot on the outside of the fastener~ 

10 The SAFE system provides sufficient corrosion monitoring capability in 

bolted areas. Unfortunately, corrosion detection using the SAFE system is often times 

only possible through empirical association without physical insight as to the cause of the 

bond degradation. Further disadvantageously, the hollow structure of the Hi-Lok fastener 

tends to lower the structural strength of the repaired structure. Further, the SAFE system 

15 sensors rely on the transport of ions through capillaries which can clog. Finally, the size 

of the sensors used in the SAFE system precludes their use in structural repairs requiring 

small bond lines such as aircraft and the like. 

What is therefore needed is a bond degradation sensor which can detect the 

presence and rate of bond degradation in an adhesive bond line fanned between two or 

20 more structures. Further needed is a bond degradation sensor of minimal size to permit 

the sensor's implementation within a thin adhesive bond line. 

SUMMARY OF THE INVENTION 

The present invention provides for a micro-electronic bond degradation 

25 sensor which is operable to detect the presence and rate of bond degradation in an 

adhesive bond line formed between two or more structures. The micro-electronic bond 

degradation sensor can be fabricated on the order of 20-100 µm thick and can easily be 

embedded into very thin adhesive bond lines to provide accurate bond monitoring 

capability. 

30 In one embodiment, the miero-electronic bond degradation sensor includes 

a sensor substrate having a sensor stud and a power stud extending therefrom. A sensor 

circuitry is additionally funned on the sensor substrate. The sensor circuitry includes a 

This $heet Has Been Replaced 
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voltage-to-current amplifier having an input coupled to .sensor. stud and.an output coupled 

to the power stud. The voltage-to-current amplifier is operable to convert a voltage signal 

occurring along the sensor stud to a current signal output along tjle power stud. 

Other features and advantages of the present invention should be apparent 

S from the following description of the preferred embodiment, which illustrates, by way of 

example, the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figs. lA and lB illustrate top and side views, respectively, of a bonded 

10 structure in accordance with one embodiment of the present invention. 

Figs. 2A, 2B and 2C illustrate top, bottom and side layout views of the 

sensor IC in accordance with one embodiment of the present invention. 

Fig. 3A illustrates a schematic of the sensor circuitry in accordance with 

one embodiment of the Present invention. 

15 Fig. 3B illustrates ~ne embodiment of the front end of data extraction 

circuitry in accordance .with o~e embodi1nent of the present invention. 

Fig. JC ill11strates an exemplary input waveform, an output clock phase 

signal 380 and a data output signal generated in accordance with one embodiment of the · 

present invention. 

20 Fig. 4A illustrates a monitoring system in accordance with one 

embodiment of the present.invention. 

Fig. 4B illustrates one embodiment of the external interface shown in Fig. 

4A. 

Fig. 4C illustrates one embodiment of the computer system shown in Fig. 

25 4A. 

Fig. 4D illustrates the internal architecture of the computer system shown 

inFig. 4C 

Fig. SA is a flowchart illustrating the process by which aluminum pads are 

fabricated on the bottom surface of the sensor IC fonned on a silicon on insulator wafer in 

30 accordance with one embodiment of the present invention. 

Fig. SB is a flowchan illustrating the process by which aluminum pads are 

fabricated on the bottom surface of an sensor IC formed on a standard silicon wafer in 

accordance with one embodiment of the present invention. 
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Fig. 6A illustrates a top view of an electroplating bus constructed in 

accordance with the one embodiment of the present invention. 

Fig. 6B illustrates one embOdiment of a electroplating control circuit 

configured in accordance with the present invention. 

S Fig. 6C illustrates a wafer power interface in accordance with one 

embodiment of the present invention. 

Fig. 7 A is a flowchart illustrating the process by which electroplated 

copper sensor and power studs are fomted in accordance with one embodiment of the 

present invention. 

10 Fig. 7B is a flowchart illustrating a second method by which the 

15 

20 

electroplated copper sensor and power studs may be formed in accordance with the 

present invention. 

DESCRIPTION OF THE SPECIFIC EMBODIMENTS 

Outline of Contents 

I. General Overview 

JI. Sensor Architecture 

m. Sensor Monitoring System 

IV. Sensor Fabrication 

v. Applications 

I. General Overview 

Fig. lA and lB are top and side views, respectively, of a bonded structure 

25 110 illustrated in accordance with one embodiment of the present invention. The bonded 

structure 110 includes a lower plate 102, a metallic wing span in the illustrated 

embodiment, which is repaired by an upper metal plate 104. The bonded structure 110 

further includes one or more micro-electronic bond degradation sensors 200 (hereinafter 

sensor IC), which are preferably placed around the periphery of the upper plate 104. As 

30 shown in the side view of Fig. lB, an adhesive bond line 106 proVi.des attachment 

between the upper and lower plates 104 and 102, respectively. The adhesive bond line 

106 may include an internal scrim to provide unifonn thickness and electrical isolation 

between the upper and lower plates 104 and 102. The adhesive bond line 106 may be 
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formed to any desired· thickness, although in the illustrated embodiment in which the 
bonded structure 110 is an aircraft wing, the adhesive bond line is of a.minimal thickness, 
preferably less than 500 µm, to preserve the structure's aerodynamic properties. In other 

embodiment in which the bond offset is not as critical,·the adhesive bond layer 106 may 

5 exceed 500 µm. 

In the embodiment in which both of th~ lower and upper plates 102 and 
104 plates are composed of a conductive material, the conductive plates are used to 

communicate power and data signals to each sensor IC as will be further described below. 
In another embodiment in which one or both plates 102 and l 04 are composed of a non-

1 O conductive medium, such as a composite material, power and/or data may be provided to 

each sensor IC 200 by a wire embedded in the adhesive bond line 106. 

As appreciable to those skilled in the art, a variety of adhesive materials 
· and compounds may be used to form the adhesive bond layer 106. In the illustrated 

embodiment in which a metaJ/metal bond is made, one possible class of compounds is a 

15 thermoset epoxy film adhesive, such as FM® 73 or FM® 300 available from Cytec 

Industries of West Paterson, New Jersey. These adhesives are commonly used in aircraft 
manufacture and repair, have been used in ship repair, and could be used in the 
automotive industry. Other adhesives may be used alternatively or in additionto the 
theroinoset epoxy film adhe8ive8. 

20 

Il Sensor Architecture 

Figs. 2A, 2B, and 2C illustrate top~ bottom, and side views, respectively of 
the sensor IC constructed in accordance with one embodiment of the present invention. 
Fig. 2A illustrates the top surface of the sensor substrate 210 which includes one or more 

25 top sensor studs 222a, one or more top power·studs 228a, and sensor circuitry 300. The 
top sensor and power studs 222a and 228a extend substantially orthogonally from the. 
substrate top surface 21 Oa. The sensor circuitry 300 contains the chip's control and 
measurement circuitry, further described below. 

Fig. 2B illustrates the bottom surface of the sensor IC 200. In this 
30 embodiment, the bottom surface includes one or more bottom sensor studs 222b and one 

or more bottom power studs 228b, each extending substantially orthogonally from the 
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bottom surface. The substrate's bottom surfilce 21 Ob may also include a circuit area 

alternatively or in addition to the circuit area 300 fonned along the substrate's top surface. 

Fig. 2C illustrates a side view of the sensor IC 200. As can be seen, the 

top and bottom power studs 228 extend the farthest from the sensor slibstrate 210. The 

5 top and bottom sensor studs 222 are configured to extend various distances from the 

sensorsubstrate210. In the preferred einbodiment, the sensor substrate 210 has a 

thickness dimension (or height) which is preferably less than the thickness of the adhesive 

b'ond line 106. Further, the sensor studs 222 are formed at varying heights such that at 

·least one does not contact the opposing metal plate l 02 or 104. 

10 Once the sensor IC 200 is em.bedded into the adhesive bond line 106, the 

e:ondition of the adhesive bond/metal interface can be assessed by monitoring one or more 

electrical parameter between one or more non-contacting sensor studs 222 and the 

opposing plate 102 or 104. In a specific embodiment, the voltage between a non­

contacting sensor stud and the opposing plate is monitored to detect the presence and rate 

15 of bond degradation. 

In an exemplary embodiment, the sensor substrate is a complementary 

metal oxide semiconductor (CMOS) die measuring approximately lmm(l) xlmm (w) x 

25 µm{h), the fabrication processes of which will be further described below. Further 

preferably, the power and sensor studs 222 and 228 are composed of copper-plated 

20 aluminum and extend 15 µm to 40 µm from the top and bottom surfaces 21 Oa and 210b, 

respectively. Those of skill in the art will appreciate that substrates and studs of varying 

materials and/or dimensions may be used in alternative embodiments. 

Fig. 3A illustrates a schematic of the sensor circuitry 300 in accordance 

with one embodiment of the present invention. As illustrated, the sensor circuitry 300 

25 fu.cludes a power supply 302, a data extraction circuit 304, a shift register 306, an address 

comparator 308, a chip Select register 310, a command interpreter 312, a data output mux 

314, two voltage to current amplifiers 316, one or more selectable current sources/sinks 

318, a first analog multiplexer 320, a second analog multiplexer 322 and one or more 

reference resistors 324. Of course, other circuitry may be implemented alternatively or in 

30 addition to those comj>onents illustrated. 
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A power supply 302 is coupled to the power stud$ 228 arul is operable to 

provide one or more sources of regulated power to the seJisor circuitry 300. · The power 

supply 302 may include voltage regulation circuitry to provide stable internal voltages 

over varying input voltage levels. Jn some applications. the power supply circuit is not 

5 required. 

A data extraction circuit 304 has an input coupled to the power studs 228. 

As described in further detail below, clock and data sig1;1.als are combined with a power 

signal to form a multiplexed signal which is communicated to the sensor IC 200 via the 

via the power stud 228. The data extraction circuit 304 extracts the clock and data signals 

10 and routes these signals to the control and measurement circuitry. 

Fig. 3B illustrates one em.bodiment of the front end of the data extraction 

circuitry 304. Fig. 3Cillustrates an exemplary input waveform 370. an output clock 

phase signal 380 and a data output signal 390 for the data extractor circuit 304. 

During operation. a data signal 370 is provided along the input 330 as a 

15 modulated power supply voltage. The modulated power supply voltage is detected by 

. MOS transistors 334, 336 and 338 which in the preferred embodiment are referenced to 

the ground. The MOS transistors 332 provide a roughly constant voltage reduction to the 

resistor divider network. 333~ ··The MOS transistors· 336 and 338 in conjunction with the 

resistor divider network 333 are operable to conduct at different power supply input 

20 voltage levels. The data extraction circuit 304 operates to convert a high voltage level 

(S.S Vin the illustrated embodiment of Fig. 3C) to a phaseO clock signal and high (1) bit. 

The data extraction circuit 304 converts a low voltage level {4.8 V in the illustrated 

embodiment of Fig. 3C) to a phaseO clock signal and low (0) bit or a phase I clock signal 

if a pbaseO clock signal immediately preceded the low voltage level. A single data bit 

25 consists of two clock signals, phaseO and phasel, as illustrated in Fig. JC. Data is input 

during clock phaseO by taking the power supply voltage 330 to either a high voltage level 

or low voltage level 370 corresponding to a high data bit or low data bit respectively. The 

clock phasel signal is a low voltage. Additional standard logic cµ-cuits and latches {not 

shown) generate the two phase non..overlapping clock and a high or low data signal for 

30 the rest of the CMOS circuitry, the clockO, clockl and data signals from 304 in Fig. 3A. 

In this implementation, the phases of the internal sensor clock and external data input are 

synchronized by forcing the sensor circuitry to generate a clock phaseO whenever the data 

input is high. 
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In the preferred embodiment, the sensor circuitry 300 :further includes 

components to perfonn: (a) address decoding to allow selection of a sensor IC 200; (b) 

actions determined by the commands issued to the sensor IC 200; (c) measurement of the 

sensor studs 222, and (d) data output. 

Address Decoding and Command Data 

Twelve-bit data words are used in this implementation although data 

words oflonger or shorter bit lengths may be used in alternative embodiments. Data is 

input to a 12-bit Shift Register (SR) 306 which is clocked using the non-overlapping, two 

10 phase dual clock signals, clockO and clockl. The first two data bits and the last data bit 

are used to determine that the SR 306 has a valid address or command. The middle nine 

bits contain the address or command :function. 

In the preferred embodiment, the input data is processed in three ways 

depending upon the state of the sensor IC. In the first operational state, a valid address is 

15 received and the remaining nine data bits define the address of the selected sensor IC. In 

the preferred embodiment, each sensor IC has a wique selection of the data and negated 

data outputs of the SR 306 hard wired to the address comparator 308~ which consists of a 

set ofNAND gates, to detennine whether the particular sensor has been addressed. This 

hardwiring is determined by the connection patterning in the final metal layer of the 

20 integrated circuit. When the sensor IC is selected an internal latch circuit.310 records this 

and through the command interpreter 312 resets the SR 306 ready for another data word. 

In a second operational state, the sensor IC has previously received a valid 

address word to select the sensor, indicated by the latch 310 being set, and subsequently 

receives a valid command word. In this state, the command remains in the SR 306 and 

25 the nine command bits are presented to the command interpreter 312. The data bits 

presented to the command interpreter 312 to determine the action of the sensors IC chip. 

In a third operational state, the sensor IC is selected and the command 

received into the command interpreter 312 is an instruction to read a sensor stud 222 or 

internal reference resistor 324. In this state, receipt oflow data bits toggles the data 

30 output mux 314 on and off. Receipt of a high data bit resets the command inteipreter 312 

to a ready state to accept a new cOmman.d. 
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Sensor Control 

The command inteipreter 312 control circuitiy is a set of static logic gates 

and latches which perform the following functions: (a) selectionpf either an internal 

reference resistor 324 or~ sensor stud 222 to monitor; (b) selecti911 of the current 318 to 

S use for the measurement; ( c) selection of the measurement amplltier 316 to be used and 

(d) toggling of the sensor output 314 onto the power lines. 

The command interpreter 312 activates one or both multiplexers:320 or 322 to connect 

the current sources/~ ~ 18 to the reference resistors 324 or the:measurement studs 222, 

respectively. Connection of the current sources/sinks 318 to·reference resistors 324 

1 O produces one or more reference voltages to the input of the voltage-to-current amplifier 

316 for calibrating the sensor IC. Connection of the current s01Jro.elsink 318 to the sensor 

stud 222 provides a measprement voltage to the input of the vol~ge-to-current amplifier 

316. The data output mux 314 switches the corresponding meas11rement current to one or 

both of the power studs 228a· or 228b. In the preferred embodim~t, multiplexers 320, 

15 322 and 314 are CMOS analog switches. 

Sensor Measurement 

The condition of the adhesive bond/meta) interface may be monitored by 

measuring one or more electrical parameters between one ormore non-contacting sensor 

20 studs and the opposing plate 102 or 104. In an exemplary embodiment, a direct current 

(de) voltage is measured. Those of skill in the art wilJ appreciate that other de 

measurements as well as alternating current (ac) measurements may be made alternatively 

or in addition to the de voltage measurement 

Responsive to a control signal from the command interpreter 312, a mux 

25 31 g selects a constant cumm.t source/sink to supply or pull current from the sensor stud 

222. The sunk/supplied current develops produces a voltage between the sensor stud 222 

and the. opposing plate 102 or 104. The mux 322, responsive to a control signal output 

from the command interpreter 312, routes the sensor stud voltage to the input of the 

voltage-to-current amplifier 316. The voltage-to-current amplifier 316 converts the 

30 sensed voltage to a modulating current signal. In the preferred embodiment, the voltage 

measurements are made periodically, each over a short duration in order to preserve 

power. In alternative embodiments, the timing and duration of the measurement may 

vary. 

.. 
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In illustrated embodiment, eight sensor studs are provided, four on each 

side of the sensor IC 2dlt:·i 1be sensrir studs 222 are formed al'!frerexit heights to ensure 

that at least one sensor does not contact the metal plate which would prevent an accurate 

bond degradation meaSurement. The sensor circuit 300 includes four selectable current 

5 sources and four selectable current sinks 318 to provide a wider dynamic range for the 

conductivity measurements. Additionally, four reference resistors 324 are included in the 

sensor circuitry 300 and are operable to provide a reference voltage to the voltage-to­

current amplifiers for an internal calibration. 

Further preferably, tWo voltage-to-current amplifiers 316 are provided in 

10 order to allow measurement over the entire power supply voltage range. A first voltage­

to-current amplifiers is attached to ground/reference system potential (228a in the 

illustrated embodiment) and a second voltage-to-current amplifier referenced to the power 

supply (228b in the illustrated embodiment). In this embodiment, the command 

interpreter 312 supplies a control sign81 to select between the amplifiers. In an alternative 

15 embodiment, one or both of the voltage-to-current amplifiers may be replaced with an 

analog-to-digital converter. 

Data Output 

Responsive to a control signal supplied from the command interpreter 312, 

20 the data output·mux 314 routes the modulated current signal to either the top or bottom 

power studs 228a or 228b, respectively. In the illustrated embodini.ent in which the upper 

plate 104 is the non-reference or signal plate, the data output mux 3°14 routes the 

modulated current signa1 to the top power stud 228a. The modulating current signal 

propagates along the upper plate 104 to an external interface 430 and connecting 

25 computer system 470. :further illustrated in Fig. 4A and described below. 

In the prefeii-ed embodiment, the modulated current' signal can be toggled 

on and off by successive low data clock pulses input to the sensor IC 200. This allows 

the current sensing circuitry to perfonn more accurate measurement of low level signals 

by offsetting the no-signal Cur.rent. If an analog-to-digital converiei is used in place of a 

30 voltage-to-current amplififir 316, a current sink output cOutd be used to transmit high and 

low data bits. 
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As described aboye, the sensor IC 200 is operable to measure the voltage 

developed between a sensor stud 222 and the opposing plate wh~ a constant current is 

provided to t4e sensor ~ 2Z2. The sensor IC is further oper!!bJe to perf~nn other · 

measurements either alt~tiyely or in commi.ation with the d~cribed measurement 

5 technique in order to assess the state of the bond 

In an alternative measurement technique, the s~r voltage potential may 
. ' ' . . . 

be monitored with a zero ~t supply. Ifit is assumed that th~ Cu generally operates as 

a reference electrode (i.e., 'not being attacked by the local environment) then the voltage is 

a quantitative measurement of the amount of degradation. However, the signal is lower 
:: . .. . ·, 

10 than that measured by the· pas~ing a constant current between a_~ing stud 222 and one 

of the metal plates. For example, for Al corrosion the starting potential is around -1 V 

(corresponding to no com>sio1,1) dropping to-0.7V when _it is heavily corroded. 

Secondly, the conductivity may be measllred with an. ac signal, preferably 

at a frequency of greater~ ~ KHz. This will tend to mitigate ·possible problems 

15 associated with the polariza,tion resistance on the Cu and Al surfac;es, giving a truer 

measurement of conductivity between the sensors. The potentiW,. that is being measured 

in the sensor stud includes that due to the resistance at the Al and Cu surfaces and that in 

the epoxy. With long measurement times (greater than milliseconds) a polarization 

resistance builds up aroun~ the Al and Cu due to the accumulation or depletion ofions 

20 close to the metal surface. ·AC signal measurements may mitiga~e these problems. Gold 

electrodes which are more stable than Cu electrodes, and would ~t as true reference 

electrodes, could be used for the above measurements. 

The CMOS layout may be designed using any statidard CMOS software 

design package (for example Tanner EDA L-Edit® software). Tanller EDA T-Spice® 

25 software (or any other implementation of SPICE circuit simulatiop. software) can be used 

. to evaluate and emulate th~ petf'ormance of these CMOS circuits: 

ill. Sensor Monitoring System 

Fig. 4A illustrates a sensor monitoring system 400 in accordance with one 
; l . 

30 embodiment of the present Invention. As illustrated, _the sensor monitoring system 400 

includes the bonded structure 110, an external interface 430, and a computer system 460. 

The bonded structure 110 includes the above-described upper plate 104 which is 

adhesively bonded to the lower plate 102. One or more sensor I Cs 200 are preferably 
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located around the periphery of the upper plate 102, although in an alternative 

embodiment, the sensof:lr£s 200 may be located in a differc9.tit dr random pattern 

throughout the bonded area. 

The external interface 430 is coupled to the bonded structure 110 via two 

5 lines: a reference (or OV) line 43 la coupled to the lower plate 102 and a power 

/communication line 431 b coupled to the upper plate 104. In the illustrated embodiment, 

the lower plate is the frame of the aircraft and thus defines the reference potential of the 

structure. In an alternative embodiment in which the upper plate constitutes the reference 

(for instance, when a repair is made underneath the wing) the lines 43 la and 431 b would 

10 be reversed. 

The external interface 430 is further coupled to the computer system 460 

via a line 43 lc which is preferably a bus for communicating data, control, power and/or 

other signals between the external interface unit 430 and the computer 470. The 

computer may be a conventional computer machine, further described in Figs. 4C and 

15 4D. 

20 

Fig. 4B illustrates a schematic block diagram of the external interface 430 

in accordance with one embodiment of the present invention. The external interface 430 

includes a computer interface 432, a summer 433, a power amplifier 434, a cmrent sensor 

435, and a current level shift detector 438. 

During operation, the external interface 430 receives, via the bus line 43 lc, 

a power signal 432a and a data signal 432b ftom the computer system 460. The power 

signal 432a is provided to power up to all of the sensor I Cs 200 located in the bonded 

structure 110. The data signal is provided to control and/or communicate with one, 

several or all of the sensor ICs 200 within the bonded structure 110. The power and data 

25 signals 432 are multiplexed together using the summer 433 and the multiplexed signal is 

amplified by the power amplifier 434. A CUJTent sensor 435 coupled at the output of the 

power amplifier provides little or not effeet to the output multiplexed signal. In the 

preferred embodiment:, the inverting input on the power amplifier is coupled to the power 

amplifier output in order to provide feedback control. A coupler or other device may be 

30 coupled along the feedback path to Se.Ilse the amplitude, phase, frequency and/or other 

signal parameters of the output multiplexed signal 436 in order to better control the 

signal's characteristics. 
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The output multiplexed signal 436 corresponds to the input waveform 370 

illustrated in Fig. 3C. Specifically, th~ output multiplexed signal 436 has a DC power 

component operable to power the sensor ICs 200 and a modulating data component 

operable to provide communications and control to the sensor ICs as described. above. 

S The output multiplexed signal 436 is provided to the upper pla~ 102 of the bonded 

structure via line 431 b and a ground or other reference signal is provided to the lower 

plate 104 of the bonded structure 104 via- line 431 a. Preferably, the lower plate 102, the 

external interlace unit 430 and the computer system 460 are all tied to the same ground or 

other reference signal. In severe electrical environments an optically isolated computer 

10 interface 432 could be used and the external interface 430 could use batteries or an 

independent or isolated power supply. 

The external interface 430 is further operable to receive a sensor IC signal 

437 which, in the illustrated embodiment, consists of a modulating current signal, as 

described above. The current sensor 435 is coupled to sensor's power studs 228 via the 

1 S upper plate 102 and the power/communication line 431 b; and is operable to detect the 

- modulating current signal .. The current s~ is polled during times at which no 

multiplexed signals 436 are being output. The current sensor 435 is coupled to a current 

level shift detector 438 which operates to convert the modulating current signal toa - -

digital output 439 for communication to the computer system 460 for analysis. 

20 Fig. -4C illustrates one embodiment of the computer system 460 configured 

in accordance with one embodiment of the present invention. The computer system 460 

includes a monitor 464, screen 462, c.t>inet 468 and a keyboard 484. A mouse (not · 

shown) may also be included for providing additional input/output commands. Cabinet 

468 houses a mass storage device 466 such as a hard drive operable to store data and -

25 computer readable instructions which may be utilized to execute the processes of the 

present invention. Alternatively the mass storage device 466 may be a fixed or 

removable disk drive such as a floppy drive, a DVD or CD read only drive, or a writeable 

or re-writable drive. In this instance, the disk drive 466 accepts a matching disk (not 

shown) which stores the aforementioned data and computer-readable instructions. 

30 Cabinet 468 also houses familiar computer components (not shown) such as a central 

processor, memory, and the like. 
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Fig. 4D illustrates the intetnal architecture of the computer system shown 

in Fig. 4C. The computer system 460 includes familiar subsystems stich as one or more 

IIO controllers 474, system memory 476, a central processor 478, one or more speakers· 

480, a removable disk 482;keyboard 484, fixed disk 486, and a network interface 488. 

S Additional subsystems may be included as well. For example, the computer system may 

include a second processor (e.g., a math co-processor). Arrows such as 490 represent 

signal flow and bus architecture, although those of skill in the art will appreciate that 

other bus architectures are possible as well. For example, a dedicated bus may be 

established between the system memory 416 (SDRAM in one embodiment) and the 

10 central processor 478 (a Pentium™ III in one embodiment). Other bus architectures will 

be apparent to those skilled in the art. 

IV. Sensor Fabrication 

In the preferred embodiment, the sensor IC is fabricated using a CMOS 

15 process using Silicon-On-'-lnsulator (SOI) wafers, known in the art. The SOI wafers. 

typically consist of a device layer (typically 1 Sµm thick) fonned on top of a buried thick 

oxide layer (O.S - 3.0µm available from suppliers) fonned on top of a Si handle wafer 

(typically SOOµm). 

Fabrication of all of the sensor circuitry 300 and the top side Al pads may 

20 be perfonned using a conventional CMOS processes. However, formation of the bottom 

side Al pads are not conventional processes. Figs. SA and SB illustrate two processes by 

which bottom side A1 pads are funned in accordance with the present invention. 

Fig. SA is illustrates a bottom side Al pad formation process for SOI 

sensors. Initially at 502, truncated pyramidal pits in the device layer are etched. 

25 Preferably, the pits are etched using Ammonium TetraMethyl-Hydroxide (TMAH) and an 

oxide mask layer. Next at 504, an oxide (or nitride) layer is deposited (or grown) to 

electrically isolate the exposed Si in the etched pits. In the preferred embodiment, the 

oxide (or nitride) layer is depoSited on the top surface of the device layer, on the bottom 

surface of the Si handle and on the insides of the etched pit. 

30 Subsequently at 506, a center portion of the exposed buried thick oxide 

layer is etched down to the Si handle. Next at 508, an Al pad at the bottom of the etch pit 

is formed which is electrica.J.ly connected to circuits on the top of the lSµm device layer. 

This process may be achieved with a combination of standaid thickness (and extra thick, 
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if necessary) Al deposition and patterning. In an altemative·embodiment, Cu may be 

deposited at the bottom of the etehed pits. Next, Al is depo~ted over the Cu to make 

contact between the Cu and the Al wiring in the CMOS section of the sensor. A Cu 

diffusion barrier may be necessary since the wafer is held at an elevated temperature for 

5 the final protective glass deposition fabrication step. 

Subsequently at 510, the SOOµm handle wafer is removed underneath the 

sensor IC. This operatiOIJ. is performed in the preferred embodiment with an extended, 

single sided etch using TMAH doped with Si (Si doped TMAH does not attack Al). At 

the end of this process, the Al deposited in the bottom of the tnmcated pyramidal pits will 

10 be exposed to form the pads for electroplating on the bottom of the sensor IC. If a Cu 

layer is deposited in 508 rather than Al, undoped TMAH.can be used since attack of Cu 

by TMAH is low. The wafer will now consist of a square mesh of thick Si ribs 

supporting the thin chip sensors. 

The formation of the pits in the top surface of the wafer may have an 

15 impact on the photo-lithographic processing. In this case, a thicker coating resist can be 

used during the fabrication process. 

Due to the ease with which backside Al pads are formed on sensor ICs 

fabricated on SOI wafers, SOI wafers are the preferred substrate used. However, SOI 

wafers are more expensive compared to standard silicon (Si) wafers. Therefore, it is 

20. advantageous to present a backside Al pad formation process suitable for standard· Si 

wafers. 

Fig. SB illustrates a backside Al pad fonnation process for sensor ICs 

formed on a standard Si wafer. Initially at 522, the top side of the Si device wafer, which 

has undergone all of the required CMOS processing and sensor fabrication, is bonded to a 

25 handle wafer. In the preferred embodiment, the bonding method is compatible with all 

etchants and processing conditions in the following processes. 

Next at 524, the bottom side of the Si device wafer is mechanically­

chemically thinned to the required thickness. Subsequently at 526, the exposed bottom 

surface of the Si device wafer is coated, patterned and etched through to make via holes 

30 to previously fabricated structures on the top side of the Si device wafer. Next at 528, an 

insulating layer is deposited on the exposed bottom surface of the Si device wafer. At 

530, the insulating layer is patterned and etched to expose the areas which form the 

electrical connection to the sensor circuitry 300. 
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Next at 532~·metat, (aluminum in the preferred' embodiment) is deposited 

and patterned on the device wafer. This metal forms both (1) the via connections from 

the bottom surface to the CMOS circuits on the top of the sensor IC and (2) the pads for 

electroplating on the bottom of the sens~r IC. At 534, a support structure is bonded to the 

S device layer which leaves all plating pads exposed. The support structure is preferred 

since electroplating is perfonned on both sides of the wafer. The support structure 

preferably remains in place 'during removal of the handle wafer at 536. Once the handle 

wafer has been removed at 536, the sensor and power studs are formed, two processes of 

which are :furtherdescn'bed in Figs. 7A and 7B below. 

10 The power and sensor sfuds are preferably fabricated after all of the 

CMOS processing has been completed but prior to wafer dicing. For double-sided sensor 

ICs, the bulk thinning of the sensor !Cs has also been performed. In this embodiment, 

the sensor and power studs consist of Cu studs electroplated onto exposed Al pads on the 

Si CMOS wafer. Those of skill in the art will appreciate that other metals could be 

15 electroplated as sensor studs. 

The Cu electroplating current/area is preferably lower for studs that are 

shorter. In the.preferred embodiment, electroplating is performed on whole wafers for 

efficient, low cost and volume production. This process may be achieved in the following 

ways: (a) using an electroplating bus bar system that supplies different currents to the 

20 different plating pads over the whole wafer and/or (b) using on chip CMOS current 

sources which will only need power and an optional enable signal to be supplied over the 

whole wafer. Either or both of these approaches may utilize an extemal electrical 

connection to the wafer while it is immersed in the electroplating bath. 

Fig. 6A illustrates a top view of a electroplating bus 610 constructed in 

25 accordance with the one embodiment of the present invention. In this embodiment, the 

bus 610 includes seven first metal layers 612 and seven second metal layers 614 located 

around the periphery of a sensor IC 200. A second electroplating bus 613 is also formed 

just inside the periphery of the sensor IC 200 and interconnects the points at which the 

power studs are to be fonned. 

30 Connected to se\ienfirstmetal layers are five plating pads 615, 616, 617, 

and 618. Plating pads 615~618 are prriVi.ded to form each of the four sensor studs 222a 

illustrated in Fig. 2C. By providfug a separate plating conneetor to each sensor stud, each 

sensor stud may be formed at different dimensions. Plating pads 619a-d are 
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interconnected via the second electroplating bus 613 and are provided to form power 

studs 228a, each of equal dimensions. 

. Fig. 6B illustrates one emhociiment of an on-waf'er electroplating control 

circuit 620 configured in accordance with the present invention. :The electroplating 

5 control circuit 620 is used to control the formation process of;the sensor and power studs 

formed on the connecting plating pads ~15-619. The on-wafcn- electroplating control 

circuit 620 includes a first resistor 621 a coupled to a first current driver 623a and a 

second resistor 621b coupled to a second current driver 623b. ·.The first and second 

resistors are connect at a common node where an input enabl~ voltage may be applied. In 

10 the illustrated embodiment, the first and second current drivers 6~2a and 623b are 

coupled to the plating pads 615 and 616, respectively. In other ~bodiments, the on­

wafer electroplating control circuit 620 may supply one, three or more plating pads 615-

619. Each of the current drivers 623 are realized as a two deVice. FET current mirror. 

Those of skill in the art will appreciate that other non-FET transi~tor architectures or 

15 circuit configurations may be used in alternative embodiments. 

During operation, an enabling voltage is applied to the input of the control 

circ"uit 620 and a resulting current is delivered to the plating p~ 615 and 616. The 

amount of electroplating cUrrent delivered to each plating pad (m.d accordingly the 

resulting element's dimensions) is detennined l>Y the value of the connecting resistor and 

20 the connecting current driver. In the illustrated en.tbodiment, the two plating pads 615 

and 616 may be supplied different electroplating cµrrents using the same enabling voltage 

if the resistance values 62la and 621b are selected to be different and/or if the current 

drivers 623a and 623b are designed to deliver different amounts ·Of current (e.g., one 

current driver employing transistors having a different gate p~phery than the other 

25 current driver). The circuit 620 is operational during the electropJating process to control 

the height and other dimensions of the power and sensor studs formed from the plating 

pads 615 and 616. 

In this embodiment, both plating techniques have been implemented with 

five variable low current sinks used to control the current at each plating pad on some of 

30 the die, with a maximum permissible average current of 650 µA/mm2
• The remaining 

two bus lines of 612 are used for on-chip CMOS current sin.ks on other die on the wafer. 

One of these lines provides low voltage power and the other line is used to enable and 
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define the value of the on..chip cmrent sinks. A variable enable yoltage supply is used 

and the total current is mJmfui-ed and set to ensure that the m~l~um average DC current 

is less that 650 µAJmrr?- in tlie preferred embodiment. The on-chip CMOS approach 

largely overcomes problems ·associated with metal-to-metal via resistance variations since 

5 the·plating cmrent is detennined by the drain-to-source current (Ids) of transistors 623a or 

623b. Ids is in tum determined by the characteristics of the transistor and the value of the 

resistor 62la or 621b connecting it to the enable voltage. This resistor621a or 621b can 

be chosen to dominate the resistance of any metal-to-metal vias or metal-to-resistor 

contacts. Further prefeaed, polysilicon resistors are implemented to provide minimum 

10 resistance variation across the wafer. 

15 

Fig. 6C illustrates a wafer power interface in accordance with one 

embodiment of the present invention. As illustrated, the wafer 630 includes two power 

interfaces 640, each power interface 640 providing power to one half of the wafer. In 

alternative embodiments, a different number of interfaces 640 may be used. 

Each power interface 640 includes conductive strips 642 for contact with 

probe needles, flex cable, or other connecting devices. In the illustrated embodiment, 

seven conductive strips 642 are provided corresponding to the seven electroplating bus 

lines 612 shown in Fig. 6A. Specifically, a first conductive strip 642a provides the 

ground (or -V 6) potential, a second conductive strip 642b provides the enable voltage, 

20 each of four conductive strips 642c provides power to sensor stud plating pads 615·6 l 8, 

and a seventh conductive strip 642d provides power to the power stud plating pads 619a· 

d. Each conductive strip is preferably 1 mm x 10 mm. The illustrated power interface 

640 is but only one example of one possible structure and those of skill in the art will 

appreciate that power interface structures of differing structure and/or dimensions may be 

25 used as well. 

In the preferred embodiment, the final CMOS processing step involves 

removing resist by ashing the resist in an oxygen plasma. This process grows an Al oxide 

150-200A thick on the sensor stud and power pads which is preferably removed prior to 

the electroplating process. While the sensor studs 222 in the preferred embodiment 

30 consist of electroplated Cu over Al, those of skill will appreciate that other base and 

plating metals may be used alternatively. 
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Fig. 7 A is a flowchart illustrating the process by which electroplated Cu 

sensor and power studs 222·and 228 are formed in accordance wi~ one embodiment of 

the present invention. The method is based on zincating based ~ electroplating 

techniques used with thick Al. This technique is very effective o* bulk Al where a rather 

5 aggressive sodium hydroxide (NaOH) etch is used and a good zin¢ oxide layer is formed. 

Bulk Al electroplating techniques are not directly applicable to the thin Al films formed 

on CMOS IC's since the film is easily removed by the chemicals jnvolved. 

Initially at 702, the wafer is dipped into SO: 1 water.hydrofluoric acid for 

approximately 120 seconds to remove the oxide formed during the resist ashing process 

10 and to lightly etch the Al surface. The wafer is then given a thorough rinse .. Next at 704, 

the wafer is immersed in a 30% concentration of nitric acid for 20 seconds. Next at 706, 

the wafer is thoroughly rinsed in water. 

At 708, the wafer is immersed in a saturated ~c o~ide in ammonium 

hydroxide solution for 10-30 minutes, thereby forming a conductive zinc oxide layer.· 

· 15. The immersion time will vary depending upon the thickness of th~ Al layer. The wafer is 

subsequently rinsed in water at 71 O •. 

Next at 712, the wafer is immersed in 70% nitric ~id for approximately 20 

secondS. This process operates to strip off the zinc oxide and doel$.a final surface clean. 

The wafer is rinsed in wat~ at 714 and subsequently immersed in 'the saturated zinc oxide 

20 in ammonium hydroxide solution for 10-30 minutes once more to grow the zinc oxide 

again at 716. A final quick rinse is perfonned at 718 and the wafer is quickly transferred 

to the Cu electroplating solution with the electrical connections a1ready applied and 

powered up 720. The maximum average plating current is .set. to 6.?0 µA/mm2
• Pulsed 

plating may be performed with a 10% duty cycle at lkHz. The Cu studs grow at roughly 

25 1 µmlminute at this current density. Those of skill in the art we aP,preciate that other 

settings may be used as well. 

Fig. 7B is a flowchart illustrating a second method by which the 

electroplated Cu sensor and power studs 222 and 228 may be form,ed in accordance with 

the present invention. This method deposits a seed layer of Cu onto oxide free Al sensor 

30 and power pads using a lift off process. 

Initially at 722, photoresist is deposited and patterned to expose the Al 

areas where Cu is to be deposited. Next at 724, the wafer is dipped in 50: 1 
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water:hydro:O.uori.c acid for approximately 120 seconds and afterwards given a thorough 

rinse to remove the oxike t&med during the resist ashing pfuddss. Next at 726. the 

exposed Al pads are sputter or plasma cleaned in the same equipment that the Cu is 

deposited in. Next at 728, without introducing air into the processing chamber 

S approximately 1 µm of Cu is deposited on the exposed Al pads and photoresist. Next at 

730, the resist and the excessive Cu covering the resist is removed, leaving the Cu on the 

exposed areas. Just prior to electroplating, the Cu surfaces are cleaned to remove any 

oxide. 

10 In the preferred embodiment, Cu electroplating is perfonned by 

transferring the wafer to a Cu plating bath with electrodes and power already connected to 

the wafer prior to immersion in the bath. The maximum average plating current is set to 

650 µA/mm2 and pulsed plating performed with a 10% duty cycle at lkHz. The Cu studs 

grow at roughly lµmlminute at this current density. Those of skill in the art we 

15 appreciate that other settings may be used as well 

Each of the described methods may be implemented in various fonns, 

including software, hardware, finnware, or a combination of these. In one embodiment 

of the present invention, the methods are implemented as software programs executable 

on a computer system, one embodiment of which is shown in Figs. 4C and 4D. In this 

20 embodiment, the software program comprising the method is stored either locally in 

system memory 476, or on a fixed disk 486. In another embodiment, the program is 

stored on a removable disk 482, such as a magnetic floppy disk, a CD or DVD disk. 

In a further embodiment, each method is implemented as a series of 

encoded electronic, electro-optic, or optical signals which are communicated to the 

25 computer system 460 via the network interface 488. The encoded electronic signals may 

be conununicated to the network interface 488 via a hard-wire line such as a fiber optic or 

coaxial cable. Alternatively, the encoded signals may be communicated over .free-space 

to the network interface 488. The network interface 488 in this embodiment is 

appropriately configured to receive and convert the encoded signals to computer-readable 

30 instructions corresponding to the processes illustrated in each of the present methods. 

The network interface may include electronic, electro-optic, or optically-based 

components such as an antenna or an electromagnetic lens, demodulation and/or 
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demultiplexing circuitry and other similar components. The network interface may 

further include reciprocal circuitry. and/or .components operable to covert the processes of 

each of the present methods to encoded signals. 

5 V. Applications 

The present invention i~ applicable to a variety of adhesive bonding 

systems that incorporate an electrically insulating system between two metallic parts. 

The bonded metal can be two metal sheets or a metal sheet bonded over a metal 

honeycomb structure. In the later case, a small carrier insert would be required for 

10 location of the sensor within the honeycomb structure and an isolated electrical 

connection to the honeycomb would .need to be designed into the bonding procedure. 

The present invention also may be adapted for composite plates bonded to 

metal and/or composite plates or honeycomb with the inclusion of either a radio 

frequency power and communications interface to drive the sensor and CMOS circuits, or 

15 a two-wire interface that would produce minimal disruption to the composite structure. In 

20 

.. the latter case, one or more sensor ICs could be serially connecteci along the wires. The 

two-wire interface can be implemented either as discrete, thin, in~ulated wires bond to the 

sensors or as a wiring pattern deposited and etched on a thin flex~ble substrate such as a 

polyimide sheet. 

Aircraft 

The driving factors behind aircraft structural maintenance are aircraft 

safety and longevity. Structural maintenance of military and commercial aircraft takes 

two fonns: periodic replacement or inspect and repair. Some structural components of an 

25 aircraft are periodically replaced based on the number of takeoff/landing cycles 

experienced while other components are manually inspected and. evaluated for repair or 

replacement. The inspect and repair method is very labor intensive and based upon 

arbitrary judgments, and both methods lead to cost inefficient maintenance. 

Most commercial aircraft are manufactured using bonding technology to 

30 adhere certain external surfaces to their underlying structures. Typical components that 

use bonding technology include the rudder, elevators, ailerons, wing-to-fuselage fillet, 

nacelles, engine cowling, and rotors (helicopters). Newer aircraft use fiber reinforced 
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materials for the honeycqmb core with skins made of metallic o~ nonmetallic materials . 
....... 7'· . . •..•. :l 

Older aircraft generally liiie metallic materials in a monolithic c0nstruction. 

. The market opportunity related to aircraft is to provide NDI of adhesive 

bonded structures. The concept is to produce a "smart materialu consisting of a nUIIiber 

5 of small, independent, wireless sensor !Cs embedded within the adhesive bond-line. The 

"smart material" can be retrofitted as part of a structural repair or when an aircraft goes 

through a complete tear down during the Life Extension Program. A longer~term 

opportunity is also to em.bed the 11smart material" during new aircraft construction. 

During maintenance, the "smart materials" are connected to a central control unit which 

1 O indicates the status of each embedded sensor IC and identifies weak or damaged 

locations. 

This approach allows aircraft structural inspection to be achieved without 

removal of assemblies from the aircraft and saves maintenance time, reduces the cost of 

structural inspection, provides consistency, reduces the variety of required inspection 

15 equipment, and produces an earlier wamiiig ofbond degradation. A reliable test for 

partial bond degradation would also lead to wider application of bonding technology and 

improved understanding of degradation mechanisms. 

20 

Bridges 

The driving factors behind highway bridge maintenance ate safety and 

highway maintenance budget allocation. The Federal Highway Administration (FHW A) 

requires that each bridge in the United States be inspected every two years and rated on a 

scale of 0 to 9. The condition rating assigned to a bridge is based on a manual inspection 

of the bridge which is a time-consuming, labor intensive, and often al'bitrary process. 

25 Nonetheless, the decision for maintenance on a bridge is based largely upon the rating it 

receives. 

There are many bridge designs in existence today including prestressed 

concrete multi-beam, girder tloorbeam, slab span, concrete tee beam, adjacent box beam, 

steel box girder, reinforced concrete frame, deck truss, through truss, deck arch, through 

30 arch, suspension, cable-stayed, bascule, steel culvert, and concrete box culvert. Many of 

these bridge types involve encapsulating a steel superstructure in concrete, thereby 

eliminating the ability to detennine the condition of the steel superstructure. 
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The market opportunity for bridges is to provide automatic, Non­

Destructive Monitoring of the corrosion condition of bridge elements. The concept is to 

place a number of sensors (similar to those for aircraft) within the surrounding concrete 

placed near the reinforcing steel rebar cage. Wireless sensor ICs can be placed as a 

5 "sensor cluster'' during bridge column overhaul or by inserting a .concrete core with an 

embedded sensor cluster into small diameter holes drilled through the bridge element. 

The sensor !Cs allow bridge managers to quickly, consistently, and cost-effectively 

detennine the corrosion state at each location of the bridge .element. This approach 

allows bridge corrosion evaluation to ~ achieved without costly manual inspection, 

10 increases the thoroughness of the inspection, provides consistent results, reduces the 

variety of required inspection equipment, and produces an earlier warning of bridge 

deterioration. 

The present invention has been described above in terms of a presently 

preferred embodiment so that an understanding of the present invention can be conveyed. 

15 There are, however, .many configurations for bond integrity-sensing systems not 

specifically described herein but with which-the present invention is applicable. The 

present invention should therefore not be seen as limited to the particular embodiments 

described herein, but rather, it should be understood that the present invention has wide 

applicability with respect to bond integrity sensing systems generally. All modifications, 

20 variations, or equivalent arrangements and implementations that a,e within the scope of 

the attached claims should therefore be considered within the scope of the invention. 



W000/46593 PCTJUS00/03308 . . 

27 

WHAT IS CLAIMED IS: 

1 1. A micro-electronic bond degradation sensor, comprising: 

2 a sensor substrate having two major surfaces; 

3 a sensor stud extending from a major surface of the sensor substrate; 

4 a power stud extending from a major surface of the sensor substrate; and 

5 sensor circuitry fonned on ~major surface of the sensor substrate, the 

6 sensor circuitry comprising a voltage-to-current amplifier having an input coupled to the 

7 sensor stud and an output coupled to the power stud the voltage-to-current amplifier 

8 configured to convert a voltage signal occumng on the sensor stud to a cUIIent signal. 

1 2. The micro-electronic bond degradation sensor of claim 1, wherein 

2 the sensor circuitry :further a data extraction circuit having an input coupled to the power 

3 stud and an output, the data extraction circuit configured to a receive a multiplexed signal 

4 comprising a power signal and a data signal and to output in response the data signal. 

1 3. The micro-electronic bond degradation sensor of claim 2, wherein 

2 the sensor circuitry further comprises a shift register having an input coupled to the output 

3 of the data extraction circuit and an output, the shift register configured to store the data 

4 signal. 

1 4. The micro-electronic bond degradation sensor of claim 3, wherein 

2 the data signal comprises a received address word, the sensor circuitry further comprising 

3 an address comparator having an input coupled to the output of the shift register, the 

4 address comparator configured to compare the received address- word with a predefined 

5 address word. 

1 

2 

3 

4 

5 

6 

s. The micro-electronic bond degradation sensor of claim 3, wherein 

the data signal comprises a received command word, the sensor circuitry further 

comprising a command interpreter haVfug an input coupled to the output of the shift 

register and an output coupled to the voltage-to-current amplifier, the command 

intexpreter configured to receive the received command word and in response activate the 

voltage-to-current amplifier. 

iiiii~f 
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1 6. The micro-electronic bond degradation s~r of claim 5, wherein 

2 the sensor circuitry further comprises a current source/sink haviJ\g a first port cQupled to 

3 the sensor stud and a second port coupled to the command interpteter, the current 

4 source/sink configured to source/sink a predefined current to/fro:in the sensor stud in 

S response to a signal received from the command interpreter. -

t 7. The micro-electronic bond degradation s~or of claim 6, wherein 

2 the sensor circuitry further comprises a reference resistor co"Qple~ to the current 

3 source/sink, the reference_resistor configured to produce a reference voltage at the input 

4 of the voltage-to-current amplifier. 

l 8. A micro-electronic bond degradation sens0r embedded within an 

2 adhesive bond line formed between the surfaces of a first condu~ve plate and a second 

3 conductive plate, the micro-electronic bond degradation sensor C4?JD.prising: 

4 a sensor substrate having a first major surface and a second major surface; 

5 a: sensors~ ex.tending from one of the major s~aces of the sensor 

6 substrate, the sensor stud-not contacting the surface of either conductive plate; 

7 a first power stud extending from the first.major ~es of the sensor 

8 substrate, the first power stud contacting the surface of the firSt conductive plate; 

-9 a second power stud extending from the second major surface of the sensor 

10 substrate, the second power stud contacting the surface of the see<>nd conductive plate; 

11 and 

12 sensor circuitry formed on the first major surface of the sensor substrate, 

13 the sensor circuitry comprising a voltage-to-current amplifier having an input coupled to 

14 the sensor stud and an output coupled to the power stu~ the voltage-to-current amplifier 

15 configured to convert a voltage signal occurring on the sensor stud to a current signal. 

t 9. The micro-electronic bond degradation sensor of claim 8, wherein 

2 the sensor circuitry further comprises a data extraction circuit having an input coupled to 

3 the first power stud and an output, the data extraction circuit configured to receive a 

4 multiplexed data and power signal and to output, in response, a data signal. 
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1 o. rfi~wcro-electronic bond degradati6n ~bsor of claim 9, wherein 

the sensor circuitry further comprises a shift register having an input coupled to the output 

of the data extraction circuit and an output, the shift register configured to store the data 

signal. 

11. The micro-electronic bond degradation sensor of claim 10, wherein 

2 the data signal comprises a received address word. the sensor circuitry further comprising 

3 an address comparator having an ini>u.t oouJ>led to the output of the shift register, the 

4 address comparator configured to compare .the received address word with a predefined 

5 address word. 

1 12. The micro-electronic bond degradation sensor of claim 10, wherein 

2 the data signal comprises a received command word, the sensor circuitry .further 

3 comprising a command interpreter having an input coupled to the output of the shift 

4 register and an output coupled to the voltage-to-current amplifier, the command 

S interpreter configured to receive the received command word and in response activate the 

6 voltage-to-current amplifier. 

1 13. The micro-electronic bond degradation sensor of claim 12, wherein 

2 the sensor circuitry further comprises a current source/sink having a first port coupled to 

3 the sensor stud and a second port coupled to the command interpreter, the current 

4 source/sink configured to source/sink a predefined current to/from the sensor stud in 

5 response to a signal received from the command interpreter. 

1 14. The micro-electronic bond degradation sensor of claim 13, wherein 

2 the sensor circuitry :further comprises a reference resistor coupled to the current 

3 source/sink, the reference resistor conflgrited to produce a reference voltage at the input 

4 of the voltage-to-current amplifier. 

1 15. A sensor monitoring system for detecting bond degradation of an 

2 adhesive bond line fonned between the surfaces of a first conductive plate and a second 

3 conductive plate, the sensor monitOring system comprising: 

4 a micro-electronic bond degradation sensor embedded within the adhesive 

5 bond line, comprising: 
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6 ·a sensor substrate having a first major surface and a second major 

7 srlace; 

8 a sensor stud extending :from one of the major surfaces of the 

9 sensor substrate, the sensor stud not contacting the surface of either conductive plate; 

1 O a first power stud extending from the first major surfaces of the 

11 sensor substrate, the first power stud contacting the surf~ ~f the first conductive plate; 

12 a second power stud extending from the second major surface of 

13 tl:e sensor substrate, the second power stud contacting the surface of the second 

14 CClnductive plate; and 

15 sensor circuitry formed on the first major surface of the sensor 

16 substrate, the sensor circuitry comprising: 

17 a data extraction circuit having an input coupled to the first 

18 pnver stud and an output; the data extraction circuit configured to receive a multiplexed 

19 cbl:a and power signal and to output, in response, a data signai; and 

20 a voltage-to-'current amplifier having an input coupled to 

21 tie sensor stud and an output, the voltage-t<Kurrent amplifier configured to convert a 

22 veltage signal occurring on the sensor stud to a current signal; 

23 an external interface having a first port coupled to the first 

24 cci11ductive plate for outputting the multiplexed data and power signal and for receiving 

25 the current signal, and a second port couplecf to the second conductive plate for providing 

· 26 a reference signal. 

1 16. The sensor monitoring system of claim 15, wherein the external 

2 iI:t erface comprises: 

3 a summer having a data input, a power supply input and a multiplexed 

4 signal output; the summer configured to combine the input data and power signal into the 

5 maltiplexed data and power signal; and 

6 a power amplifier having an input coupled to the multiplexed output of the 

7 smuner and an output coupled to the first conductive plate, the power amplifier 

8 earligured to amplify the signal level of the multiplexed data and power signal. 
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1 17. · 111e sensor monitoring system of claim 15, wherein the external 

2 interface comprises: 

3 a current sensor having an input coupled to the first conductive plate and 

4 an outpu4 the current sensor configured to detect the current signal; and 

5 a current level shift detector having an input coupled to the output of the 

6 current sensor and an output, the current level shift detector configured to convert the 

7 current signal into a sensor output digital word. 

1 18. The sensor monitoring system of claim 16, further comprising a 

2 computer system having a first output coupled to the data input of the summer for 

3 providing the data signal, a second output coupled to power supply input for providing 

4 the power supply signal, and an input for receiving the sensor output digital word. 

1 19. A method for forming electroplated copper studs on a 

2 semiconductor wafer having an aluminum metal layer, the method comprising: 

3 dipping the semiconductor wafer into an substantially 50: 1 water: 

4 hydrofluoric acid; 

5 immersing the semiconductor wafer in substantially 300/o nitric acid; 

6 immersing the semiconductor wafer in a saturated zinc oxide in 

7 ammonium hydroxide solution to fonn a conductive zinc oxide layer; 

8 immersing the semiconductor wafer in substantially 700/o nitric acid; 

9 immersing the semiconductor wafer in a saturated zinc oxide in 

10 ammonium hydroxide solution to further grow the conductive zinc oxide layer; and 

11 copper electroplating the formed zinc oxide layer. 

l 20. The method of claim 19, wherein copper electroplating the formed 

2 zinc oxide layer comprises providing a maximum average electroplating current of 

3 substantially 650 µA/mm2 at a frequency of 1 KHz with a 10% duty cycle. 

1 

2 

3 

4 

s 

21. A method for fonning electroplated copper studs on a 

semiconductor wafer having an aluminum metal layer. the method comprising: 

exposing an aluminum pad area of the aluminum metal layer; 

dipping the semiconductor wafer into an approximately SO: 1 water: 

hydrofluoric acid; 
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. cleaning the exposed aluminum pad; 

depositing substantially 1 micron of copper the· exposed aluminum pad, 

thereby forming; and 

copper-electroplating the immersing the semiconductor wafer in a 

satmated zinc oxide in ammonium hydroxide solution to form a conductive zinc oxide 

layer; 

immersing the semiconductor wafer in substantially 70% nitric acid; 

immersing the semiconductor wafer in a saturated zinc oxide in 

ammonium hydroxide solution to further grow the conductive zinc oxide layer; and 

copper electroplating the formed zinc oxide layer. 

22. The method of claim 21, wherein copper electroplating the formed 

zinc oxide layer comprises providing a maximum average electroplating current of 

substantially 650 µA/mm.2 at a frequency of lKHz with a 10% duty cycle. 

23. on· a silicon on iilsulatOr wafer haVing a top deVice layer, an 
. -

intennediate buried oxide layer; and a bottom silicon handle wafer, a method for· 

fabricating aluminum pads on the bottom surface of the device layer, the method· 

comprising: 

etching pits in the device layer to expose silicon in the etched pits, the 

etched pits extending to expose a portion of the intermediate buried oxide layer; 

7 depositing an oxide layer to electrically isolate the exposed silicon in the 

8 etched pits; 

9 

10 

11 

12 

1 

2 

3 

4 

etching a center portion of the exposed buried oxide layer to the bottom 

silicon handle wafer; 

forming aluminum pads at the bottom of the etched pit; and 

removing the bottom silicon handle wafer. 

24. On a silicon device wafer having a pre-fabricated top surface and a 

bottom surface, a method for fabrication aluminum pads on the bottom surface of the 

silicon device wafer, comprising: 

bonding the top of the silicon device wafer to a handle wafer; 
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5 thinnirig:fPe bottom surface of the silicon devic~ wafer to a predefined 
·t. 

6 thickness; 

7 depositing an insulating layer over the exposed bottom surface of the 

8 silicon device layer; 

9 exposing, in predefined areas, the bottom surface of the silicon device 

10 wafer; 

11 depositing aluminum in the predefined areas, wherein the deposited 

12 aluminum forms electroplating pads formed on the bottom surface of the silicon device 

13 wafer. 

1 25. An on-wafer electroplating control circuit for controlling the 

2 formation of an electroplated structure, the on-wafer electroplating control circuit 

3 cotnprising: 

4 an on-wafer resistor having a first port and a second port; and 

5 an on-wafer current driver having a first port coupled to the second port of 

6 the on-wafer resistor and a second port coupled to a plating pad, the on-wafer current 

7 driver configured to provide a predefined current to the plating pad responsive to the 

8 application of an enable voltage at the first port of the on-wafer resistor. 

1 26. The on-wafer electroplating control circuit of claim 25, wherein the 

2 on-wafer resistor cotnprises a polysilicon resistor and wherein the current driver 

3 comprises a two FET current mirror. 

1 27. The on-wafer electroplating control circuit of claim 25, further 

2 comprising: 

3 a second on-wafer resistor having a first port coupled to the first port of the 

4 on-wafer resistor and a second port; and· 

5 a second on-wafer current driver having a first port coupled to the second 

6 port of the second on-wafer resistor and a second port coupled to a second plating pad. 

7 the second on-wafer current driver configured to provide a predefined c\lrrent to the 

8 second plating pad responsive to the application of the enable voltage at the first port of 

9 the on-waferresistor. 
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