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NETHCD AND APPARATUS FOR PLATI NG METALS Background of the Invention This
invention relates, in general, to an apparatus and a nethod for plating
‘etal s, and nore particularly, to an apparatus and nethod of plating

I nterconnects on el ectronic products.~The plating. -process involves an

el ectrochem cal process where a | ayer of netal is deposited on a surface by
creating a voltage potential between the surface to be deposited on and the
el ectrode. |In the eMBTHODNAND ARHARATUS FOR PLATANGNMEZRPSAr at us and net hod
is used to plate a nmetallic |layer on a portion of a sem conductor wafer to
forminterconnections, wire bond sites, flip chip bond sites, or tape
automat ed bond sites. The plating systens used in the past had the problem

of indeterninate control oﬁaéfgkéﬁﬁagBﬂulhgnanbggﬁghglng

This invention relates, in general, to an apparatus and a
method for plating metals, and more particularly, to an '
apparatus and method of piating interconnects on electronic
products. '

- The plating process involves an electrochemical process
where a layer of metal is deposited on a surface by creating a
voltage potential between the surface to be deposited on and the
electrode. In the-eleétronics industry, this plating apparatus
and method is used to plate a metallic layer on a portion of a
semiconductor wafer to form interconnections, wire bond sites,
flip chip bond sites, or tape automated bond sites.

_ ' The.plating systems used in the past had the problem of
indetermina;e'control of the charging and discharging
characteristics of the electrochemical diffusion layer which
resulted in nonuniform deposit characteristics across a wafer

and nonplanar bump deposits. Figure 1 depicts, using a scanning
electron micrograph, such a plated bump deposit using prior
manufacturing methods. | '

In the past, nonuniform deposits formed were formed because
prior art plating systems could not operate at higher
frequencies and higher currents required'to minimize ion
depletion of the diffusion layer. Another prbblem with the
prior art was imprecise control of the plating parameters with
regard to the control of voltage and current forcing modes, and
the precision and bandwidth of the pfogrémmed duty cycle and
frequency response. Additionally, prior systems were not
‘capable of maintaining consistent peak operating current
profiles at the required higher pulse plating frequencies that
are needed during a plating solution’'s effective manufacturing
lifetime. '
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characteristics of the electrochem cal diffusion |ayer which resulted in
nonuni form deposit characteristics across a wafer and nonpl anar bunp
deposits. Figure 1 depicts, using a scanning el ectron mcrograph, such a
pl at ed bunp deposit using prior manufacturing methods. In the past,
nonuni f orm deposits fornmed were forned because prior art plating systens
coul d not operate at higher frequencies and higher currents required to

mnimze ion deplelion Qe Eﬁsa%*f%%95h§ l3¥35atfﬁﬂﬁfmﬁmﬂ¥£¥¥é¥§‘Mélﬁéﬂ§% currer

prior -art was i npreclse con ﬁ parameters with regard
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t hat of approximately 20 seconds. This means that an lnstantaneous change i

current demand for a short period of time cannot be responded to very

fast. The prior art's operational amplifier integrator circuit's outpt

is tied into the gate of a MOSFET voltage controlled device. The MOSFE

acts as a current regulator, in that as the gate voltage is increased,

the MOSFET is biased_“on“_more,'and this action allows more current to

flow into the electrochemical reaction cell through the bridge. circuit.

This gate voltage is what takes so long to be affected by the operatior

amplifier integrator circuit.

The net effect of the prlor art's c1rcu1t is that it's

ablllty to charge the electrical reactance of the

electrochemical diffusion layer on the object to be plated

(essentially a paralleled capacitor and resistor) is limited

with increasing frequency. As the frequency increases past

about 30Hz, the electrochemical time constant of the diffusion

layer overrides the ability of the prior art's circuit to charge

the electrochemical diffusion layer. Because the amount of

charge transfer is limited to the electrochemical diffusion

layer on the rising and falling edges of the prior art's

circuitry in both voltage and current control modes, but

primariiy in voltage control mode, the results of using the

prior art equipment cause inconsistent and unpredictable metal

deposits to form. '

In pa;ticular to the electronics industry; the problems

described above, in addition to other problems of the systems

used in the past, resulted in intolerable process variation of

the metal deposition thickness, planarity, graih structure and

deposit hardness from wafer to wafer and between interconnection

bond sites within“a wafer. As can be seen, a system for

providing an enhanced level of control of the electrochemical
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are needed during a plating solution's effective manufacturing lifetine.
REPLACEMENT SHEET 2 Prior art nmethods rely upon operational anplifiers
~t'o sense current denmands over a period of tine that is relatively |ong
conpared to the length of a pulse period. The prior art's operational
anplifiers are configured as a integrator circuit that has an integration
time constant of approximately 20 seconds. This means that an i nst ant aneous
change inpeyEe8st af@NBpeimdiati @i yy iredudf ihigneetabhndeposit sspoisled to
very fast. Thedprlor art's operational anplifier integrator circuit's '
output i sPeP88% nto the gate of a MOSFET vol tage control | ed device. The
MOSFET acts as a current regulator, in that as the gate voltage is

increased, the MOXSFET is l;356%es021iplPbh: ofNEhé WBadiidon al | ons

FIG. 1 is a scanning electron micrograph side view of a
plated bump using prior art methods; _ |

FIG. 2 is a block diagram of an embodiment of the present
invention; '

FIG. 3 is a circuit diagram of a circuit element used in an
embodiment of the present invention; and

FIG. 4 is a scanning electron micrograph side view of a
plated bump using an embodiment of the present invention.

Detailed Description of the Drawings

This invention allows for the plating of metal deposits
onto a semiconductor wafer substrate having a conductive
metallized seed layer of uniform thickness and planar
topography.  This invention facilitates the deposition of
various metallic substances electrochemically from aqueous
dissolved metal and chemical solutions onto the seed layer of
semiconductor wafers. This is especially advantageous in the
electronics industry where uniformity and planarity of
microfeatures are required from device to device on
semiconductor wafers comprised of many thousands or even tens of
thousands of microfeatures present on a single wafer. .
Uniformity-and planarity are necessary to maintain adequate.
assembly yields during manufacturing with little adjustment of
precision semiconductor final manufacturing and assembly
equipment. It is well known in the art that a platihg system
may be easily ocnverted to a system that etches a metal instead
of depositing a metal.
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nmore current to flowinto the electrochem cal reaction cell through the

Jbridge circuit. This gate voltage is what takes so long to be affected by
the operator anplifier integrator circuit. The net effect .of the prior
art's circuit is that it's ability to charge the el ectrical reactance of
the el ectrochemnical diffusion layer on the object to be plated (essentially
a paralleled capacitor and resistor) is limted with increasing frequency.
As the frequeAcplantn@asgst¢mﬁﬂikﬂkhﬁ diGldd oseldebel ewt wbitknschved itrhe

constantPg&o d%f&?é %E_Jttra%ﬁ] o(g/q._rri gggr_t Qgrgb éﬁté‘aﬁ’é%fé‘eof“ or art's

circuit heé el em ca usion a er ecause t he amount
of chargéetﬁamsm%¢e|@94ﬂ¥ﬁleﬂft&hqlﬂ?&§9é@grQeﬁeﬂiégha€5$#%3|on | ayer on the

rising aEﬂaEé‘éféPﬂs@fw%fﬁtﬂé‘%l@dt(}.rocﬁéhiéai' BEEEESYon nlé%?éf‘ \ildaage and
current Qo Lol RO U R P oo 285 CO0TL Ol PR 1, f G S Y! €S
of usi ngcPRE puise p 9P ’ 9 g
current forcing, precision callbration across a wide range of
plating voltages and currents, true AC and DC forcing of both
voltage and curfent, independent control of each plating
reaction cell, precision timing of the pulse waveform and
reaction times, and simple and repeatable calibration of system
hardware. _ ,

FIG. 2 illustrates an embodiment of the present invention.
A plating cell 10 is provided having a electrochemical solution
11 in which an electrode 12 and an object to be plated (object)
14 is positioned. A Quartz Crystal Microbalance 16 is immersed
in electrochemical solution 11 in order to detect the thickness
of the metal as it is deposited on object 14. 1In one example,
object 14 is comprised of a semiconductor wafer. A conductivity
sensor 17 is also immersed in electrochemical solution 11 in
order to provide a signal to analog-to-digital converter (A/D)
18 which is coupled to software 19. Software 19 receives and
processes the conductivity signal in order to determine the
resistance of electrochemical solution 11 between electrode 12
and object.14. ' ' '

A plating cell driver circuit (driver circuit) 30 is
coupled to an.input 20 and electrode 12. Plating cell driver
circuit 30 receives a control signal from a waveform generator
20. Control signals may be generated by a waveform generator -
source or other means. In voltage forcing mode, plating cell
driver circuit 30 alters either the applied voltage pulse
characteristics with regard to the multiple voltage levels and
duty cycles that are applied to plating cell 10 in response from
software algorithms controlled by cbmputer system 400 that
stimulate an electrochemical reaction, producing the desired
metallic deposit characteristics in plating cell 10. In current
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prior art eqii pment cause inconsistent and unpredictable metal deposits to
form In particular to the electronics industry, the problens described
above, in addition to other. problens of the systens used in the past,
resulted in intolerable process variation of the netal deposition

t hi ckness, planarity, grain structure and deposit hardness fromwafer to
waf er and between interconnection bond sites within a waf er. As can be

seen,” a Sf%EeEhBOfnoaéP ﬂaﬂﬂnﬂb@mfﬁﬁ%ﬂ Q4elcudt GonaLebrofthdeapplied

el ect rochem cal, FEPLACENENT, SEHL e 13 I S35.300c8PLAD AELLERET he

current levels and duty cycles that are applied to plating cell
10 in response from software algofithms ebntrolled by computer
system 400 that stimulate an electrochemical reaction, producing
the desired metallic deposit characteristics in plating cell 10.

Switch 60 selects the mode:of operafion for the system. 1In
the default position, switch 60 selects voltage forcing mode,
whereby driver 30 outputs a programmable pulse train of multlple
levels of voltages at programmable duty cycles and programmable
frequencies. Switch 60 is a sense point selector that is
controlled by a digital signal source from a computerized
control element 75. Switch 60 routes the voltage sensed from
electrode 12 through a feedback network of wires to the input of
driver 30 and waveform generator 20. The sensed voltage at
electrode 12 provides a means to close a feedback loop to driver
circuit 30 and waveform'generator 20 to ensure stability and
compliance to programmed voltages from small signal waveform
generator 20 through amplifier 30, and at the electrode 12.

In the secondary position, switch 60 selects current
forcing mode, whereby driver 30 outputs a programmable pulse
train of mﬁltiple levels of currents at programmable duty cycles
and programmable frequencies. Switch 60 routes the current
sensed threugh-plating cell 10 to the input of driver circuit 30
and waveform generator 20. The sensed current through plating
cell 10 provides a means to close a feedback loop to driver
circuit 30 and waveform generator 20 to ensure amplifier
stability and compliance to programmed currents from small
_signal waveform generator 20 through driver circuit 30, and
through plating cell 10. The operation of the plating system in
current sensing mode and voltage sensing mode will be further
-described below.

QCM 16 is immersed in electrochemical solution 11 for the
purpose of menitoring the thickness of the metal deposit during
a plating session. QCM 16 is electricaily in parallel with

5
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needed. Brief Description of the Drawings FIG 1 is a scanning el ectron

m crograph side view of .a plated bunp using prior art nethods; FIG 2 is a
bl ock di agram of an enbodi nent of fhe present invention; FIG 3 is a '
circuit diagramof a circuit elenent uSed in an enbodi mrent of the present

I nvention; and FIG 4 is a scanning el ectron m crograph side view of a

pl ated bunp using an enbodi ment of the present invention. Detailed

Descri ptiofeOf rddle 1¥ WM GDERES mr"waehl aelaéfoaf@r&ﬁt tie lra atd ve1ehgeet al
deposits onto, a sen1conductor waf-er ;substrate Vi a con CtIV%
met al | i zetPERERE MRS of VAUHATS: FOERTBRNBELe o é% Jﬁgéﬁh € This

i nventi onstacé | t it efr ver BPAS tinowheh driver 30 supplles a fixed level
of voltage pulses of set frequency and duty cycle to the
electrode 12 whereby the'current delivered to plating cell 10
varies, depending on the surface area being plated onto of
object 14, the hydrodynamics of the fluid flow past the plated
surface, and the ion conceritration of metallic electrochemical
solution 11, and other factors. QCM 16 thereby becomes an
additional area that is plated onto during a semiconductor wafer
plating session that consumes current in manner proportionate to
object 14 being plated. .

In a preferred embodiment, the crystél of QCM 16 is a flat
circular plate 1.0 inch in diameter and 0.015 inches thick. The
crystal is electrically excited at it's resonant frequency,
typically as part of an oscillator circuit. The crystal
vibrates in the thickness shear mode at a rate of several MHz.
The érystal_is mounted into the end of a probe which is inserted
into electrochemical solution 11. BAn electrical cable connected
to connector 90 transmits the signal of QCM 16 to a signal
conditidner 91. Signal conditioner 91 uses Schmitt trigger
circuitry to square up the asymmetrical pulse characteristics of
the signal of QCM 16. The signal of QCM 16 from signal
conditioner 91 is coupled to a frequency detector 92 and is also
coupled to a digital counter 93.

The frequency sensitivity of plating crystals is very high.
One micron. of thickness plated onto QCM 16 produces a frequency
change of about 160,000 Hz in the base transmitted frequency.

It can be seen that resolving this frequency change is
relatively simple with high speed digitai counter 93.
Additionally, it can bee seen that it is a straightforward
concept to detect the rate at which metal is being deposited
onto object 14 by intermittently enabling QCM 16, determining
the frequency of oscillation, disabling the QCM and waiting a
programmable and determinate time intefval, and remeasure the
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various netallic substances el ectrochem cally from aqueous dissol ved net al
and chem cal solutions onto the seed | ayer of sem conductor wafers. This is
éspeci al | y advantageous in the electronics i-ndustry where unifornty and
planarity of mcrofeatures are required fromdevice to device on

sem conductor wafers conprised of many thousands or even tens of thousands
of mcrofeatures present on a single wafer. Uniformty and anarity are
necessar y freqmenay apf esiehlilatbions dlignebyi degsraining ﬁhﬂlﬂlgﬁ ferenge vin h

little adeEé&HEHE of 'Pﬁfg'éé&ihfcﬁm Garduet @hef bhat 1 AGNEHLEE bt Wk the

assenbl y -equi'pnen Is.well khown in the art that a plating system may
be eaS|IthEnQErP@Het%a%P%?SQ%ﬁﬁqqﬁm: etches a netal instead of depositing a
met al . It is not necessary to have QCM 16 always enabled during a

semiconductor platlné session. The technlque described above
economizes the use of the QCM 16 crystals, as they have a finlte
lifetime, after which they must be replaced The lifetime of
QCM 16 depends upon the mass of the metal deposited onto the
oscillatory microbalance structure.

Frequency detector 92 and digital counter 93 are both
coupled to software 94. Software 94 determines, displays on a
video display 95, and tracks the plating rate of the h
electrochemical reaction during plating and will shut down the
plating process when a user programmed plating thickness is
reached. The plating process is stopped when software 94 sends
a digital signal to a control element 96 which is digitally
coupled to waveform generator 20 and driver circuit 30. Control
element 96 gignals waveform generator 20 to tristate its output
to driver circuit 30, and control element 96 also signals driver
circuit 30 to go into "sleep" mode, whereby the output of driver
30 is effectively electrically isolated from electrode 12 such
that virtually no current will flow through plating cell 10.

Voltage Forcing Mode

With reference to FIG. 2, the voltage delivered to plating
cell 10 is monitored by a voltage sense feedback circuit 40
which is preferably coupled to a point very near where driver
circuit 30 is attached to electrode 12. The purpose of having
these two points physically close to each other is to minimize
IR or voltage drop'e:fors between the sense point of the voltage
sense feedback circuit 40 and the high power connection of
driver circuit 30.
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4 A plating systemw || be disclosed bel ow which solves the problens of the
systens of the past were not capabl e-of -determ nate control of the charging
and di scharging characteristics of the electrochenical diffusion |ayer,
preci se control of pulse plating paraneters, true voltage forcing and
current forcing, precision calibration across a w de range of plating

vol tages and currents, true AC and DC forcing of both voltage and current,

| ndependent CoRteloutpueasht %@&wg é@ﬁsélﬁve&sﬂdk ALRRIE A0 1sMeBEpREat he
pul se waveform and reacti si npl e and éﬁpeatab e callgha£|on of
Vv

S nd
syst em hartdkeMgh Fle}eﬁthFﬁét?%?%% %91% -t hEOPPESERF Bt i on.
A platlngc@ﬂﬂleﬂOtbsapammgded-hagitqﬂztaﬂwuﬂﬁérﬂﬁWVDOablsolnVDooonverter

81 changes the differentially sensed voltage into a signal that
can be transmitted by digital means across a computer interface
to a Digital Signal Processor (DSP) 82. DSP 82 receives the
encoded pulse waveform that is representétive of the voltage
measured across plating cell 10. 'This waveform is digitized by
A/D 81 at the rate of 250 X 103 samples/second. DSP 82
utilizes, in conjunction with software algorithm 83 through
digital filtering techniques, and pulse parameter characteristic
determination techniques, the following characteristics about
the differentially sensed voltage across plating cell 10:

Slew rate Duty Cycle

Qvershoot . 1lst Derivative
Risetime . QOffset error

Top Maximum Peak Voltage
Amplitude 1 Minimum Peak Voltage
Base . : RMS voltage
Undershoot - Average Voltage
Falltime ' . Noise Margin ,
width Spectrum Analysis
Delay I Pulse Variance

Software 83 uses these derived parameters to update video
display 84 and transmit encoded control signals to control
element 85. Control element 85 contains digital circuitry that
interfaces to voltage feedback circuit 40, waveform generator 20
and driver circuit 30. The first purpoée of control element 85
is to sense the offset error in the output of voltage feedback
circuit 40 and provide a control signal to nullify this error
using a digital potentiometer included in voltage feedback
circuit 40. The control signal affecting the offset of said
voltage sense feedback circuit is derived from the interaction
of A/D 81, DSP 82 and software 83. '

The second purpose of control element 85 is to use the
results of analyzing the differentially sensed voltage pulse
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11 in which an electrode 12 and an object to be plated (object) 14 is
positioned. A Quartz Crystal. Mcrobalance 16 is imersed in

el ectrochenical solution 11 in order to detect the thickness of the netal
as it is deposited on object 14. 1In one exanple, object 14 is conprised of

a sem conductor wafer. A conductivity sensor 17.is also imersed in
el ectrochem cal solution 11 in order to provide a signal to

anal og-t o . . . 19
Sof t war e ﬂg‘llre%%{lves an @rwolgtgssgé%%t%hgagggéﬁgg%@f%‘:éﬂﬂd vare

t nal d
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12 and objgpyeddcifopittt3gimieil cdnituehsCcadditiofall i ierexialcdantr®d is
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may be geamphtfileby. a Thesd amegeiigigadr control feedback s:.gnals from
control element 85 provide offset error control to driver
circuit 30 when driver circuit 30 is in voltage forcing mode,
and these same digital control feedback signals from control
element 85 provide slew rate) rise time, fall time, overshoot
and undershoot control via internal circuitry contained'within
driver circuit 30, and by doing so, makes electronic adjustments
to driver circuit 30 in order to ensure driver circuit 30
remains stable to the stimulus from waveform generator 20, and
that driver circuit 30 delivers a precise waveform of the
desired slew rate, risetime, falltime, overshoot and undershoot
to electrode 12.

Thus, the method and apparatus of the present invention
compensates .for a change in the dimension of the area being
plated by instantaneously varying the supplied current in the
voltage control mode in order to maintain constant current
density independent of instantaneously varying arees'being
plated, and invention varies the supplied plating current in
response to changing plating area fluctuations by maintaining an
exact programmed voltage pulse to the plating reaction cell 10.

In.the.voltage'forcing mode, the invention allows
programmed voitages to vary the difference between the
programmed overpotentlal and programmed underpotential values
such that the corresponding plating current profiles may be
monitored and changed by adjusting the difference between the
programmed overpotential and underpotential values by manual or
computerized algorithms such that constant surface morphology
responses are realized by using this invention. |

In voltage forcing mode this invention provides a method to
rapidly charge and discharge the electrochemical diffusion layer
encountered in semiconductor wafer manufacturing with sufficient
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source or 6fﬁer nmeans. In voltage forcing node, plating cell driver circu
30 alters either the applied voltage pulse characteristics with regard to
the multiple voltage |levels and duty cycles that are applied to plating

t

cell 10 in response fromsoftware algorithnms controlled by conputer system

400 that stinmulate an el ectrochem cal reaction, producing the desired

nmetallic deposit characteristics in plating cell 10. In current forcing

mde, Pl akligehe! kodﬁ\hiﬁ’éaghré%i nsial (&5 dote (@0BliLgd1RbEpERbCR! 58

characteristics wmth re e nultiple current |evels and

|
that are appvieg péappagu ageac¥hile) Raintadsdnge efAsh BEPERATReY ij%i/ﬁ%c =
control | e%uhséeﬁoaa%ga 8YEEEFbAO01 2 hia YH Jadtatla ao preducecthei desired

reactlon n@&pdu g

phological response. The effect of this invention upon the
electrochemical diffusion layer present in semiconductor wafer
plating is to charge the electrode 12 and object 14 up so fast,
that a electrochemical reaction proceeds quickly and stops
quickly, prior to the ion concentration of the electrolyte being
depleted into an ion starvation mode. In order to accomplish
this action, very high power, fast electronics are necessary to
operate at the higher frequencies and rapid slew rates

necessary.

Current Forcing Mode

With reference to FIG. 2, the current delivered to plating
cell 10 is monitored by a current sense feedback circuit 50
which is preferably coupled to a point above analog ground 15
and between a low ohmage preeision resistor positioned between
current sense feedback.circuit 50 connection below object 14 and
analog ground-ls. Current sense feedback circuit 50 is
differentially coupled between object 14 and analog ground 15.
The output of'current sense feedback circuit 50 is preferably
coupled through a electrical cable to a connector 70. Connector
70 is coupled to an analog—to—digitai converter (A/D) 71.. A/D
converter 71 changes the differentially sensed current into a
eignal that can be transmitted by digital means across a
_computer interfece to a Digital Signal Processor (DSP) 72. DSP
72 receives an encoded pulse waveform that is'representative of
the current flowing through plating cell 10. 1In a preferred
embodiment, this waveform is digitized by A/D 71 at the rate of
250 X 103 samples/second in order to accurately represent the
current flowing in plating cell 10.
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the desired netallic deposit characteristics in plating cell 10. Switch 60
sel ects the node of operation for the system In the default position,
switch 60 selects voltage forcing node, whereby driver 30 outputs a
programmuabl e pul se train of nultiple I'evels of voltages at programrabl e
duty cycles and programuabl e frequencies. Switch 60 is a sense point
selector that is controlled by a digital signal source froma conputerized

- control el epgpt 7Z5ut SVited, 6Dn r@aﬁjamddiemvwlmga semﬁﬁdréran@@fﬁmxﬁode 12

t hr ough dbac wres to ver 30 and waveform
generato?32§gr°?ﬁ€ ggﬁ%€ﬁ¥v£g%5ﬁﬁiﬁﬂ 99%55?988% ?nﬂrBQ#ﬂﬁép%F7ﬁﬁi to close
a feedbachataoperbsdicv@eterminntldﬁ)uamhmmqueﬁorthgeﬁelhomineo to ensure

genor at o 0AE R ORek art e, S B iR, BEFRA P - e O

secondar P1psangi 88llskPtch 60 sel ects current

Slew rate : Duty Cycle
Qvershoot 1lst Derivative
Risetime - |offset error

Top Maximum Peak Current
Amplitude Minimum Peak Current
| Base L RMS current
Undershoot Average Current
Falltime Totalized Current
Width Spectrum Analysis
Delay - Pulse Variance

Software 73 uses these derived parameters to update video
display 74 and transmit encoded control signals to a control
element 75. Control element 75 contains digital circuitry that
interfaces to current feedback circuit 50, waveform generator 20
and driver éircuit 30.

The first purpose of control element 75 is to sense the
offset error in the output of current sense feedback cifcuit 50

- and provide a control signal to nullify this error using a
digital potentiometer included in current sense feedback circuit
50. The control signal affecting the offset of current sense
feedback circuit 50 is derived from the interaction of A/D 71,
DSP 72, and software 73. _

The second purpose of control element 75 is to use the
results of analyzing the differentially sensed current pulse
waveform together with pulse parameter characteristic .
determination techniqﬁes to provide digital control feedback to
driver circuit 30 which contains additional internal confrol
elements that control the loop stability of driver circuit 30

"amplifiers. These same digital control feedback signals from
control element 75 provide offset error control to driver
circuit 30 when driver circuit 30 is in current forcing mode,
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forcing node, whereby driver 30 outputs a programrmabl e pul se train of
multiple levels of currents at. programmabl e duty cycl es and programmbl e
frequencies. Switch 60 routes the current sensed through plating cell 10 to
the input of driver circuit 30 and waveform generator 20. The sensed .
current through plating cell 10 provides a neans to close a feedback Ioop
to driver circuit 30 and waveform generator 20 to ensure anplifier

stabi | i t yagadegese! saﬁ@mi@iﬂwogfoamm FeklBAER Eiﬁﬁ&ﬁgﬁﬂ:oxﬁlmrd&aVef orm
gener at or 30, ,and_t hrou lating cell 10. The

0 through d C
oper at i on® g?m?ﬂ{é zﬁga‘?’?é\‘l&v‘%/sstl r urlr"f‘tc‘?ur Féfe Semsr ng de Bt RIS ensi ng
mode wil | abe tndéhshoate scontmsl belaovint@Ckkl6 cii sciitey seont adred otirtddmeni cal

solution &1;40f &0 c@f‘i P9$ S %é@%‘h% %eﬁ:@ﬁt}gi%@é &4 {fgndet al

deposit during a plating sesston |ca y in araIIeI W th
representing the current through plating cell 10, and t

resistivity determined using conductivity sensor 17 in
conjunction with A/D 18 and software 19 is processed using DSP
72, software 73 is able.to make a determination of the
electrical reactance of platiné cell 10.
In summary, computer system 400, using input from A/D 71
and DSP 72 determines the exact resistance and the exact 'H
capacitance of the electrochemical reaction that is proceeding
in platlng cell 10 and by doing so, makes electronic adjustments
to driver circuit 30 in order to ensure driver circuit 30
remains stable to the stimulus from waveform generator 20, and
that driver circuit 30 delivers a precise waveform of the
desired slew rate, risetime, falltime, overshoot, and undershoot
to electrode 12. '
In the current forcing mode the invention allows programmed
- currents to vary the difference between the programmed
overcurrent and programmed undercurrent values such that the
corresponding plating voltage profiles may be monitored and
changed by adjusting the difference between the programmed
overcurrent and undercurrent values by manual or computerized
algorithms such that constant surface morphology responses are
realized by using this invention.

Now with reference to FIG. 3, a circuit diagram of a
preferred embodiment of driver circuit 30 is illustrated.
Driver 30 is a unity gain composite inverting amplifier and
comprised of a high power, high voltage power operational
amplifier 302 (héreinafter operational amplifier 302) coupled to
a small signal ihput offset minimization'operational amplifier
304. In order to effectively control the diffusion layer
boundary on object 14 an operational amplifier 302 that can
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6 el ectrode 12 and object 14 when driver circuit 30 is in vol tage forcing
node. Voltage forcing node is defined as being the state that driver 30 is
in when driver 30 supplies a fixed level of voltage pul ses of set frequency
and duty cycle to the electrode 12 whereby the current delivered to plating
cell 10 varies, depending on the surface area being plated onto of object
14, the hydrodynam cs of the fluid fl ow past the plated surface, and the

i on conceﬂélﬁveﬁnpéékrﬁﬁéﬂdﬁihqﬂduﬁﬁeﬁﬁge?fc5'aﬁ éuéf?ﬂg%é; qnﬁgfégegnto

duri g BT EBRREET O ERONR n e ] 1e0e5: GH2t ALPS orRarti e s al 4ee

manner prbpormpoHnet gnexe to plate the areas that are typical in
semiconductor manufacturing. A typical operational amplifier
which can deliver less than 10 milliamps, which is not a power
operational amplifler, will not be adequate for use in the
present invention. Driver circuit 30 enables voltage or current
forcing in the active reaction period and the inactive reaction
period _ | .

The purpose of composite amplification is to minimize
output voltage and current difference errors from programmable
input signal values transmitted to operational amplifier 302
from waveform generator 20 and to minimize the characteristicly
large (> 5 mV) input offset voltages presenf on typical high
power'operational amplifiers. Small signal input offset
minimization operational amplifier 304 is coupled to analog
ground 305,

By u81ng input offset trimming of the small signal input
offset minimization operational amplifier 304, operational
amplifier 302 is capable of maintaining input to output signal
compliance of less than 1 millivolts of error between .input to
driver 30 to output to plating cell 10 across a driven current
range of plus or minus 30 amps in current forcing mode or plus
or minus 2.5 volts in voltage forcing mode. Offset trim digital
potentiometer 305 is coupled to digital interface 330, digital
interface 330 is coupled to computer system 400. Computer
system 400 can determihe the voltage offset of the output of the
composite amplifier system by using elements 40, 80, 81, 82, 83
and 85 shown in FIG. 1. Computer system 400 then sends a
digital cohtrol signal to offset digital trim potentiometer 305
in order to adjust and minimize input offset errors of the
composite amplifier network (302,304).

Input overdrive protection network 308 is coupled to the
output of operational amplifier 304 and to analog gfound 305 to
prevent excessive input overdrive during system startup. Input
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obj ect 14 being plated. In a preferred enbodiment, the crystal of QCM 16 is
a flat circular plate 1.0 inch_in dianeter and O. 015 inches thick. The
crystal is electrically excited at it's resonant frequency, typically as
part of an oscillator circuit. The crystal vibrates in the thickness shear
node at a rate of several MHz. The crystal is mounted into the end of a
probe which is inserted into el ectrochenmical solution 11. An electrical
cabl e conpverddive puvahectben JettvelkBG8s isheovpded tof stew t&teo a si gnal

Cond't'0”%6m8énsa§kgﬂane€98gkt39@er éibd“%%%eS%GﬁbEhshtigﬁeﬁeﬁhéfw'310 to
square up-the asymreirical pulse characteristics of the,si

nal of
The S|gnaFeGPrEERFEGhPVoﬁ?§Fg%%ﬁ YﬁﬁﬁﬁQQ(iﬂBUtQI°lQPSBﬁBFgﬁg %P*+%Hﬂ%ncy
detect or 3d2asdews.al The COLGK exhtied® @r@e@ista&lm@xo netebrR3310 h.Es f eapbadt \to

_SenSitiViBxbgﬁdptgicﬂgtcﬁ¥ftaééd'ﬁ&ﬁga 'f%ult 311 is coupled to
computer sYstem'400.

The purpose of the interaction of elements 400, 311 and 310
is to use digitized waveform information to make decisions on
how to compensate the composite amplifier (302,304) so it
remains stable, such that the proper waveform characteristics
are maintained in the pulses applied to plating cell 10.
Computer system 400 preferably accomplishes this by using a
techniques called 'noise gain compensation'!. This method
involves characterizing a 'past state'’ stability profile of the.
composite amplifier SyStem, and then setting a series RC network
contained within slew rate compensation network 310 and the
hybrid circuit 311 to values such that the ratio of the feedback
resistance across feedback compensation network 316 to the
resistance acrose the combination of slew rate compensation
network 310.and hybrid circuit 311 is large enough to ensure
that the system gain crosses the open loop gain profile at a
stable point. The capacitor in the hybrid circuit 311 i§ then
set using computer system 400 to a corner frequency
corresponding to 0.1 the open loop gain crossover frequency.

The input of slew rate compensation network 310 is coupled
to the output of input overdrive protection network 308 and the
output of feedback compensation network 316. The output of slew
rate compensation network 310 is coupled to the input of input
protection network 312. ’

Input protection network 312 prevents excessive voltage
differences across operational amplifier 302. input protection
network 312 also prevents excessive output transients. Input
protection network 312 is preferably comprised of six fast
recovery diodes arranged three to a back to back protection
network and in a dual reverse polarity configuration. The
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One micron of thickness plated onto QCM 16 produces a frequency change of
about 160,000 Hz in the base transmtted frequency. It can be seen that
resolving this frequency change is relatively sinple with hlgh speed
digital counter 93. Additionally, it can bee seen that it is a
straightforward concept to detect the rate at" which netal is being
deposited onto object 14 by intermttently enabling QCM 16, determ ning the

f requencyogtpeesi of afdgiie phctaldtig haeweel and wal &bﬁ!ﬂlé’d RO AR R sand
deternlnat time_ inpterval re sure the ET%?e f OSCI||atI0n
ther eby GBE ePRFRATLOTH: iR o0 BgHEhignal THIR e yields the
pl ating rptevbd¢semrhidle durremt mumtpusarpl plpeingdsell 10.

The output of operatibnal amplifier 302 is coupled to the
input of current limit circuit 314. Current limit circuit 314
monitors peak current output from operational amplifier 302.
Current limit circuit 314 will shut down operational amplifier
302 using a voltage feedback signal developed across a output
current sense resistor 315 when peak current excéeds a
predetermined current, in this embodiment, 15 amps. The output
of current limit circuit 314 is coupled to the input of a
feedback compensation network 316. Feedback compensation
network 316 selectively filters the response of operational -
amplifier 302 and does so by receiving signals from computer
system 400 coupled to digital interface 318, which is'coupled to
hybrid circuit 317. Hybrid circuit 317 in conjunction with
feedback compensation network 316 combine to pléce a capacitor
in the feedhack path to cause a phase lead in the feedback which
cancels the phése lag due to the capacitive loading nature of
the electrochemical reaction 11 occurring in plating cell 10
during operation. Feedback compensation network 316 also
provides the necessary voltage feedback as an output that is
coupled to slew rate compehsation network 310 and a summing |
junction 318. Preferably, summing junction 318 is comprised of
three'high precision 10,000 Q, thin film resistors having the
same value.

Feedback compensation network 316 is comprised of a
selectively configurable parallel RC network. Waveform
generator 20 is coupled to feedback compensation network 316 to
allow waveform generator 20 to sense the error between its
programmed voltage value and the driven voltéée value of driver
30, and by doing so, waveform generator 20 is able to compensate

 for the error in input to composite amplifier circuit (302, 304)
to the output from composite amplifier circuit (302, 304) in a
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It is not necessary to have QCM 16 al ways enabl ed during a sem conduct or
pl ati ng session. The techni que descri bed above econom zes the use of the
QCM 16 crystals, as they have a finite lifetime, after which they nust be
replaced. The lifetime of QCM 16 depends upon the mass of the netal
deposited onto the oscillatory m crobal ance structure. Frequency detector
92 and digital counter 93 are both coupled to software 94. Software 94

det er mi nesAnmHESplidyEnos avwi dadddt Sphay £ﬁpuﬁushqﬂ&mﬂefﬂ§a% Rlrabir@gakat € of

Lhe o ClaiaEdal #23Ckio.duELT0oPLELL N0 AN Mid, Sl oyl he bl ati ng

process user programre atrng he plating
process is stcﬁﬂﬂﬁf\ﬂﬂﬂ?lébﬁu@@ren§4lgunﬂsequeMQNtbﬂpaagyndtwnrks 3aot aal

element Hpaniralvernt Kigh! Srbiualpl 60140 MEURTUMPUGAY 7foand dri ver
circuit 30 ntrol el egent, signal s waveform generato 00 tristate
its outp ional amplifier 302 or low frequency noise from being

coupled into operational amplifier 302, respectively. Power
supply high and low frequency bypass networks 320 and 322 are
coupled to operational amﬁlifier 302 and to ground 305.

The output of current limit circuit 314 is coupled to the
input of plating cell 10, and completes a low impedance
electrical connection to analog ground 305 through the

. electrochemical solution 11 during'electrochemical reaction 13
at the surface of object 14 and through a'iow ohm current sense
resistor positioned between object 14 and analog ground 15

This invention solves the problem of a varying time
constant of plating cell 10. Plating cell 10 begins with a
short RC time constant, then increases as the byproducts
increase in,coﬁcentration. The system of the present invention
will force the decay current to a manually determined level, or
a programmed level achieved by computer system 400, as opposed
to letting the current through electrode 12 and object 14 decay
by the naturally occurring RC time constant present due to
electrochemical reaction 13. The decay current is controlled by
the voltage or current forcing action of driver circuit 30. The
decay current is forced to a determinate or indeterminate level
by the driver circuit 30 responding to the stimulus of the
waveform generator 20 and the feedback of the signal-coming from
the plating cell, .

The invention is also intended to control a diffusion
boundary layer. The diffusion boundary iayer profile is set up
by fluidic hydrodynamic conditions in the vicinity of the
electrochemical reaction and can vary along a surface impaiting
tertiary current. The tertiary current exisfs when both
activation and mass transfer effects contribute to the
polarization resistance. The deposition reaction is controlled
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to driver circuit 30, and control elenent 96 al so signals driver circuit 30
to go into "sleep" node, whereby the output of driver 30-is effectively
efectrically isolated fromelectrode 12 such - that virtually no current will
flow through plating cell 10. Voltage Forcing Mode Wth reference to FIG

2, the voltage delivered to plating cell 10 is nonitored by a voltage sense
feedback circuit 40 which is preferably coupled to a point very near where
driver cirewinassy transfeaclasd tdeckectiady qerrentedqransts adin liyaginnghehese

two poi Nt SyPiwcHmly b h@ee di£aa88Bn0t BGer i Sl 44 M Zehd RAkayR! bage drop
errors between the sense point, of the voltage sense feedback circuit 40 and

t he high ﬂﬁ%ﬁFeQHNﬁﬂﬁﬁ%491QSﬂldFWVQﬁ EhecBystem of the present invention

in the on cycle (or active reaction period) and off cycle (or
the inactive reaction period) of a pulse cycle allows higher
frequencies to control the reaction time of thegfliffusion region
layer. The diffusion layer is forced "on" just'long enough to
deposit an even layer of metal and achieve the dsszred
morphological metallic dep081ts. . '

FIG. 4 depicts, using a scanning electron micrograph, a
typical bump deposit manufactured using precisggcontrol of the
charge and discharge characteristics of the: bath‘chemistry The
following data depicts typical uniform and repeatable
microfeature growth by u51ng this invention. This data was
measured from two different,semiconductor waferg culled from
'different manufacturing lots. The height profile data was
recorded from a calibrated DekTak profilimeter common to the
semiconductor manufacturing industry." '

WAFER SERIAL # | 'MEASUREMENT E ' . HEIGHT READING [J]
POSITION ON WAFER
c7 TOP MOST DIE 20.70u
C7 . CENTER DIE 19.59n
c7 ___BOTTOM DIE ' 21.02p
c7 LEFT DIE 20.98u
i c7 ' RIGHT DIE 20.681

G4 TOP_MOST DIE 20.84u
G4 CENTER DIE 20.064
G4 ___BOTTOM DIE ' 21.2718
G4 , LEFT DIE 20.62u
G4 . RIGHT DIE 20.611
: STANDARD DEVIATION 0.49

£ 1 OF BUMP HEIGHT ON TWO ’

% 1 WAFERS [Ul]

As can be seen, the present invention controls plating
process parameters with a high degree of resolution and a high
degree of repeatable precision. The plating system has an
enhanced degree of controi of plating process parameters
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8 The output of voltage sense feedback circuit 40 is coupled through a
el ectrical cable to a connector 80. -Connector 80 is coupled to

anal og-to-digital converter (A/D) 81. A/ D converter 81 changes the
differentially sensed voltage into a signal that can be transmtted by
digital means across a conputer interface to a Digital Signal Processor
(DSP) 82. DSP 82 receives the encoded pul se waveformthat is .
.represent esudtdngt hn pdanayecame aseire dirsiciocrss depakiing ¢al Whibh tH&I S

vevel orm ed1gi el aBhoBY: &/ Alnglod ey Asroh230cXn103 sappLesl second.

DSP 82 utilizes n conjunction wt rough digital
fllterlngaFEBHﬁFﬁHES rﬁﬁﬂlbh¢%eiﬁnﬁQﬂﬁ§Q9'“@Héﬁ&éﬂétyspfcdqnveih1natlon '

technlque&ha&hetéﬁﬁhﬂﬂbﬂgoﬁh@émﬁééﬁddﬁﬂdESw%&%%t1hh€r@bﬁﬁ€é€nt'al|y sensed
vol tage a% 8§8fga@ukgg fn ra%afer and from wafer to wafer, and wafer lot
to wafer lot during a plating solutions effective manufacturing
- lifetime by using this invention in conjunction with a
electrochemical . solutlon and a properly configured electrode 12
and object 14.

In addition, the present invention diminishes the effect
that changing bath concentrations and corresponding bath
conductivity and plating capacitance variability have upon
metallic deposit morphological, e.g. the deposit profile,
hardness, planarity and grain size characteristics by
maintaining the process parameters with a high degree of
resolution and precision. |

Furthermore, the present invention provides a method to
precisely dqliver a voltage pulse with the possibility of a
widely varying current magnitude characteristic to a plating
electrode 12 and object 14 having a large electrical reactance
in terms of the parallel resistance and capacitance
electrochemical solutions exhibit in order to raise the vdltage
potential between the electrode 12 and object 14 to a programmed
plating voltage overpotential that determines how fast the
electrochemical reaction is.allowed to proceed in the diffusion
layer, énd then also to a programmed voltage underpotential
determining how quickly the apparatus will slow the
electrochemical reaction of the diffusion layer.
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A

Slew rate Duty Cycl e Overshoot 1st

Derivative R setine - O fset error Top
Maxi mum Peak Vol tage Anplitude . M ni mum Peak Vol tage
. Base . RM5 vol tage Under shoot
Average Voltage Falltine Noi-se_Margin Wdth _
Spect rum Anal ysi s Del ay Pul se Vari ance Software 83

uses these derived paranmeters to updat@mmaeo di spl aﬁm
encoded control signals to control elenent 85. Cont m @ \m ntai ns
digital circuitry that interfaces to voltage feedback CFFCHItH ef orm
generator 20 and driver circuit 30. The first purpose of control el enent
85 1. A circuit, comprising:
an electrode to be positioned in an electrochemical
solution;
a driver circuit comprised of a power operational amplifier
coupled to the electrode enabling voltage or current forcing;
a voltage feedback circuit coupled to the driver circuit;
and '
a current feedback circuit coupled to the driver circuit.

2. The circuit of claim 1 further comprising:

an output of the voltage feedback circuit coupled to an
analog-to-digital converter;

the analog-to-dlgltal converter coupled to a digital signal
processor; and

the digital signal processor coupled to the driver circuit.

3, The plating apparatus of claim 1 further comprising:

an output of the current sense feédback circuit coupled to
an analog-to-digital converter; B

the analog-to-digital converter coupled to a digital signal
processor; and

the digital signal processor coupled to the driver circuit.

4, The circuit of claim 1 wherein the power operational
ampllfier is comprised of a 15-30 amp device.

5. A plating system, comprising:

an electrochemical solution;

an electrode positioned in the electrochemical solution;

an object to be plated positioned in the electrochemical
solution,_herein the object is coupled to ground;
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is to sense the offset error in the output of voITage*feedbaek—e%eeuit 40
and provide-a control signal to nullify this error ta
potentionmeter included in voltage feedback circuit ﬂ HFI UH",SI gnal
affecting the offset of said voltage sense feedbac ved from
the interaction of "A/D 81, DSP 82 and software 83. The second purpose of
control element 85 is to use the results of analyzing the differentially

sensed Vol tage P3Gy cFruyelOidpl AORt N dMidfichtlpe-REIBHEL Chmp1 £ier
I’ll VI %

characteristic determnation fec gques to r gital contro eedback
to dr|verC@PPéeﬂttQOtﬂﬂléhe%ﬁﬁﬂQﬁrﬁ?eﬁﬂﬂHﬁYbﬁaW°#ﬁPSPnBP1§6n¥9o?he

electrode, wherein the power operational amplifier is comprised
of at least a 5 amp device; and
an input coupled to the driver circuit.

6. A method of plating having an active reaction period and
an inactive reaction period, comprising the stepg of:

providing an electrochemical solution; o

providing an electrode in the electrochemical solution;

providing an object to be reacted on in- the electrochemical
solution, wherein the object is comprised cﬁ'a diffusion layer; and

voltage or current forcing during ‘the activq reaction period

and the inactive reaction period P

7. A method of plating a metal layer, comprising the steps of:
providing an electrocﬁi&ical solution, _
prov1d1ng an electrode in the electrochemical solution;
providing an object to -be plated on in the,electrochemical
solution, the object;having a diffusion layer and a plating area;
supplying a cnrrent'or_afﬁoltage to the eleétrode sufficient
to maintain a'substantially'constant'current'dengity in the
electrochemical solution.

8. A method of plating'a.metal layer, comprising the
steps of:

providing a plating'cell, wherein an electrochemical
reaction is taking place in the plating cell, and the
;electrochemical reaction has an RC time constant;

controlling a decay current in the plating cell to a first
level so that the'decay current is not solely a function of the
RC time constant. '
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el ements that control the |oop stability of driver circuit 30 anplifiers.
These sane digital control feedback signals—fronrcnntrcr"efenﬁnt 85 provide

of fset error control to driver circuit 30 mh 30 isin
vol tage forcing node, and these sane digital ﬂg ’"![T.H’EMHIG signals from
control elenment 85 provide slewrate, rise ti ver shoot and
undershoot control via internal circuitry contalned within driver circuit.

30, and by doing, Som&%%t%%ﬁ%meai aggeggger@ém%ﬂ g/ ¥heC srt%wt ofQ in

order to ensure driver circuit le t e stinmulus trom
wavef or m gener REAVEHLNG AR EHRCLFPChERLERLcBPLUBECREI i vers a preci se

vwavef orm of thepslgsidit o elrmlce ik gaki @ecémémém@cap\wmﬁq@n amte
undershoot _to.el ectrode 12 nEth and appar at us of t he pr esent

i nvent i on TUMASH fAPHSE, © }hgngé%?ﬁsf‘ﬂ'é ¥Hehsi on of the area being

providing an electrode in the electrochemical solution;

creating a voltage potential'between the surface and the
électrode; and )

delivering a voltage or a current pulse to the electrode so
that the voltage potential is set to a programmed plating
voltage overpotential that determines how fast the
electrochemical process proceeds. in the diffusion layer and the
voltage potential is set to a programmed voltage underpotential
that determines how fast the electrochemical process will slow
down the electrochemical process in the diffusion layer.

10.. The process of claim 9 wherein the step of delivering
the voltage or the current pulse charges up the electrode and
surface so that the electrochemical process proceeds prior to an
ion concentration of the electrochemical solution being depleﬁed
into an ion starvation mode. '
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pl ated by instantaneously varying the supplied current in the voltage
control node in order to maintain constant current density-independent of

i nst ant aneously varying areas being plated, and invention varies the
supplied plating current in response to changing plating area fluctuations
by mai ntai ni ng an exact programed voltage pulse to the plating reaction
cell 10. I.n the voltage forcing node, the invention allows progranmed
voltages to vary the difference bet'ween the programmed overpotential and
programed under potential val ues such that the correspondi ng plating
current profiles may be nonitored and changed by adjusting the difference
bet ween the programmed overpotential and underpotential val ues by manual o
conput eri zed al gortthnms- sueh that -eonst ant .surface oy phol ogy responses are
realized by using this invention. In voltage forcing node this invention
provi des a nethod to
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this action, very high power, fast electronics are necessary tro—operate—at
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signal that™can be transmitted by digital neans across a conputer interface
to a Digital Signal Processor (DSP) 72. DSP 72 receives an encoded pul se
waveformthat is representative of the current flow ng through plating cel
10. In a preferred enbodiment, this waveformis digitized by AD 71 at the
rate of 250 X 103 sanpl es/second-in order to accurately represent the
current flowing in plating cell 10. 'DSP 72 utilizes, in conjunction wth
a software algorithm 73 through digital filtering techniques, and pul se
paranmeter characteristic determ nation techniques, the follow ng
characteristics about the differentially sensed current through plating -
cell 10:

hm m m A s, m e m o s e A L. R . ARt i M S e g e g = -
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Slew rate | ' Duty Cycl e Overshoot ' | 1st

Derivative Risetine _ O fset error Top

Maxi mum Peak Current Anplltude ) M ni num Peak Current
Base .RVB current Undershoot -

Average Current Falltine Totalized Current Wdth
Spectrum Anal ysis Delay Pul se Variance Software 73"

uses these derived paraneters to update video display 74 and transnit
encoded control signals to a control element 75. Control elenent 75

contains digital circdETHED AP ARPARAAUESFPD RWATEI MESASack circuit 50,

wavef orm generator 20 and driver circuit 30.

Abstract of'the Invention

A method and apparatus for plating metals which delivers a
voltage pulse with the possibility of a widely varying current
magnitude characteristic to a plating electrode (}2) and an
object (14) having a large electrical reactance in terms of a
parallel resistance and capacitance in order to raise the
voltage potential between the electrode (12) and an object (14)
to a programmed plating voltage overpotentiél and
underpotential. The programmed plating voltage overpotential
determines how fast the electrochemical reaction is allowed to
proceed in the diffusion layer, and the programmed voltage
underpotential determines how quickly the electrochemical
reaction of the diffusion layer will slow down.
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.The first purpose of control elenent 75 is to sense the offset error in the
0utput of current sense feedback circuit 50 and provide a control'signal to
nbllify this error u5|ng a digital potentioneter included in current sense
f eedback circuit 50. " The’ control signal affecting the offset of current
sense feedback circuit 50 is derived fronmthe interaction of A/D 71, DSP
72, and software 73. The second purpose of control element 75 is to use the

results of analyzing mﬂﬂﬂwnfhﬂbembpakhyusepegdpnamxnmﬂmmmiﬁ@ wavef or m
together with pulse parameter characteristic determ nation techniques to

.provide digital control feedback to dri.ver circuit 30 which contains
additional internal control elements that control the |oop stability of

driver circuit 30 anplifierg, kE gﬁﬁdsggetﬂégt @% 5§rol f eedback S|gnals

from control el enent 75 provi set error co o driver .

This invention relates, in general, to an apparatus and a
"method for plating metals, and more particularly, to an .
apparatus and method of plating interconnects on_electronic-

ﬂ.products _ '

' . The plating process 1nvolves an electrochemical process
where a layer of metal is deposited on a surface by creating a
voltage potential between the surface to be deposited on and the
electrode. In the electronics industry, this plating apparatus’
and method is used to plate a_metallic layer on a portion of a
semiconductor wafer to form interconnections, wire:bond sites,
flip chip bond sites, or tape automated bond sites..

The plating systems used in the paSt'had the problem of
indeterminate control_of the'charging and discharging
characteristics of the electrOchemical diffusion layer which
resulted in nonuniform deposit charaCteristics across a wafer
:and nonplanar bump deposits. Figure l depicts, using a scanning
electron micrograph, such a plated bump depOSlt using prior

' manufacturing methods '

In the past, nonuniform depOSits formed were formed because
prior art plating systems could not operate at higher
frequencies and higher currents required to minimize ion-
depletion of the diffusion layer. Another problem with the
prior art was imprecise control of the plating parameters with’
regard to the control of voltage and current forcing modes, and

| the precision and bandWidth of the programmed duty cycle and
frequency response. Additionally, prior systems were not
capable of maintain%ng consistent peak operating current
profiles at the required higher pulseiplating frequencies'that_
are needed during a plating_solution's effective manufacturing
lifetime. - | ' ' |
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circuit 30 when driver circuit 30 is in current forcing node, 12 and

these same digital control feedback sigpal s fromcontrol elenment 75 provide -

sl'ew rate, rise tinme, fall tine, overshoot and undershoot control via-
i-nternal circuitry contained within driver circuit 30. Wen the :
differentially sensed signal representing the current through plating cell

-10, and the resistp rta\ft Hﬁgﬁ g}ﬂggPHﬁ 'og&aﬁ&‘i}ﬂ%{ liﬁe%sytoss%ﬁs%f’éuril&lt éi@

conj uncti-on with D 18 an IS procéssed using tvvare

73 i s abl @Vena penied of e dhatiiseelatiyglyciong cempared 9 thedength of @em&sg p@fl’094 The ng
cell .10. 'pﬁo? W6 peraticAP inplifiéi wiré Bortffired!as A Gntegratdr circ@mtiitBas hn -

: mtegranon time constant of approxunately 20 seconds. This means that an instantaneous
change in current demand for a short period of time carinot be responded to very fast. The
- prior art’s operational amplifier integrator circuit’s output is tied into the gate of a

MOSFET voltage controlled device. The MOSFET acts as a curreni regulator, in that as
the gate voltage is increased, the MOSFET is biased "on" more, and this action allows
more current to flow into the electrochemical reaction cell through the bridge circuit. This
gate voltage is what takes so long to be affected by the operator amplifier integrator
cn'cult : :

The net effect of the prior art's circuit is that it’s
. ability to charge the electrical reactance of the |
electrochemical diffusion layer on the object to be plated
(essentially a paralleled capacitor and resistdr) is iimited
with increasihg frequency. As the fréqueﬁcy_increaseg past
"about 30Hz, the eleCtrochemical_time constant ofdthe_diffusion
" layer overrides the ability of'the'prior art's cirCuit_to'chargé
the electrochemicéi diffusion layer. Because the amount of
charge transfer is limited to the electrochemical diffusion
layer on the rising and falling edges of the prior art's '
ciréuitry in both voltage and current control modes, but
primarily in voltagé control mode, the results of using the
prior art equipment cause inconsistent and unpredictable metal
deposits to form. .

In particular to the electronics industry, the problems
described above, in addition to other problems of the systems
used in the past, resulﬁed in intolerable process variation of
the metal deposition'thickness, planarity, grain structure apd
deﬁqsit hardness from wafer to wafer and between interconnection
bond sites within a wafer. ‘As can be seen; a system for
'providinq an enhanced level of control of the electrdchemicai
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and DSP 72 determ nes the exact resistance and the exact capacitance of the
{ ectrochem cal reaction that is proceeding in plating cell 10 'and by doi ng

s0, makes el ectronic adjustnents to driver circuit 30 in order to ensure
driver circuit 30 renmains stable to the siinulus from waveform.generator

20, and that driver circuit 30 delivers a precise waveformof the desired

‘slewrate, risetine, falltime, overshoot,. and undershoot to el ectrode 12.

In the. cupreuéséoandngpudezatEbnrn&nﬁhenrdﬂdﬂﬂ&mgph@geaﬁﬂeﬂosutieﬂt$st0

vary the dpffghence between the programred overcurrent and programred

undercurrent values such that the corresponding plating voltage profiles

may be nonitored and changed by adjusting the difference between the

.programed overcurrent ampdjwideeciiEeR onahgeshgynpgp s Or conputerized
_algorrthns such that const ant surfac nor phol ogy respon es are

FIG. 1 is a scanning electron micrograph Slde view of a
plated bump uSing prior art methods,

FIG, 2 is ‘a block diagram of an embodiment of the present
invention; . ' - _ _ |

FIG. 3 is a circuit diagram of_a-circuit element used in an
embodiment of the present invention,'and

FIG. 4 is a scanning electron micrograph side view of a
plated bump using an’ embodiment of the present invention

Detailed Description of the Drawings

This invention allows for the plating of metal depos1ts
onto a semiconductor wafer substrate haVing a conductive
metallized seed layer of uniform thickness and planar

- topography. This invention facilitates'the deposition of
various metallic substances_electrochemically from aqueous
dissolved metal and_chemical solutions onto the seed layer of
-_semiconductor wafers. This is especially advantageous in the
electronics. industry where uniformity and planarity of.
microfeatures are required from dev1ce to device on
'semiconductor wafers comprised of many thousands or even tens of
thousands of microfeatures present on a single wafer. _
Uniformity and planarity are necessary to maintain adequate
assembly yields during‘manufacturing with little adjustment of
precision semiconductor final manufacturing and assembly
equipment. It is well known in the art that a plating system |
may be eaSily ocnverted to a system that etches a metal 1nstead
of depos1ting a metal. '
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realized by using this invention. Nowwith reference to FIG 3, a circuit
di agram of a preferred enbodi nent of driver circuit 30 is illustrated.
Driver 30 is a unity gain conposite inverting anplifier and conprised of a
“hi gh power, high voltage power operational anplifier 302 (hereinafter
operational anplifier 302) coupled to a small signal i'nput offset

m ni m zation operational anplifier 304. |In order to ef fectively control

the diffusion A gyert hgundatenomiahi set didcapseaepalowndhichimdoivey 32 that
can 1

. pref erabl%F% Jﬁ\é}%at %ﬁ Oper%tefngg?%gggg%%ﬁ\?dwﬁ’ée g%l’% ‘f%pr%?e]i \Peé'vb e

: -determinate control of the charging and discharging
characteristics of the electrochemical diffusion layer, precise
control of pulse plating parameters, true voltage forC1ng and .
current forc1ng, precision calibration across a wide range of
plating voltages and currents, true AC and DC forcing of both
voltage and current, independent control of each plating '
~reaction cell precision timing of the pulse waveform and
reaction times, and simple and repeatable calibration of system

" hardware. ' : _ | S '

| FIG. 2 illustrates an embodiment of the present invention.
A plating cell 10 is provided having a electrochemical solution
11 in which an electrode 12 and .an object to be plated (object)
14 is positioned. A Quartz Crystal Microbalance 16 is immersed
in electrochemical solution 11 in order to detect the thickness
of the metal as it is depoSited on object 14. 1In one example,
object 14 is comprised of a semiconductor wafer. A conductivity
- sensor 17 is also immersed in electrochemical solution 11 in
order to provide a signal to analog-to-digital converter (A/D)
18 which is coupled to software 19 Software 19 receives and

~ processes the conductiv1ty signal in order to determine the
resistance of electrochemical solution 11 between electrode 12
and object 14. | o .

A plating cell driver circuit: (driver circuit) 30 is
coupled to an input'20_and electrode_12. Plating cell driver
circuit 30 receives a control signal from a waveform generator

' 20. Control signals may be generated by a waveform generator
source or other means. 1In voltage forcing'mode, plating cell

| driver circuit 30 alters either the applied voltage pulse
characteristlcs with regard to the multiple voltage levels and
-duty cycles that are applied to plating cell 10 in response from
software algorithms controlled by computer system 400 that -
stimulate an electrochemical reaction, producing the desired
metallic_depos1t characteristlcs in plating cell 10. In current

e

_ REPLACFMENTSHEET



4

15 anps or nore to plate the areas that are typical in sem conductor
manufacturing. A typical. operational.anplifier which can deliver less than
1o mllianmps, which is not a power operational amplifier, will not be
adequate for use in the present inventiaB. Driver-circuit 30 enables:

vol tage or current forcing in the active reaction period and. the inactive
reacti on period The purpose of conposite anplification is to minimnze

out put vdorsdaganddeur pdatidygf et bndeieer arsrduidm3dr edrmnsalthe appdtiedi gnal:

val ues 1 1R93Qht! ?qlEQ eRaratiopale 'Hér‘?rr{&%é nﬁ&!“t Ry ehakdpggner ator 20

rand to mnimze e characteristic ut offsSet voltages
present GHrF?EFc&?VﬁﬂﬁhaﬁémﬂFtbp%Y%ié%nﬁﬂaﬁnﬁﬂqf§R9¥#e SeaPagiigFarceilhput
of f set N AnZ 2kispBnBRCERLINOBSEL RAPE | 4166 r Hithd coiisIadd cbya@@knpﬁtas:ound
305. 'system ‘400 that stlmulate an electrochemical reactlon, producing
'the de51red metallic deposit characteristics in plating cell 10,

Switch 60 selects the mode of operation for the system. In
the default position, sw1tch 60 selects voltage forcing que,'
whereby driver 30 outputs a programmable pulse train of multiple
levels of voltages.at programmable duty cyéleshand programmable
fregquencies, Sﬁitch'GO is a sense point selector that is

~controlled by a digital signal source from a computerized

' control element 75. Switch 60 routes the vbltage sensed from
electrdde'lz through a feedback network of wires to the input of

. driver 30 and waveform generator 20. The sensed voltage at
electrode 12 provides a means to close a feedback loop to driver
circuit 30 and waveform generator 20 to ensure stability and
.compliance to programmed voltages from small Signal waveform
.generator 20 through émplifier 30; and at the electrode 12.

In the secondary position, switch 60 selects current
forciﬁg mode, whereby driver 30 outputs a programmable pulse
train of multiple levels of currents at programmable duty cycles
and programmable frequenc1es. Sw1tch 60 routes the current
sensed through plating cell 10 to the input of drlver circuit: 30
and waveform generator 20. The_sensed_current through plating
cell 10 provides a means to close a feedback loop to driver
circuit 30 and waveform generator 20 to ensure'amplifier

'stability and compliance tOfprogrammed currents from small
signal waveform generétor 20 throﬁgh driver circuit 30, and
through plating cell 10} The operation of the plating system in
current sensing mode and-vbltage sehsing'mode will be further
described below., | -

QCM 16 is immersed in electrochemical sdlution_ll:for.the
purpose of monitoring'the thickness of the . metal deposit'during
a plating séssion, QCM 16-is electrically in_parallel with




LA

By using input offset trimming of the small si gnal input offset _

m ni m zation operational anplifier 304, operational anplifier 302 is.
.capabl e of nalnta|n|ng i nput- to .output signal conpliance of less than 1
mllivolts of error between input to driver 30 to output- to plating cell 10
across a driven current range of plus or minus 30 anps in current forcing
mode or plus or minus 2.5 volts in voltage forcing node. Offset trim

di gital pelestredeti? amd ekjewiugidedhen dirdivexl cincvitad® 880indvoltage

et erfacefaﬁ@“"@ oa) eﬁdp‘@%ﬁl % R 490ac MY B sUsAGTRACD Can
det { offs o) e u
sss'?[am B; ’ﬁ%‘%‘nv %&ﬂ A5 4?0 g lé’lw d%’%"&ﬁd%S%ﬁB%@ na Ff eq level

Conput er - csilsvelmaﬂ@i) pukse s il set cHr@lqlmhcgoahHOHuﬁygdybléot@ftﬁet digital

Lrim pot et dQRIAL POl dlied 0303t 200 TLRLTL 28| 0PI OLLPPY 671 0TS

of the conpasite anpliTier networKk %5? 383;1 _
varies, dependlng on the surface area being plated onto of
.object 14, the hydrodynamlcs of the fluld flow past the plated
surface, and the ion concentratlon of metalllc electrochemlcal
solutlon 11, and other factors. QCM 16 thereby becomes an
additional area that is plated onto during a semiconductor wafer
platlng session that consumes current in manner proportionate to
;object 14 being. plated.

In a preferred embodlment, the crystal of QCM 16 is a flat
~circular plate 1.0 inch in dlameter and 0.015 inches thick. The
crystal is electrically excited at it's resonant frequency,
typically as part of an osc1llator circuit. The crystal

. vibrates in the thickness shear mode at a rate of several MHz.
The crystal is mounted into the end of a_probe which is inserted
into electrochemical solution'll. An electrical cable connected
to connector 90 transmits the signal of QCM 16 to a signal
conditioner'91 ~Signal conditioner 91 uses Schmitt trigger
c1rcu1try to square up the asymmetrical pulse characterlstlcs of
the signal of QCM 16. The signal of QCM 16 from signal
conditioner 91 is coupled to a frequency detector 92 and is also
coupled to a digital ‘counter 93,

The frequency sen51t1v1ty of plating crystals is very high
One micron of thickness plated onto QCM 16: produces a frequency
change of about 160,000 Hz in the'base transmitted frequency.

- It can be seen that’ resolv1ng this frequency change is
relatlvely 31mple with high speed digital counter 93.
Additionally, 1t can bee seen that it is a stralghtforward .
concept to detect the rate at which metal is being deposited
yontc object 14 by 1nterm1ttently enabllng QCM 16, determinlng

“the frequency of osc1llat10n, disabling the QCM and waiting a
programmable and_determlnate time interval, and remeasure_the
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| nput overdrive protection network 308 is coupled to the output of _
.gperational anplifier 304 and to anal og ground 305 to prevent excessive’

inmput overdrive during system startup. nput 14 overdrive protection

network 308 is coupled to slewrate conp sation network 310. Slewrate

conpensatlon netmork 310 determ nes how fast the vol tage input to

I|f 302

operall Orle S ¥ 3031358480, THeShivaleken COIRETRS [k Sl 310 1
conput er fxestuency00. Thie tecbosquef yiaddsntke aplabinefratiemstweet0the311
e and 310 'éh&‘%ﬂﬂﬁ%f@ g%hbagdp@a!g&grn1lnfornatlon to nmake deC|5|ons on -
' It is not necessary to have QCM 16 always enabled durlng a
-'semiconductor plating session. . The technlque described above .
' eCohomizes‘the use of the QCM 16 crystals,'as'they have a finite
lifetime; after which they must be replaced. The lifetime of
QCM 16 depends upon the mass of the metal" dep031ted onto the
oscillatory microbalance structure. '
Frequency detector 92 and dlgltal counter 93 are both
coupled to software.94 ,Softwa:e 94 determines, displays on a
video display 95, and tracks the plating rate of the
'electrochemlcal reaction durlng plating and will shut down the
plating process when a user programmed plating thickness is
reached. The plating process is stopped when software 94.sends
a digital signal to a control element 96 which is digitally
coupled to waveform generator 20 and driver circuit 30. Control
element 96 signals'wavefsrm_generator 20 te tristate its output
to driver circuit 30, and-cohtrol element 96 also signals driver
circuit 30 to go into “sieep" mode, whereby the output of driver
30 is effectively eiectrically'isolated'from electrode 12 such
that virtually no current will flow th;odgh plating cell 10.

Voltage Forcing Mode

, With reference to FIG. 2, the voltage delivered to plating
cell 10 is monitored b§ a voltage sense feedback eircait.40n
which is preferably cbupled to a point very near where driver .
cireuit 30 is attached_to'eleétrode 12. The purpose of having
these two boints physicaliy elose to each other is to minimize
IR oi voltage drop errors between the'sense point of the voltage

~ sense feedback circuit 40 and the high power connection of '

driver circuit 30.
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how t o conpensate the conposite anplifier (302,304) so it remains stable,
such that the proper waveform characteristics are maintained in the pul ses
applied to plating cell 10. Cbnputer system 400 preferably acconplishes
this by using a techniques cal | ed “noi se 8ain conpensation'. This nethod
i'nvol ves characterizing a 'past state' stability profile of the conposite .
.amplifier system and then setting a series RC network contained within

slewrate conpshaabuapuaebmvklsé@e agénéderdedydck Wiredile Abl ils0 chabues
such t hat resi st ance acrgﬁﬁ f%@dback cogBemsatlon

et vor k- a5B2pgoRna plerkPLneE “GREIE £ R (o 80%or CoRBRSFafe
conpensatconphedmbokaﬁamogﬁdthtgithln¢anart&&1GAyu)aBge eﬂdughonveenenre

! o LERARGBRTCREORRERSL IR A0ELy LA DGR L6 st R
400 to a €8pnbe frapgehtyed by digital means across a computer interface
to a Digital Signal Processor (DSP) 82. Dsp 82 receives the
encoded pulse waveform that lS representative of the voltage
Tmeasured across plating cell 10. This waveform is digitized by
A/D 81 at the rate of 250 X 103 samples/second DSP 82
: utillzes, in conjunctlon_wlth software algorithm 83 through
digital'filtering_teehniques, and pulse parameter characteristic |
- determination techniques, the following characteristics about -~
‘the differentially sensed'voltage across'plating cell 10:

Slew rate o : Duty Cycle
Overshoot ' - _1st Derivative
Risetime . Offset error.
Top ' . . ' Maximum Peak Voltage
Amplitude : Minimum Peak Voltage
Base ___ RMS voltage

"~ .Undershoot . ' - Average Voltage
Falltime 1 Noise Margin
Width L ' © Spectrum Analysis
Delay . ___Pulse Variance

. Software 83 uses these derived parameters to update video
 display 84 and transmit encoded control signals to control
element 85. Control element 85 contains digital circuitry that
interfaces to voltage-feedback circuit 40, waveform generator 20 -
- and driver circuit 30. The first purpose of control element 85
is to sense the offset error in the output of voltage feedback
circuit 40 and provide a'control ~signal to nullify this error
us1ng a digital potentiometer included in’ voltage feedback
circuit 40. The control signal affecting the offset of said
voltage sense feedback circuit is derived from the interaction
of A/D 81, DSP 82 and software 83. .
The second purpose of control element 85 is to use the
, results of analyzing the differentially sensed voltage pulse
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corresponding to 0.1 the open | oop gain crossover frequency. The input of
slew rate conpensati on network 310 is coupled to the output of input:
overdrive protection network 308 and the qutput of feedback conpensation .
network 316.  The output of slew rate Conpénsation'netmork 310 is coupled to
the input of input protection network 312. Input protection network 312
prevents excessive vol tage differences across operational anplifier 302.
‘I nput pr ot"EMEIGFéCRGtReT] ¥ikhspuprevearaneker sShAARPARL 4T ansi ents. |
| nput - pr otRAtd i @t ke2hAdilgheB @bCHRBYYdAE08DGi 6L @dntstol fRSddHRKORY Y

diodes aripnged tree o5 back, o ack BT LGPl O, PeLNRL K AVLd 3 vl

elements that control the loop stability of driver circuit 30
amplifiers. These same digital_control feédback signals from
contrdl element 85 prévide,offsét_error control to:driver _
circuit 30 when driver circuit 30 is in vbitage forcing mode,
‘and these same digital control feedback signals from control
element 85 providé slew rate; rise time, fall time, overshoot
~ and ‘undershoot control via internal'circuitry_contained within
driver circuit 30, and by doing sd; makes‘electronic adjusthénts =
to driver circuit 30 in order to ensure driver circuit 30 -
remains stable to the stimulus from wavefdrm'generator'ZO, and
that driver circuit 30 delivers a precise waveform of the _
Idesired slew rate, risetime,_falltime, overshoot and underShdot
to electrode 12. _ ' | | |
Thus, the method and apparatus of the present invention
compensates for a change in'the dimensign of the area being
plated by instantaneonély”varying the supplied current in the
voltage control mode in order to maintain constant current
density independent of instantaneously Varying areas being
plated, and invention varies the_supplied piating current in
response to changing piating area fluctuations by maintaining an
exact programmed voltage pulse to the plating reaction cell 10.

* In the voltage forcing mode, the invention allows |
programmed voltages to vary the difference between the
programmed overpotential and programmed underpotential values
such that the corresponding plating current profiles may be
monitored and changed by adjusting the difference between the
programmed'overpotential and underpotential values by manual or
computerized algorithms such that constant surface morphblogy
respbnses are realized by using this invention. o

© In voltage foncing mode this invention.provides_a me;hod to
rapidly charge and discharge the electfochemical diffusion layer
encountered in éemicbnductor'wafer manufactu;ing with sufficient
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15 outputs of input protection network 312 is coupled to the inputs of.
~operational anplifier 302. Qperational anplifier 302 provides a high
current output to plating cell 10.. The output of operational anplifier 302
is coupled to - the input of current fimtigeircuit 314. Current limt
circuit 314 nonitors peak current output Tromoperational anplifier 302.
~Current limt circuit 314 will shut down operational anplifier 302 using a:
vol tage fe@gbafk ﬁbgiﬁainﬂéfi/ﬁ!l@p@&ié\i‘e{r%;Scuﬁkx@ﬂtpl&erﬁ‘slilt%{e!lhd%ﬁ_eﬁaehﬁsb?.tOr |
315 when’ eak.currgn%.exceeds thiedeternLned current, in this enbgglnent,
15 anps. 'ThEBHI BOETHPI cRFFRATPHFi 2 VIR P RN £45E R5GFFEE™EE YREEPABUL
of a fgedba&kgsoapeqsatébectmmdeule:ﬁMﬁ cﬂﬁaaibadkt@opnpdaanﬁhendémmréd316
sel ect i veluibhbi g6 2ch e 556005¢ fle WA YP i 'inVelt13R2u3BH CRES SO
by receiving signal's from tonputer e _
electrochemical diffusion layer present in semiconductor wafer
plating is to charge the elegtrode 12 and object 14 up so fast,
that a electrochemical':eaqtion proceeds quickly and stops
quickly, prior to the ion.concentratiOn of the electrolyte being
depleted into an ion starvation mode. In orde: to accomplish
this action, véry'high power,  fast electronics are neceSéary to
operate at the higher frequencies and rapid slew rates
necessary. '

Current Forcing Mode

With reference to FIG. 2, the current delivered to plating
cell 10 is monitored by a current sense feedback circuit 50
which is'preferabiy coupled to a point above analog ground 15
and between a low ohmagé précision:resisfor positionednbetween
current sense feedback ‘circuit 50 connection below object 14 and
analog ground'15; Current sense feedb;ck circuit 50 is
diffe:enpially coupléd betWeen object 14 and analog groﬁnd 15. |
The butput_of'current sense feedback circuit 50 is preferably

'cbupled-through a_eiectriéal'cable to a cbnnector 70. Connector
70 is coupled to an anaiogfto—digitél converter (aA/D) 71. A/D
converter 71 changes-the differentially sensed current into a
signal that can beftiansmiﬁted by'digitél means across a

. computer interfaée to a Digital Signal Processor (DSP) 72. DSP
72 receives an encoded pulse waveform that is répresentative.of
the current flowing through plating cell 10. 1In a preferred |
embodiment, this'wavefdrm,is digitized by A/D 71 at the rate of

- 250 X 103 samples[Seéeﬁd in Qfder to accurateiy represent the
current flowing in pléting-cell 10.
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system 400 coupled to digital interface 318, which is coupled to hybrid
circuit 317. Hybrid circuit 317 in conjunction with feedback conpensation
networ k .316 conbi ne to pl ace a capacitor in the feedback path to cause a
phase lead in the feedback which cancelslihe phase lag due to the
capaci tive | oading nature of ‘the el ectrochenical .reaction 11" occurring in
pl.ating cell 10 during operatyon ~ Feedback conpensation network 316 al so
provi des-the nE&Es%&rwtﬂlﬁteQﬁainxﬂﬂnﬂﬂﬁdtiomnwduhpatsbh&haré 8046t e€hih 0

I t i S 318. Preferably,
surmi ng. | ibcrrEoua (P AT A B SRR ENERY BHATLLBRe bRt 1
‘thin f||n?h%%@%ﬁ%ﬁ%ﬁ?ﬁﬁudﬁfQﬂminﬁnﬂ@nv&B@énlﬁsedbathecﬁqpbnsamgon netmork |
316 IS Copmdiscthof sl &Pl Aty &lne aqrzfﬁe%m%masahésa 8&9@&%%% ugh

maveforn1gfneratqéeff |s coupled to feedback conpensatlon net

Slew rate _ : -Duty Cycle

Overshoot B _]1st Derivative
Risetime - - ~JOffset error

Top N Maximum Peak Current
Amplitude S = Minimum Peak Current
|Base ' _____|RMS current
Undershoot . § Average Current
Falltime : - Totalized Current
Width : : Spectrum Analysis
Delay . : : .|Pulse Variance

Software 73 uses these derived parameters to update video
display 74 and transmit encoded control signals to a contrcl
element 75. Control’element 75 contains digital circuitry that
interfaces to current feedback circuit 50, waveform generator 20
and driver circuit 30. ) | _ .

The first purpose of control element 75 is to sense the
offset error in the output of current sense feedback circuit 50
and provide a control signal to nullify this error using a '

' dlgltal potentiometer 1ncluded in current sense feedback circult
50. The control 31gnal affecting the offset of current sense
feedback circuit S0 is derlved from the interaction of A/D 71,
DSP 72, and software 73. '

The second purpose of control element 75 is to use the
results of analy21ng the dlfferentlally sensed current pulse
waveform together with pulse parameter characterlstlc
determinatlon technlques to prov1de digltal control feedback to
driver c1rcu1t 30. which contains additional internal control
'elements that control the loop stablllty of driver circuit 30
amplifiers.' These same digital control feedback signals from
'control element .75 provide offset error control to drlver
'c1rcu1t 30 when drlver c1rcu1t 30 is in current forcing mode,
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al | ow wavef orm generator 20 to sense the error between its progranmed
vpl tage value and the driven voltage val ue of. driver 30, and by doing so,
wavef orm generator 20 is able to conpensate for the error in input to
conposite anmplifier circuit (302, 304) tkﬂthe out put from conposite
anplifier circuit (302, 304) in a’ 16 manner within 5-m/.. Additional
input'signal of fset errors are conpensated for by digital offset trim

|oozI ent i orgiert e %3?@@1@%1}’ clang&o?n%eéawa&keggsﬂsys b?ﬁags%%&ger A9 gﬁéf% |
-and. 322 pr vent requency noi se from bei ng cou :
grrpl i fi elro _ trh’: ﬁ’ﬁ"e% “nGRLE f FREDELRG" C'Sﬁgi' ebiimen P HREIRASoNal

anpl i f i erarBDundessyieriti \c@ntroRowda internal circuitry contained within
driver circuit 30.. When the differentially sensed signal
representing the current through plating cell 10, and the
resistivity determined u31ng conductiv1ty sensor 17 in
conjunction with A/D 18 and software 19 is processed u31ng DSP
72, software 73 is able to make a determination of the
electrical reactance of platlng cell 10.

In summary, computer system 400, u31ng input from A/D 71
and DSP 72 determines the exact resistance and the exact _
capacitance of the electrochemical reaction that is proceeding'
in plating cell 10 and by doing s0, makes electronic adjustments
to driver circuit 30 in order to ensure driver circuit 30
remains stable to the stimulus from waveform generator 20, and
that driver circuit 30 delivers a precise waveform of the -
de51red slew rate, risetime, falltime, overshoot, and undershoot
to electrode 12, _ | - | _

In the current forc1ng mode the invention allows programmed

. currents to vary the difference between the programmed
'overcurrent and programmed undercurrent values such that the
corresponding plating voltage profiles may be monitored and
changed by adjusting the difference between the programmed
overcurrent and undercurrent ‘values by manual or computerized
algorithms such that constant surface_morphology responses are

‘realized by using this invention.

Now with reference to FiG. 3, a circuit diagram of a
preferred embodiment of driver circuit 30 is illustrated.

‘Driver 30 is a unity gain composite 1nvert1ng amplifier and
comprised of a high power, high voltage power operational
amplifier 302 (hereinafter operational amplifier 302) coupled'to'
a small signal input offset minimlzation operational amplifier
304. 1In order to effectlvely control ‘the diffusion layer
boundary on object 14 an operational.amplifier 302 that can
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supply high and | ow frequency bypass networks 320 and 322 are coupled to
operational anplifier 302 and to ground 305. The output of current [im.t |
crrcuit 314 is coupled to the input of plating cell 10, and conpletes a |ow |
i mpedance el ectrical- connection to anal og,ground 305 through the - '
-el ectrochem cal solution 11 during electpechen1cal reaction 13 at the -
surface of object 14 and through a | ow ohm current ‘sense resistor

positione gt ween abj ect d I h
PO Lonede PELME ST 8P Sl RO NALRY, B0 db T fofpyenibog sl ves the
_beglns mnpheﬁes&bﬂyfFﬁbera&aqnnknamnllﬂnesn30ﬁcsba§é§ be Phéeb99r@@th%r -
| ncrease. 4 g &ﬂg&e&? "#+OMo éﬁhecesﬁltee@r@cagt tll‘i—aaler §28NtypAKENLLAN W | | force.

t he decay current to a nanu determ ned l.evel, or a programmed | eve
achi eved %?mBGﬁ%®¥%¢OEyEQ%#ﬁQRRPr¥ﬂ$<op&b§§@lFéll@PFFﬁEiPﬁé c@PP&hELehr ough
e'eCtrOdewﬂgcﬁnQa@bd@Pivéﬂ-IE%éﬂthan 10 milliamps, which is not a power

operational amplifier, will not be adequate for use in the
present invention. Driver circuit 30 enables voltage or current
forc1ng in the actlve reaction period and the inactive reaction
period ' '

The purpose of COmpOSlte amplification is to minimize
output voltage and current difference errors from programmable
1nput 31gnal values transmitted to operational amplifier 302
from waveform generator 20 and to minimize the characteristicly
‘large (> 5 mV) input offset voltages present on typical high
power operational amplifiers .Small 'signal input offset
minimization operational amplifier 304 is coupled to analog
'ground 305. ' .

' By usmng 1nput offset trimming of the small signal input
offset minimization operational,amplifier 304, operational
amplifier 302 is capable of maintaining input to output signal

.compliance of less than 1 millivolts of error between input to
driver 30 to output to’ plating cell 10 across a driven current
range of plus or minus 30 amps in current forcing mode or plus

~or minus 2.5 volts in voltage forcing'mode. Offset trim digital
potentiometer 305 is coupled to digital interface 330, digital_
1nterface 330 is coupled to computer. system 400. Computer
system 400 can determine the voltage offset of the output of the

- composite amplifier system by using elements 40, 80, 81, 82, 83
and 85 shown in FIG 1."Computer system 400 then sends a _ .
digital control Signal to offset digital trim potentiometer 305
in order to adjust and minimize input offset errors of the '
comp051te amplifier network (302, 304)

Input overdrive protection network 308 is coupled to the
output of operational amplifier 304 and to analog ground 305 to
prevent exce331ve 1nput overdrive during system startup. Input
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by the naturally occurring RC tinme constant present due to el ectrochem cal
reaction 13.. The decay current is controlled by the voltage or current

forcing action of driver circuit 30. The decay current is forced to a

determ nate or indeterm nate | evel by theéadriver circuit 30 responding to
“the stinulus of the waveform-generator 20 and the feedback of the signal
coming fromthe plating cell. The invention is also intended to control a
dlffu5|on°ﬁ®n@U§Y? prgect ickhaativdnksi3®8 Heucdapyedayer spewf ratei s set up

by Tl ui di oy QUGN Fo GRS HINS 191 N atieClofn xngédﬁﬁ RLEGLERCIEG o

reaction cap var alon a_surface i npairing
tertiary THFFERNK &t voddaEigeatingitaka ﬁagsatigneleamnliﬁres

cont ri but 302 os1dwes .00|'H{é 2SO E RS cwhipRe@at 168 depQstki 900" £8CLLGHL &S to
-Contr0||eﬁ§brid Circuit 311, and hybrid c1rcuit 311 is coupled to
computer system 400. C '

The purpose of" the 1nteraction of elements 400, 311 and 310
is to use digitized waveform information to make decisions on '
how to compensate the compoSite amplifier (302,304) so it
remains stable, such that the proper waveform characteristics
‘are maintained in the pulses applied to plating cell 10.

- Computer system 400 preferably_accomplishes this by using a
techniques called 'noise gain compensation'} This method
involves characterizing a 'past statel Stability profile of the
compOSite amplifier system, and then setting a series RC network
‘contained within slew rate compensation network 310 and the
hybrid circuit 311 to values such that the ratio of the feedback
resistance across feedback compensation network 316 to the
resistance across the combination of slew rate compensation
network 310 and hybrid circuit 311 is large enough to ensure

. that the system gain crosses the open loop gain profile at a
stable p01nt The capac1tor in the hybrid circuit 311 lS then
set using computer system 400 to a corner frequency
corresponding to 0.1 the open loop gain crossover frequency

The input of slew rate compensation network 310 is coupled

._to the output of input overdrive protection network 308 and the
output of feedback compensation network 316. The output of slew
rate compensation network 310 is coupled to the 1nput of input
protection network 312 '

Input protection network 312 prevents excessive voltage
differences across operational amplifier 302. Input protection
network 312 also prevents excessive output transients. Input
protection network 312 is preferably comprised of six fast
recovery diodes arranged three to a back to back protection
network and in a dual reverse polarity configuration. ?he
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17 by mass transfer and the tertiary current depends mainly on the
uniformty of the diffusion layer thickness. The voltage or current N
forcing ability of the systemof the:present invention in the on cycle (or
active reaction period) and off cycle (ot5the inactive reaction period) of
a pul se cycle allows higher frequencies fo control t he reactl_on time of the
di ffusion region 1ayer. The diffusion layer is forced "on" just |ong
enough toodEpistofUﬁmpuﬂlprntﬁcﬁﬁoﬂﬂﬂeﬂwo&mdBQthQV@ouBEeQeﬁbrﬁﬂe inputs

for phol og I depi an g electron

ni. cr ogr ap‘i%fa(l)ap y%)?ica'}g]bu 1 Olzlepoesrl t3|0§a PS@F&?&&*‘B gﬂ)?‘gi?gegégnt.r ol of

t he char gerewtdes st Hukale oherendt emtsmtc$ooplaluénbat:bl¢hem stry. The .
The output of operational amplifier 302 is coupled to the

input of current limit circuit 314. Current limit circuit 314
monitors peak ‘curreént output from operational amplifier 302.
Current limit circuit 314 will shut down operational amplifier
302 using a'VOltage feedback signal developed'across a output_
current sense resistor 315 when peak current exceeds a '
predetermined current, ‘in this embodiment, 15 amps The output
of current limit circuit 314 is coupled to the input of a
feedback compensation network 316. Feedback compensation
network 316 selectively filters the response of operational
amplifier 302 and does so by receiving signals from computer
system 400 coupled to digital interface 318, which is coupled to
hybrid circuit 317. Hybrid circuit 317 in conjunction with .
feedback compensation network 316 combine to place a capacitor
in the feedback path to ‘cause a’ phase lead in the feedback which-
cancels the phase lag due to the capacitive loading nature of
'the_electrochemical'reaction 11 occurring in plating cell 10
during operation; Feedback compenSation network 316 also
provides_the necessary'voltage feedback-as,an output that is
coupled to slew rate compensation network 310 and a summing
junction 318. Preferably, summing junction 318 is comprised of
three high prec131on 10 000 ©, thin film re51stors hav1ng the '
same value. ' _ . '

. Feedback compensation netmork 316 is comprised of a
selectively configurable parallel RC network. Waveform
generator 20 is coupled to feedback compensation network 316 to
allow waveform generator 20 to sense the error between its _
programmed voltage value and the driven voltage value of driver
30, and by d01ng so, waveform generator 20 is able to compensate
for the error in input to compOSLte amplifier circuit (302, 304)
to the output from composite amplifier circuit (302, 304) in a
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followi ng data depicts typical uniformand repeatable m crofeature growh
by using this invention. This data was neasured fromtwo different

seém.conductor wafers culled fromdifferent manufacturing lots. The helght
profile data was recorded from a calibratggl DekTak profilineter comon t.o
t he sem conduct or nanufacturlng i ndustry. —AFER SERI AL # . MEASUREMENT
HElI GHT READING [err] POSITION = ON WAFER C7 , TOP MOST DI E

[err] C7
BOTTOM DI £27Rer within 5 ﬁFerergkiglonal input sign E#%@é errors are
[err] C7 compensated for RychFgpEgl offset trim potengiqmeter 305.

TOP MOST DLE  power supplyl ®8ibh =18 low frequency b¥FdYEhdiworks 320 and

err
[ ] 322 prevent hlgh frequency noise from belng coupled into

operational ampllfler 302 or low frequency noise from being
- coupled into operational amplifier 302, respectlvely Power
supply hlgh and low frequency bypass networks 320 and 322 are
coupled to operatlonal amplifier 302 and to ground 305,
- The output of current limit circuit 314 is coupled to the
'input of platlng cell 10, and completes a low 1mpedance
electrical connection to analog ground 305 through the
electrochemical solution 11 during electrochemlcal reactlon 13
at the surface of object 14 and through a low ohm current sense
resistor positioned between'object 14 and analog ground 15
This invention solves the problem of a varying time
constant of plating cell 10. Plating cell 10 begins with a
short RC time constant, then increases as the byproducts
increase in concentration. The system of the present inﬁention
“will force the decay current'to_a nanually'determined level, or
a programmed level achieved by computer system 400, aslopposed
to letting the current through electrode 12 and object 14 decay
by the naturally occurring RC time constant present'due-to
electrochemical reaction 13. The decay current is controlled by
the voltage or current forcing action of driver circuit 30. _The
decay current is forced to a determinate or indeterminate level
by the driver circuit 30 respondlng to the stimulus of the
'waveform generator 20 and the feedback of the s;gnal conming’ from
'the plating cell. _
' The invention is also intended to control a diffusion
. boundary layer. The diffusion boundary,layer profile'is'set up
. by fluidic hYdrodynamic conditions in the vicinity of the ‘
electrochemioal-reaction and can vary along a surface impairing
tertiary current. The tertlary ‘current exists when both
activation and mass transfer effects contribute to the
polarization resistance. - The deposition reaction is controlled
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el BOTTOM DI E

[err] (A LEFT .
D E [err] . RI GHT DI E j
[err] STANDARD DEVI ATI ON [err] OF BUVP HElI GHT ON TWD WAFERS As can be
seen, the present invention controls pl ati ng process parameters with a high
degree of resolution and a high degree of repeatable precision. The

pl ating system has an enhanced degree of control

of plating process
paraneters

18 resulting in planar and gnre unlforn1dep05|ts i n which the

.by mass transfer and the tertiary current depends mainly on the
uniformity of the diffusion laYér_thidkness.. The voltage or
current forcing abiiity of the system of the present invention
“in the on.cycle (or active reaction period) and off cycle (or
the inactive reaction period) of a pulse cycle allows higher
'frequencies to control the reactlon tlme of the diffusion region
layer. The diffusion layer is forced "on" just long enough to
déposit an even layer of metal and achieve the desired
morphological metallic deposits. '
FIG.

typical bump dep031t manufactured using precise control of the

charge and discharge charactéristics of the bath chemistry. The

4 depicts, using a scanning electron micrograph, a

following data depiéts typicél uniform and repeatable
microfeature growth by using this invention. This data was
measured from two different semiconductor wafers culled from
different manufacturing lots. The height profile data was

: récorded from a calibrated DekTak profilimeter common to the

semiconductor manufacturing industry.

WAFER SERIAL # MEASUREMENT HEIGHT READING {M]
POSITION ON WAFER _ :
C7 ' TOP MOST DIE 20.70
C7_ CENTER DIE 19.591
c7 - BOTTOM DIE 21.02p
C7 LEFT DIE 20.981
. C7 _RIGHT DIE 20.68U
TOP MOST DIE 20.84u
CENTER DIE 20.060
BOTTOM DIE 21,270
LEFT DIE 20.621
" RIGHT DIE 20.61Q
1 STANDARD DEVIATION - 0.491
OF BUMP HEIGHT ON TWO :
WAFERS [}i]

As can be seen, the present invention controls plating
process parameters with a high degree of resolution and a high

degree:of repeatable precision.

The plating system has an

enhanced'degree of control of plating process parameters
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nmetal i c deposits norphol ogi cal responses can be controlled accurately,
resulting in reduced variability of deposit characteristics on

seém conduct or wafer i nterconnect mcrofeatures intrawafer and from wafer to-
waf er, and wafer ot to wafer |ot. durlng1a platlng sol utions effective
nanufacturlng lifetinme by using this. i nvention in conjunction with a

el ectrochenical solution and a properly conflgured el ectrode 12 and obj ect
14. I n addesubtyng hin pskaent dny eftirdeomndifdichi epssibe £hfwhichhate changl ng

capaci t arietbEH SRR o A Al a L e s R BSE: A, Bhcr OBt Ao, g. the

deposi t prefuratehar dresssit igianiar inedumed geaiiabdlitychérdepesistics by '

i nt ai ni oiga 40 OF PHERSs R WGHYhdlicdkdr2Bisdl 4RIEEEoRheLESO! Ution and

preCISIOnmicrofeatures 1ntrawafer .and from wafer to wafer, and wafer lot
.to wafer lot durlng a platlng solutlons effectlve manufacturlng
lifetime by u31ng this 1nventlon in. conjunctlon w1th a
electrochemical solution and a properly configured electrode 12
and object 14, '

In addition, the present invention diminishes the effect
that changlng bath concentratlons and correspondlng bath
conduct1v1ty and platlng capac1tance varlabillty have upon
metallic deposit’ morphological, e.g. the deposit profile,

" hardness, planarity and grain size characteristics by
.maintaining the process parameters with a high degree of
resolution and prec131on ‘ , B

_ '~ Furthermore, the present invention provides a method to
precisely deliver a voltage-pulse with the’possibility of a
w1dely varying current magnltude characterlstic to a plating
electrode 12 and object 14 having a ‘large electrical reactance
1n terms of the parallel re31stance and capac1tance
electrochemical solutlons exhibit in order to raise the voltage
potential between the electrode 12 and object 14 to a programmed
plating voltage overpotential that determines how fast the |
electrochemical reactidn is allowed'to proceed in the diffusion
layer, and then also to a programmed voltage underpotentlal |
determining how qulckly the apparatus will slow the
electrochemical reactlon of the d1ffusmon layer
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Furthernore, the present invention provides a nethod—%&F{#{%Hs%%auém4+¥er
vol tage 'pul se with the possibility of a widely varying current magnitude .
characteristic to a plating.electrode 12 and object 1 u mup IH H _

el ectrical reactance in.terms of ‘the paraﬂ!el resista ce
el ectrochemi cal sol utions exhibit in ordér to raise the voltage potenti al
bet ween the el ectrode 12 and object 14 to a progranmed plating vol t age
overpotential that determ nes how fastciimuel ectrochermical reaction is
allowed to proceed in the diffusion |ayer, and then also to a programred
vol t age underpotential -determ ning how quickly the apparatus will slowthe
el ectrochem cal reaction of the d|ffu5|on | ayer.

1. A c1rcu1t, comprising:

an electrode to be p031tloned in an . electrochemlcal
solutlon, _ :

a drlver c1rcu1t comprlsed of a power operatlonal ampllfler
coupled to the electrode_enabllng voltage or current forc1ng,

a voltage feedback circuit coupled to the driver circuit;
and o | . _ '

a current.feedback_circuit-coupled to the driver circuit.

2. The circuit of claim 1 further comprising:

an output of the voltage feedback circuit coupled to an
analog-to-dlgltal converter; | '

the analog—to—dlgltal converter coupled to a dlgital 51gnal
:processor, and ' _ . N

the digital signal processor coupled to the driver circuit.

3. The plating'apparatus of claim 1 further comprising:_
an output of the current sense feedback circuit coupled to

an analog—to-dlgltal converter; ' ' | '
the analog—to-digital converter coupled to a digital 31gnal
processor, and '
the digltal signal processor coupled to the driver c1rcu1t.

4, The circuit of'claim 1 wherein the power operational.
amplifier is comprised of a 15-30 amp device. '

5. ‘A plating system, comprlsing

an electrochemlcal solutlon,

an electrode positioned in the electrochemlcal solutlon,

an object to be plated p031tloned in the electrochemlcal
solutlon, ‘herein the object is coupled to ground, '
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19 CLAI M5 1. ‘A circuit, conprising: an electrode'to be positioned in_an;
el ectrochemical solution; a driver circuit conprised of a power operational

anplifier coupled to the el ectrode enabling vottage~or~euffeﬁt—%ercing; a

vol t age feedback circuit coupled to the driver urrent . o
feedback circuit coupled to the driver circui t g "ﬂ of claim1 -
~further conprising: an output of the voltage f upled to an
anal og-to-digital converter; the analo% to-digital converter coupled to a

digital signal processor; and : [

a’driver circuit comprised of a power operational amplifier
coupled to the electrode to supply a voltage pulse to the '
'electrode, wherein the power operational amplifier is comprised
of at least a 5 amp .device; and
~an input coupled to the driver circuit.

6. A method of plating having an active reaction period-and
an inactive reaction period, comprising the steps of:
providing an electrochemical solution;
providing an electrode in the electrochemical solution;
_ providing an object to be reacted on in the electrochemical
- solution, wherein the object is. comprised of a diffusion layer; and
voltage or current forcing during the active reaction period
and the 1nactive reaction period

7. A method of piating a metal layer, comprising the steps-of:
providing an electrochemical solution; '
providing an electrode in the electrochemical solution; _
providing an object to be plated on in the electrochemical
solution, the object having a diffusion layer and a plating area;
supplying a current or a voitage to the electrode sufficient
to maintain a substantially constant current density in the
‘electrochemical solution.

_ 8. A method of'plating a metal_layer, comprising the
steps of: ' ' | -

providing:a_plating cell, wherein an electrochemical
reaction is taking place in the plating cell, and the
electrochemical reaction has an RC time constant; o

controlling a decay current in the plating cell to a first
level so that the decay current is not solely a function of the
RC time constant.

A
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the digital signal processor coupled to the driver circuit.—3——Fhe
plating apparatus of claim1 further conprising: an output of the current

sense feedback circuit coupl ed to an anal og-to- dlml‘mmmmuulﬂ“ t he

anal og-to-digital converter -coupled to aéﬂlgltal and the
digital signal processor coupled to the diver cir'cuit. The circuit of
claim.1 wherein the power operatiOnaI anplifier is conprlsed of a 15-30 anp

: \ n; an
erectrods post froneh s HPLESGHEL] BhGied) FLRRLISTATTLES cPbY'pEY "
pl at ed p05|t|oﬁéﬂvﬂﬁlﬂﬁeaél%b?¢%m9ﬁ##m%ﬂakcﬂQhuﬁmon.here|n the object is
coupled to grogedviding a surface in the electrochemlcal solution, the
| surface comprised of a dlffu51on layer,

prov1d1ng an. electrode in the electrochemlcal solutlon,

_creatlng a voltage potential between the surface and the
electrode; and

dellverlng a voltage or a current pulse to the electrode so
that the voltage potentlal is set to a programmed plating
voltage overpotentlal that determines how fast the
electrochemlcal process proceeds in the diffusion layer and the
voltage potential is set to a programmed'voltage underpotential
that determines how fast the electrochemical process will slow
down the electrochemical process in the diffusion layer.

lO. The process of claim 9 wherein the step of delivering
the voltage or the current pulse charges up the electrode and
surface (e} that the electrochemical process proceeds prlor to an
ion concentration of the electrochemlcal solutlon belng depleted_
into an ion starvation mode.
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20 a driver circuit conprised of a power operational anplifier coupled to
the electrode to supply a voltage pulse to the el ectrode, wherein the power -
. operational anplifier is conprised of at least a 5 anp device; and an input
coupled to the driver circuit. 6. . A gethod of plating having an active -
reaction period and an inactive reaction period, conprising the steps of:
providing an el.ectrochenical solution; providing an electrode in the

el ectrochenical solution; providing an object to be reacted on in the =~
el ectrocheni cal solution, wherein the object is conprised of a diffusion

| ayer; and voltage or current forcing durlng the active reactlon perlod

——
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and the inactive reaction period. 7. A nethod of plating a netal |ayer,
conprising the steps of: providing an el ectrochenical solution; providing
ah el ectrode in the el ectrochenmical solution; providing an object to be
plated on in the el ectrochemcal solution, the object having a diffusion

| ayer and a plating area; supplying a current or-a voltage to the el ectrode

-sufficient to maintain a substantially constant current density in the

el ect rocheni cal solution. 8. A et hod ofzplatlng a netal ‘| ayer,
conprising the steps of: providing a platlng cell, wherein an
el ectrochemical reaction is taking place in the plating cell, and the

el ectrocheni cal reaction'has-%"QF tipge constant: controlling a decay
current in the plating cell tor grst '
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level so that the decay current is not solely a function of the RC tine
const ant. 9. An electrochem cal process, conprising the steps of:
_providing an el ectrochem cal solution; providing a surface in the

el ectrochemical solution, the surface conprised of a. diffusion |ayer;
providing an electrode in the el ectrochem cal solution; creating a voltage
potential between the surface and the el ecttrode; and delivering a voltage
~or a current pulse to the electrode so that the voltage potential is set to
a programmed plating voltage overpotential that deternm nge how fast the
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el ectrochemi cal process proceeds in the diffusion |ayer and the voltage
potential is set to a programed vol tage underpotential that determ nes how
fast the el ectrochenical process will slow down the el ectrochenical process
in the diffusion layer. 10. . The process ©of claim9 wherein the step of

del i'vering the voltage or the current pulSe charges up the el ectrode and
‘surface so that the el ectrochenical process proceeds prior to an ion-
concentration of the electrochen1cal sol ution being depleted into an ion
starvation node. ' o '

e e o O -——— - -
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METHOD - AND APPARATUS FOR PLATING_METALS
Abstract of the Invention

" A method and:apparatus for plating metals which delivers a
voltage pulse with the possibility of a widely varying currentﬂ'
magnitude characteristic to a'plating electrode (12) and an
. object (14) hav1ng a large electrical reactance in terms of a’
parallel re51stance and capacxtance in order to raise the )
voltage potential between the electrode (12) and an object (14).
to a programmed plating voltage overpotentlal and
underpotential. The programmed plating voltage overpotentlal
determines how fast the electrochemlcal reactlon is allowed to
-proceed in the dlffus;on layer, and the programmed voltage
underpotential.determines hOW'quickly the electrochemical
~reaction of the diffusion layer will slow down.

Figure 2




