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(57) ABSTRACT 

Methods and apparatus are provided for testing to determine 
the existence of defects and faults in circuits, devices, and 
systems such as digital integrated circuits, SRAM memory, 
mixed signal circuits, and the like. In particular, methods and 
apparatus are provided for detecting faults in circuits, 
devices, and systems using input control signals to generate 
controlled-duration, controlled pulse-width, transient power 
Supply currents in a device under test, where said transient 
power supply currents are of controllable bandwidth and can 
be used as observables to determine faulty or defective opera 
tion. Additionally, methods and apparatus are provided to 
permit high bandwidth sensing of transient Supply currents as 
need to preserve the narrow widths of these current pulses. 
These methods may include autoZero techniques to remove 
Supply current leakage current and DC offsets associated with 
practical current sensing currents. The sensed transient Sup 
ply currents can be compared to single or multiple thresholds 
to assess normal or faulty or defective operation of the device 
under test. 
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METHODS AND APPARATUS FOR TESTING 
ELECTRONIC CIRCUITS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. The present application is a divisional of U.S. patent 
application Ser. No. 1 1/593,655, filed Nov. 7, 2006, which is 
a divisional of U.S. patent application Ser. No. 10/900,915, 
filed Jul. 28, 2004, now U.S. Pat. No. 7,148,717, which is a 
divisional of U.S. patent application Ser. No. 10/237,670. 
filed Sep. 10, 2002, now U.S. Pat. No. 6,833,724, which 
claims priority to U.S. Provisional Application No. 60/318, 
599, filed Sep. 10, 2001, the entire contents of all of which are 
incorporated herein by reference. 

FIELD OF THE INVENTION 

0002 The present invention relates to methods and appa 
ratus for testing of faults and defects within electronic 
devices, such as semiconductor memory circuits. 

BACKGROUND OF THE INVENTION 

0003 Electronic devices such as memory chips can con 
tain undesired faults and defects that arise due to imperfec 
tions in manufacturing processes. These faults and defects 
include open circuits, short circuits, and out-of-tolerance 
components. Testing for these faults during manufacture is 
impractical and costly in light of the new process technolo 
gies currently being used to manufacture electronic circuits 
and devices. Therefore, self-test circuits have been incorpo 
rated within modern circuits and devices in order to improve 
reliability, to eliminate defective and faulty circuits and 
devices, and to reduce cost. 
0004 One example of an incorporated self-test circuit 
measures the quiescent DC power Supply current. This 
methodis referred to as the Ipomethod. In the Ipomethod, 
power Supply currents outside a predetermined range indicate 
a faulty circuit or device. Examples of this method can be 
found in U.S. Pat. Nos. 6,342,790, 6,301,168, and 6,144,214. 
In general, an apparatus incorporating quiescent DC power 
supply current for self-test monitors the current from a power 
Supply using a current sensor. Therefore, the apparatus effec 
tively monitors the supply current delivered to the Device 
Under Test (DUT) and transmits a final output signal that is in 
proportion to the supply current delivered to the DUT. The 
final output signal is analyzed to determine whether or not any 
faults exist in the DUT. 

I0005. The I, method, however, requires quiescent 
defect currents of appreciable magnitude relative to the qui 
escent currents in fault-free circuits and devices. But the 
difference between faulty currents and fault-free currents 
may be negligible in many components. Moreover, quiescent 
leakage currents associated with emerging technologies are 
large enough to render these I, methods ineffective in 
detecting faulty circuits. 
0006. These emerging technologies include deep sub-mi 
cron integrated circuit technology. Sub-micron circuits have 
increased leakage currents and associated large DC Supply 
currents that greatly reduce the effectiveness of the I, 
methods. Additional challenges to testing of Sub-micron cir 
cuits include significant increases in circuit size, rapid 
increases in clock frequencies, the dominance of the inter 
connect delay, the transmission-line behavior of intercon 
nects, the reduced level of the power Supply Voltage, the 
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increase in leakage currents, the increase in power consump 
tion, and the increased sensitivity of circuit arrangements to 
process defects. Therefore, fault monitoring circuitry was 
developed for measurement of the transient power Supply 
current. Methods employing such circuitry are referred to as 
I, methods wherein transient power supply currents out 
side a predetermined range indicate a faulty circuit or device. 
0007 U.S. Pat. No. 6,414,511 discloses an example of an 

I method. In general, an apparatus incorporating transient 
power supply current for self-test monitors the current from 
the power Supply using a current sensor. Therefore, the appa 
ratus effectively monitors the transient supply current deliv 
ered to the Device Under Test (DUT) and transmits a final 
output signal that is in proportion to the transient Supply 
current of the DUT. The final output signal is analyzed to 
determine whether or not any faults exist in the DUT. 
0008 Prior implementations of the I methods, how 
ever, do not adequately address the need for large bandwidths 
to handle the extremely short duration underlying transients 
in deep Sub-micron technology. These prior methods have 
relied on dubious and inadvertent integration of the high 
speed transients (i.e., lowpass filtering of transients) to allow 
slower circuits to process the transients. In Such methods, the 
extremely high-speed transients native to the DUT are the 
transients being observed and measured for the purpose of 
detecting faulty circuits. The associated high-speed transients 
have led to over-simplified and questionable solutions, which 
have not found application in industry. Moreover, the band 
width of such transients in digital circuits are by their very 
nature faster than the highest clock speeds of the circuit, since 
the duration of the transient is commonly shorter than the 
logic rise and fall times. 
0009. Therefore, a need exists to find alternative methods 
and apparatus that effectively and practically utilize transient 
power Supply currents intesting devices and circuits for faults 
and defects. Suitable methods and apparatus should be 
capable of testing with little disruption of the circuits under 
test, with little added hardware, and with minimal effect on 
manufacturing costs. In addition, Suitable methods and appa 
ratus should be capable of the necessary testing at lower 
speeds and bandwidths to be advantageous for implementa 
tions in circuits, devices, and systems. 

SUMMARY OF THE INVENTION 

0010. The present invention is directed to apparatus and 
methods for detecting faults in circuits, devices, and systems. 
Suitable circuits, devices and systems include integrated cir 
cuits for memory cells, combinational logic, mixed-signal 
circuits, analog circuits, and the receiver and transmitter por 
tions of cellular phone handsets. In memory chips, the tran 
sient Supply current apparatus and methods can be used to 
detect faulty memory cells and memory chips. Similarly, 
transient Supply current apparatus and methods can be used to 
detect faulty devices and sub-circuits within combinational 
logic, mixed-signal circuits, and analog circuits. 
0011. In one embodiment of the present invention, an 
apparatus for controlled pulse-width transient power Supply 
testing is used. The apparatus includes a current measuring 
device, a Device Under Test (DUT) such as a Static Random 
Access Memory (SRAM) cell or a bank of memory cells, and 
input control signals including a test-pulse generator and 
control signals to set signal levels within the DUT. Suitable 
current measurement devices are capable of measuring the 
transient current delivered to the DUT. The test-pulse genera 
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tor includes at least one output that is electrically coupled to 
and in communication with the DUT. In operation, the test 
pulse generator controls the DUT to generate a transient 
power supply current within a sub-circuit of the DUT. This 
transient power Supply current is of a controlled pulse-width 
and duration. The generated transient current is monitored 
and measured by the current measurement device. The mea 
Sured transient current is then analyzed for indications of 
defects or faults in the DUT. 
0012. In another embodiment of the present invention, 
digital portions of the DUT are analyzed. In this embodiment, 
the DUT is exposed to a plurality of input control signals. One 
or more signals from this plurality of input control signals are 
selected and set to cause signal levels internal to the digital 
portions of DUT to have values that are intermediate to the 
logic levels. For example, the logic levels are about 0 volts 
and about 5 volts and the intermediate voltage level within the 
digital portion is about 2.5 volts. These intermediate values in 
conjunction with the other input control signals help induce 
DUT power supply current of a controlled pulse-width and 
duration that is then monitored for deviations from values for 
fault-free devices, such deviations indicating a faulty circuit. 
0013. In another embodiment of the present invention, the 
apparatus includes a first resistor which is coupled into the 
supply current lead of the DUT, and a high pass filter con 
taining a capacitor and a second resistor is electrically 
coupled to the DUT supply line between the DUT and the first 
resistor. The second resistor is then electrically coupled to a 
cascade of a plurality of wideband voltage amplifiers. The 
output of the amplifiers is electrically coupled to a compara 
tor circuit. In operation, the first resistor converts the Supply 
current transients to Voltage transients. The current transients 
can be native to the DUT or deliberately introduced. These 
Voltage transients are then AC coupled through the capacitor 
and second resistor to reject the DC voltage associated with 
the high leakage current while preserving the shape and mag 
nitude of the Voltage pulses. These Voltage pulses, i.e. the 
I Supply current pulses, are amplified by the plurality of 
differential, wideband amplifiers. The comparator assesses 
the output from the amplifiers to determine normal or abnor 
mal operation of the DUT. 
0014. The apparatus and methods of the present invention 
provide the unexpected results and advantages of direct 
observability into the switching profile of the DUT. In addi 
tion, the test time is significantly reduced since it is not 
necessary for a circuit to reach steady-state or static Supply 
current operation following test stimuli. The apparatus and 
method of the present invention eliminate measurement prob 
lems associated with quiescent current and are particularly 
well Suited for emerging Sub-micron technologies. Since 
faults can be assessed directly form the transient Supply cur 
rent, the need for separate read operations is eliminated. The 
apparatus and methods of the present invention detect a wide 
range of faults and defects including resistive opens and 
shorts, capacitive opens, pattern sensitive faults, tunneling, 
and crosstalk. The method and apparatus of the present inven 
tion Substantially reduce test costs and improve fault cover 
age. The need to implement costly test methods such as sepa 
rate test pins or Supply partitioning to overcome limitations of 
large leakage currents is eliminated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.015 FIG. 1 is an electrical schematic of a device to be 
tested by the method and apparatus of the present invention; 
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0016 FIG. 2 is a graph illustrating transient supply cur 
rents in a device under test; 
0017 FIG. 3 is a schematic of a CMOS inverter; 
0018 FIG. 4 is a graph illustrating transient supply current 
spikes in the CMOS inverter; 
0019 FIG. 5 is a schematic of one embodiment of the 
apparatus of the present invention; 
0020 FIG. 6 is a schematic of another embodiment of the 
apparatus of the present invention; 
0021 FIG. 7 is a graph of the transient current pulses 
associated with an embodiment of the apparatus of the 
present invention; 
0022 FIG. 8 is a flow chart illustrating one embodiment of 
the method of the present invention; 
0023 FIG. 9 is an electrical schematic of another embodi 
ment of the apparatus of the present invention; 
0024 FIG. 10 is an electrical schematic of another 
embodiment of the apparatus of the present invention for 
testing SRAM: 
0025 FIG. 11 is a graph illustrating the combined leakage 
current and transient Supply current associated with a device 
under test; 
0026 FIG. 12 is a graph illustrating the transient voltage 
pulses as a function of RC high-pass circuit time constants; 
0027 FIG. 13 is an electrical schematic of an amplifier for 
use with an embodiment of the present invention; 
0028 FIG. 14 is a schematic representation of sensors 
embedded in a Static Random Access Memory device under 
test; and 
0029 FIG. 15 is a bar graph illustrating complementary 
pairs of transient current spikes in a device under test. 

DETAILED DESCRIPTION 

0030 The method of the present invention can be used to 
test various types of electronic circuits and devices and is 
particularly well suited for sub-micron circuits and devices. 
Referring initially to FIG. 1, an example of a Device Under 
Test (DUT) 300 suitable for testing with the apparatus and 
method of the present invention is illustrated. The illustrated 
DUT 300 is a 6-transistor CMOS SRAM cell. The DUT 
receives DC power through an input power supply Vdd line 
328 coupled to a suitable DC power source (not shown). The 
SRAM cell of the DUT 300 includes four n-channel enhance 
ment-mode field effect transistors (NFET)302,304,308,312 
and two p-channel enhancement-mode field effect transistors 
(PFET) 306, 310. Read/write access is provided to the DUT 
by a logic high signal through the write signal line 326, and 
the input or output data are obtained through bi-directional 
signals bit line 322 and bitbar line 324. 
0031. The high bandwidth of transient power supply cur 
rents associated with the DUT 300 are illustrated in FIG. 2. 
Transient Supply currents are simulated for a write operation 
on the 6-transistor SRAM cell 300 for a 0.5 micron CMOS 
process. The bottom graph 200 represents the signal 201 at the 
bit line 322 (the signal at the bitbar line 324 having the 
opposite logical level). The signal 201 alternates from a logic 
low 202 of about 0 volts to a logic high 203 of about 5 volts. 
The voltage at both the power supply line 328 and the write 
signal line 326 is a constant 5 volts. The upper graph 204 
illustrates the power supply current 205 in the power supply 
line 328. The power supply current includes a plurality of 
transient current pulses 206 having peak currents 208 of 
approximately 1.15 milliampere and having durations 207 of 
less than about one nanosecond with correspondingly high 
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associated bandwidths. The width of the transient current 
pulses or durations 207 are on the order of the rise time 
between logic low 202 and logic high 203 states and are 
typically difficult to process and test. 
0032 Referring to FIG. 3, a CMOS inverter 737 is illus 
trated. The CMOS inverter 737 is based on a 0.35-micron 
process technology and has a Supply Voltage V of about 
3.3V. Operation of the CMOS inverter 737 can be simulated 
for the case when the signal delivered to the CMOS inverter 
input 738 transitions from a low logic state 0 to a high logic 
state 1 followed by a transition from the high logic state 1 to 
the low logic state 0. Referring to the graphs in FIG. 4, the 
bottom graph 739 illustrates the logic states at the inverter 
input 738. The logic low state or 0 is represented by a voltage 
of about 0 volts, and the logic high state or 1 is represented by 
a voltage of about 3.3 volts. The middle graph 740, represents 
the output signal from the CMOS inverter as measured at the 
output 741. As illustrated, the input and output signals have 
opposite values. As is shown in the top graph 742, the logic 
state transitions produce a first transient current, I, Spike 
743 having a magnitude of about 58 LA and a second I 
spike 744 having a magnitude of about 86 LA. These spikes 
represent the transient Supply currents that can be measured 
for fault or defect detection. The desired I, is generated by 
creating the necessary logic states at the circuit input. When 
the CMOS inverter is incorporated in a larger device, the input 
signals to that device are manipulated to create the desired 
inputs in the sub-component CMOS inverter. The power input 
to that larger device is then monitored for the first and second 
spikes associated with that logic transition on the CMOS 
inverter. 

0033. The present invention is directed to apparatus and 
methods for determining defects and faults in electronic 
devices having at least one input that is coupled between a 
power Supply and a ground to receive a Supply current there 
from. In one embodiment of the present invention, as illus 
trated in FIG. 5, an arrangement 500 for detecting faulty or 
defective circuits that employs controlled pulse-width mea 
Surement of transient power Supply current, hereafter called 
I, is illustrated. Controlled pulse-width transient power 
Supply currents outside a predetermined range indicate a 
faulty circuit or device. The arrangement 500 includes an 
input control signal bus 525 having a plurality of signals. As 
illustrated, the input control signal bus includes N signals. 
The input control signal bus is in electrical contact with the 
DUT 506 such that it can deliver one or more of the plurality 
of signals to the DUT. The DUT includes a plurality of inputs 
for electrical coupling to the input control signal bus for 
receiving one or more of the plurality of signals. The appara 
tus also includes a power Supply 502 having at least one input. 
Suitable power Supplies are capable of Supplying the neces 
sary Supply Voltages and currents to the apparatus and DUT 
and are readily available and known in the art. The power 
supply is electrically coupled to a current sensor 504 by line 
522. Suitable current sensors are capable of monitoring the 
current supplied from the power supply 502. This arrange 
ment monitors the supply current delivered to the DUT 
through the DUT supply current line 524 electrically coupled 
between a first output of the current sensor 504 and the DUT 
506. The current sensor includes a second output containing 
a final output signal line 526 that delivers a final output signal 
in proportion to the supply current in the DUT supply current 
line 524. The DUT is connected to ground by the ground lead 
528. 
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0034. In operation, the input control signal bus 525 deliv 
ers one or more of the plurality of input control signals to the 
DUT 506, causing a first plurality of devices, components, or 
circuits within DUT 506 to conduct current. The voltage and 
current levels of the control signals are adjusted to affect 
varying levels of currents in the DUT 506 and to selectively 
choose to activate different devices or components within the 
DUT 506 as desired to generate transient supply current 
pulses capable of being observed at the second output of the 
current sensor. Either signal currents or signal Voltages can be 
used. In addition, the input signals can be adjusted to control 
the pulse-width of the current conducted within the DUT. 
Therefore, the devices, components, or circuits within the 
DUT will conduct the current for the duration of the defined 
controlling pulse-width. The sum of the conducted currents 
from this first plurality of devices is the current delivered to 
the DUT through the supply current line 524. The current 
sensor 504 monitors this Supplied current and outputs a pro 
portional final output signal through the output signal lead 
526. The final output signal is monitored and analyzed for 
defects or faults in the devices, components, or circuits 
selected to conduct current. In an alternative embodiment, 
one or more controlled pulse-width signals on signal bus 525 
can be used. In addition, quiescent or DC components appear 
ing in final output signal 526 can be removed or accounted for 
when analyzing for faults. 
0035. The DUT also includes at least one digital portion. 
In an embodiment for testing digital portions of the DUT 506, 
selected signals from the plurality of signals on the input 
control signal bus 525 are typically set to force voltages 
within those digital portions to be intermediate levels. The 
digital portion is responsive to a first Voltage corresponding to 
a logic low state and a second Voltage corresponding to a logic 
high State. The input control signals can be selected to expose 
the digital portion to a third voltage between the first voltage 
and the second Voltage. For example, the intermediate Voltage 
level can be about 2.5 volts for a logic low voltage level of 
about 0 volts and a logic high level of about 5 volts). 
0036. In another embodiment of the present invention, as 
illustrated in FIG. 6, an arrangement 600 is provided for 
detecting faulty or defective Static Random Access Memory 
(SRAM) circuits using I methods. The arrangement 600 
includes a first input control signal lead 625 (Control A) and 
a second control signal lead 627 (Control B) electrically 
coupled to the SRAM DUT and capable of delivering logical 
control signals to the SRAM. Both current signals and voltage 
signals can be used. In one embodiment, the first control 
signal lead 625 is connected to the Write input of the SRAM, 
and the second control lead 627 is connected to the Bit and 
BitBar inputs of the SRAM. An input power supply 602 is 
provided that is capable of providing the necessary Voltages 
and currents to the arrangement. Suitable power Supplies are 
readily available and known in the art. A current sensing 
resistor 604 is electrically coupled between the power supply 
602 and the SRAM by suitable current supply lines 622,624. 
The current sensing resistor monitors the input current from 
the power supply 602, and the DUT is connected to ground 
through signal line 628. A final output signal lead 626 is 
electrically coupled to the current supply line 624 between 
the current sensing resistor 604 and the SRAM 606. There 
fore, the input power supply current delivered to the SRAM 
606 is monitored, and a final output signal that is in proportion 
to this Supply current is transmitted through the final signal 
output lead 626. The value of observed currents in current 
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Supply line 624 induce a Voltage proportional to the current 
appearing on final output lead 626 that is monitored and 
compared to predetermined values that are associated with 
normal fault-free operation of the DUT. Differences between 
the predetermined values and the observed values indicate the 
presence of defects and faults in the DUT. In an alternative 
embodiment, quiescent or DC components appearing in final 
output signal 626 may be removed or accounted for when 
analyzing the output signal. 
0037. In one embodiment, the final output signal is pro 
portional to the power supply current multiplied by a selected 
negative constant. Quiescent or DC components appearing in 
the final output signal may be removed or appropriately pro 
cessed or accounted for during analysis of the output signal. 
For purposes of illustration, the output signal 626 is assumed 
to not load or drain current from the remainder of the circuit, 
and for nominal purposes the resistance of sensing resistor 
604 is 1 ohm. If the SRAM 606 has a schematic and pin 
diagram corresponding to those shown in apparatus 300 of 
FIG. 1, the second control signal lead 627 is connected to pins 
bit and bitbar 322, 324 and is set to a constant voltage, for 
example one half of the supply voltage or 2.5 volts if the 
supply is 5 volts. The first control signal lead 625 is electri 
cally coupled to Write pin 326. By selecting the DC voltage 
delivered through the second control signal lead, the transis 
tors within the SRAM 606 are induced to conduct current 
during the logic-high state delivered through the first control 
signal lead 625. These induced currents cause a current 
through the current supply lines 624 producing an observable 
output signal through the output signal lead 626. The duration 
of the current pulse through the current supply line 624 cor 
responds to the duration of the control signal delivered 
through the first control signal lead 625. 
0038. The voltage and current levels delivered to the 
SRAM through the first and second control signal leads 625, 
627 can be adjusted to affect current levels in the SRAM 606 
and to select different devices in the SRAM 606 to activate. In 
an alternative embodiment, signals delivered to the SRAM 
through the first signal lead 625 can be held at a constant 5 
Volts (logic high), and the input signal delivered to the bit and 
bitbar pins through the second signal lead 627 can be set to 
pulses with predetermined amplitude and predetermined DC 
bias level. So as to effect correspondingly similar transient 
controlled-duration power Supply current pulses. 
0039. The electrical performance of this arrangement 600 

is illustrated in FIG. 7 where controlled pulse-width transient 
supply currents are simulated for a 6-transistor SRAM cell in 
a 0.5 micron CMOS process. The lower graph 700 illustrates 
the signal delivered to the DUT through the first control signal 
lead 625 (i.e. the write pin of the SRAM 606). This control 
signal alternates between a logic low state 701 corresponding 
to about 0 volts and a logic high state 702 corresponding to 
about 5 volts. The voltage delivered by the voltage supply 602 
is a constant 5 volts, and the control signal delivered in 
through the second signal lead 627 is constant at about 2.5 
volts. The upper graph 703 illustrates the supply current 704 
in the supply lead 622 between the power supply and the 
monitoring resistor 604. The transient current pulses 705 in 
the power supply current have controlled pulse-widths 706 
whose durations are directly proportional to the duration of 
the high state 702 of the control signal in the first control lead 
625. Therefore these pulses 705 have correspondingly low 
bandwidths due to the long duration of the pulse 705. These 
bandwidths can be controlled by varying the duration of the 
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logic high state 702 pulse. In addition, the width of the tran 
sient current pulses are much longer than the rise time of the 
logic, and accordingly these pulses are easy to process. Refer 
ring to FIGS. 2 and 7, since the duration of pulse width 706 is 
longer than pulse width 207, the bandwidth of pulse width 
706 is lower than pulse width 207. 
0040. Referring to FIG. 8, an embodiment of the method 
of the present invention is illustrated. Initially, a power Supply 
Voltage is applied as input to a current sensor, with a first 
output of that current sensor applied to a DUT and a second 
output signal delivering an output signal that is in proportion 
to the signal in the first output 708. The second output is 
typically a Voltage signal drawing no current. The current 
sensor senses current with minimal disruption of Voltage and 
current delivered from the first output of the current sensor to 
the DUT. 

0041. Next, one or more logic control signals are applied 
as desired to one or more inputs of the DUT 709 to selectively 
activate circuits of interest within the DUT to cause a con 
trolled-duration transient pulse of power Supply current 
through selected components. Both signal Voltages and signal 
currents can be used. The voltage and current levels of the 
control signals can be adjusted to affect the levels of currents 
in the DUT to selectively choose to activate different devices, 
components or circuits therein. The second signal output is 
monitored and analyzed, and if the second output signal of the 
current sensor is within normal circuit variation, the circuit is 
determined to not be defective 710. The nominal values of 
current delivered to the DUT will have some variation in 
manufacture, necessitating a range of current values for non 
defective or fault-free circuits. If, however, the second output 
signal is unacceptably outside normal circuit variation, the 
circuit is determined to be defective 711. 

0042. In another embodiment of the present invention, the 
Supply current transients are converted to Voltage transients 
through a resistance, either parasitic or deliberately intro 
duced, connected between the Voltage Supply and interior 
circuitry or components of the DUT. These small voltage 
transients or pulses are then AC coupled to reject the DC 
Voltage associated with high leakage current while preserving 
the shape and magnitude of the Voltage pulses. The Voltage 
pulses, representative of the I Supply current pulses, are 
amplified by a cascade of a plurality of differential, wideband 
amplifiers. In one embodiment, four cascade amplifiers are 
used, each having a Voltage gain of nearly four and a 3-dB 
bandwidth of 1.6 GHz. The composite voltage gain and band 
width of the four amplifiers is approximately 233 and 550 
MHZ respectively, implying a very high gain-bandwidth 
product of 128 GHz. The high gain, combined with the rejec 
tion of DC leakage current through AC coupling, permits the 
sensor to detect Small, e.g. 180 LA peak, transient Supply 
currents in the presence oftens of milliamps of supply current 
leakage. This high bandwidth permits the sensor to assess 
Supply current pulses having widths of approximately 1 ns, 
while permitting periodic test speeds of 200 MHz. This 
method is suitable for use in the testing of general analog, 
mixed-signal, and digital circuits in deeper submicron CMOS 
processes and emerging integrated circuit processes. 
0043 Referring to FIG. 9, an apparatus according to the 
present invention is illustrated. The I current pulse result 
ing from the DUT 712 is converted to a voltage pulse by at 
least one first resistor 713 electrically coupled to the power 
supply 714. In one embodiment, the first resistor has a value 
of about 5 ohms. The output from the first resistor is AC 
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coupled through a highpass network containing at least one 
capacitor 716 and at least one second resistor 715. This high 
pass network blocks the large DC voltages associated with 
DC supply current leakage (I,) while passing the small 
Voltage pulse associated with the I current pulse. 
0044) The high pass network is electrically coupled to a 
cascade of four, wideband voltage amplifiers 717, 718, 719, 
720 to amplify the voltage pulse. Suitable amplifiers have a 
nominal gain of 4 and a 3 dB bandwidth of 1.5 GHZ, for a 
composite gain of approximately 233 at a 3 dB bandwidth of 
550 MHz. In one embodiment, a comparator 721 is coupled to 
the output of the cascade amplifiers to assess the sensor output 
Voltage and to determine normal or abnormal operation of the 
DUT. In another embodiment, multiple comparators are elec 
trically coupled to the amplifier output. In yet another 
embodiment, an analog-to-digital (A/D) converter is electri 
cally coupled to the amplifier output to provide for more 
comprehensive test evaluation. The current sensor illustrated 
is suitable for use with any sub-micron type DUT for example 
either a 0.35 um or a 0.18 um CMOS process. The high 
Voltage gain combined with wide bandwidth permits process 
ing of Small I current pulses with little bandwidth loss or 
corresponding increase in pulse width. In addition, the wide 
bandwidth performance permits I testing at a repetition or 
clock rate of about 200 MHz. The apparatus also includes a 
first diode-connected NMOS device 722 electrically coupled 
between the power supply 714 and the first amplifier 717. The 
NMOS device provides a DC input common-mode level for 
the first amplifier that is appropriately below the power Sup 
ply Voltage. This input common mode level is V-Vs, 
where V, is the Supply Voltage and Vs is the operating 
gate-source Voltage of the first NMOS device 722. A second 
diode-connected NMOS device 723 is coupled between the 
power supply 714 and each amplifier to establish internal 
operating bias current for the four amplifier stages. 
0045 Referring to FIG. 10, another view of the Isen 
sor interfaced with an SRAM is illustrated. A high pass filter 
745 is provided as part of the transient current sensor to 
remove the leakage current, Io. The sensor also utilizes the 
first resistor 713 for converting the supply current to a voltage 
gain system 746 containing a plurality of cascaded amplifiers 
having again of over 200 and 3-dB bandwidth over 500 MHz. 
Although this bandwidth is not high enough to preserve the 
narrow width of the I pulses, it does permit Sufficient 
fidelity to obtain final voltage pulses greater than about 50 
mV. These final pulse levels can be accurately discriminated 
by the comparator 721. Suitable comparators include analog 
CMOS Voltage comparators having a pair of digital outputs, a 
multiple cell Switching output 722 and a single cell Switching 
output 723. In one example, the preamplifier 746 detects a 
peak of 0.12 mA and produces a peak-to-peak Voltage of 160 
mV that is fed into the comparator 721. The comparator 721 
then produces either a logic high output or a logic low output 
at both outputs 722,723. The output combination determines 
whether the tested circuit passes or fails as illustrated in the 
chart 724 in FIG. 14. For example, a high output, 1, at the 
multiple cell switching output 722 in combination with a low 
output, 0, at the single cell switching output 723 translates 
into a failure result for the tested circuit. 

0046 FIG. 11 illustrates transient supply current pulses in 
combination with a high DC leakage current. Each 180 LA 
peak transient Supply current pulse 724, indicative of, for 
example, single-cell SRAM switching, is illustrated in the 
presence of the 10 mA of supply current leakage 725 that is 
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present in large, 1 MB or larger, SRAM circuits. Since the 
leakage current is significantly larger than the transient cur 
rent pulses to be measured, the affects of the leakage current 
are preferably removed using AC coupling or a highpass filter 
network operating on the Voltage resulting from the Supply 
current flowing through a resistance. 
0047 Referring to FIG. 12, the AC coupled or highpass 
filtered transient voltage pulses are shown as a function of RC 
circuit time constants. The transient Voltage pulses are nearly 
fully preserved for time constants of about 5 ns and greater. 
However, there is a DC baseline shift at high repetition rates 
that is larger for these higher time constant values. Therefore, 
the preferable time constant value represents a compromise of 
Some signal pulse loss combined with a manageable level of 
DC baseline shift. The selection of highpass time constant is 
dependent upon the width of the voltage pulse and the repeti 
tion rate desired for circuit testing. Operation at lower time 
constants where some signal is lost will permit testing at 
higher clock rates as the highpass circuit acts as a differen 
tiator where its output overshoot minimizes the resulting DC 
baseline shift (the areas below and above the baseline must be 
equal). 
0048. The amplifiers are used to amplify the transient volt 
age pulse to a level permittinganassessment of the I-level. 
As is shown in FIG. 13, suitable amplifiers include at least two 
MOS devices 726, 727 as a differential pair driving a second 
set of MOS devices 728,729 that act as resistive loads. A last 
two other MOS devices 730, 731 are provided as source 
followers providing DC level shifting and low output imped 
ance to drive the Subsequent amplifier stage. The Voltage gain 
for each amplifier stage is given by: 

Ay = | (1) 
gds728 - 3m.730 gmb730 

where g72 (g.727) is the transconductance of MOS device 
726 (727), gas (go) is the output conductance of MOS 
device 728 (729), and g7so (g.7s) and g7so (g.7s) are 
the transconductance and body-effect transconductance of 
MOS device 730 (731). The first term of (1) is the voltage gain 
of the differential pair (726 and 727) driving resistive loads 
consisting of 728 and 729 that operate in the ohmic, linear, or 
triode region. The second term is the Voltage gain of the 
Source followers where some gain loss below unity occurs 
due to the presence of body-effect transconductance. The 
selection of amplifier stage gain and bandwidth depends upon 
the particular test application and includes factors such as the 
gain required and bandwidth required to preserve the narrow 
transient Voltages. Additionally, the number of amplifier 
stages depends upon the test application with higher sensitiv 
ity applications (e.g., SRAM testing) requiring more stages 
compared to lower sensitivity applications (e.g., combination 
logic testing) requiring less stages. 
0049. In one embodiment, the apparatus and methods of 
the present invention includes autoZeroing circuitry and steps 
to remove the DC errors associated with DC supply current 
leakage or the DC offset errors associated with practical 
implementations of amplifiers or a cascading of amplifiers 
used to amplify the signal associated with the transient Supply 
current. In one embodiment, the autoZeroing circuitry 
includes capacitive autoZero circuits where the DC error asso 
ciated with the DC supply current leakage or the DC offset 
errors associated with the amplifiers or cascading of amplifi 
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ers is stored on a capacitor or capacitors during an autoZero 
phase. In a Subsequent signal phase, the desired transient 
Supply signal is coupled through the capacitor or capacitors 
while removing the undesired dc error associated with DC 
supply current leakage and/or DC offset errors. The autoZero 
and signal phases can be controlled by the digital system 
clocking or otherwise controlling the DUT or DUT's. In 
another embodiment, the autoZero circuitry includes continu 
ous-time or gated negative feedback circuits where any 
amplifier output or outputs of cascaded amplifiers are com 
pared to a reference Voltage or reference Voltages, including 
ground, in a circuit or circuits that then apply the required 
signal or signals to cancel the DC error. This negative feed 
back correction of the DC error can be applied at each stage of 
a cascaded amplifier or at selected Stages. Gated negative 
feedback autoZeroing can be enabled during an autoZero 
phase and disabled during a signal phase to prevent any 
undesired cancellation of the desired transient Supply signal. 
These phases can be controlled using the digital system 
clocking within the DUT or by otherwise controlling the 
DUT or DUT's. Continuous-time negative feedback autoZ 
eroing requires no additional control and can run continu 
ously. 
0050. In one example of autoZeroing, a CMOS amplifier 
stage has a DC input offset Voltage associated with the mis 
matches in the MOS devices. This DC input offset will be 
approximately 2 to approximately 20 mV (3 sigma), a level 
that is well above the transient input voltage pulse. Therefore, 
some form of a MOS input autoZero circuitry is preferred for 
the amplifiers. Suitable autoZero circuitry will store the input 
offset Voltage across a capacitor during the autoZero mode. In 
the signal mode, this capacitor would be placed in series with 
the Voltage pulse to be measured and the amplifier input, 
thereby passing the narrow Voltage pulse while Subtracting 
out the input offset voltage. The two modes of operation, 
autoZero and signal, can be controlled by the clocking system 
associated with testing of digital circuits. Here, the autoZero 
mode can be invoked while digital test stimuli are being 
initialized. During actual I measurement, the MOS autoZ 
ero circuit can be placed in the signal mode. 
0051 Referring to FIG. 14, an embodiment of an SRAM 
734 as the DUT with embedded sensors is shown. The SRAM 
array 732 is divided into several large groups of SRAM cells. 
Sensors 733 are embedded in the SRAM in such a way as to 
monitor the I, for each group of cells, because the total 
normal leakage current can be large enough to prevent the 
sensor from distinguishing I. In an alternative embodi 
ment, a single sensor is used and Switches are provided that 
allow the sensor to monitor several different groups of cells in 
the array. 
0.052 By way of example, for an SRAM size of 2 words 
and a cell group size of 2' words, where the word size can be 
8-512 bits wide, the sensor selection is accomplished by 
decoding the L-M high-order bits of the address lines. This 
decoding can be performed by the address decoder 735. A 
Pass/Faillogic block 736 is provided to process the outputs of 
the sensors 733 into a Pass/Fail indication. SCS and MCS 
represent Single Cell Switching and Multiple Cell Switching 
conditions respectively, representing different fault condi 
tions. 

0053. In another embodiment of the method of the present 
invention, the difference in the peak values of two transient 
Supply Voltages, I are compared to stored values for this 
difference associated with fault-free circuits. Deviations from 
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the stored difference values indicate a fault or defect in the 
tested circuits. As is illustrated in FIG. 15, a fault-free elec 
tronic device or circuit that contains random logic is exposed 
to a plurality of input signal vectors, each vector selected to 
exercise different circuit nodes within the electronic device. 
The vectors generate a plurality of peak transient currents 
750. Each input vector that causes the output of a random 
logic circuit to transition from logic 0 to logic 1 has a corre 
sponding vector that causes the output to transition from logic 
1 to logic 0 along the same path. Such vector pairs will be 
referred to as complimentary vectors. These complementary 
input vector pairs generate a corresponding pair of I, peak 
values. As illustrated, the electronic device is exposed to 30 
vectors that generate 30 different values of I, arranged as 
15 pairs of complementary peaks, for example a first peak 753 
and a second complementary peak 754. 
0054 The peaks are represented by bars extending 
upwards between a lower current level 751 and an upper 
current level 752. There is no transient current response less 
than the lower current level 751 or greater than the upper 
current level 752 for the given vectors. Therefore, comple 
mentary pairs of current peaks have a specific difference in 
value. The upper and lower current levels define and bound 
this difference between a lower value and an upper value. As 
illustrated, the difference is bound between 0 and 112 LA. In 
order to testa device, the device is exposed to one or more of 
the complementary pairs of vectors associated with a pair of 
baseline transient current peaks, for example 753.754, and the 
generated complementary values of I are measured. The 
differences between the generated transient current pairs are 
calculated. If these calculated differences are within the upper 
and lower bounds of differences as shown for the fault-free 
device, the tested device passes. If the calculated differences 
are outside the upper and lower bounds, then the tested device 
fails, indicating a defect or fault. 
0055. This method provides the unexpected results and 
advantages that the difference between transient current 
peaks cancels the quiescent part of the current response, and 
hence reduces the effect of leakage currents. In addition, a 
defective device circuit can draw I Spikes with peak mag 
nitudes that are within the good circuit limits or slightly 
outside the limits; however, the difference of such peak mag 
nitudes can amplify the abnormal behavior of I, and pro 
duce a value outside the good circuit limits as defined by the 
difference in I, Spikes. For example as illustrated in FIG. 
15, a resistive open of 100 kS2 at the gate of a PMOS transistor 
will produce, in response to the first two input vectors 753, 
754. It spikes with values of 327 and 147 LA respectively. 
The difference in the peak magnitudes of I, in response to 
this complimentary pair is 4 LA for the illustrated fault-free 
circuit and 180 LA for the tested defected device, indicating a 
defect. 

0056. In an alternative embodiment of the method of the 
present invention utilizing the upper bound 752 and the lower 
bound 751 of the peak transient currents illustrated in FIG. 5, 
these bounds are used as a threshold measurement for the 
tested device. Since a fault-free circuit will have transient 
current peaks within the lower bound and the upper bound of 
peak I values in response to selected input vector pairs, a 
circuit drawing a peak I, value either lower than the lower 
bound or higher than the upper bound, including any addition 
tolerances, is defective. Therefore, vectors are applied to a 
device under test, and the peak transient currents are recorded 
and compared to acceptable range for these peak currents. As 
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an example, the peak values of the ISpikes range from 220 
to 350 LA. A resistive open of 100kS2 at the gate of the PMOS 
transistor will produce, in response to applied vectors, two 
I, spikes with values of 327 and 147 LA. The second spike 
is 33% lower than the lower bound, indicating a defect. The 
threshold tolerance for fault indication was set to 20%, that is 
a faulty I, is 20% lower or higher than the limits for a 
fault-free device I. In a preferred embodiment of this 
method, the set of test vectors defining the upper and lower 
bounds is selected such that no test vector to be applied to the 
device to be tested that is outside the set of defining vectors 
will produce I, outside the minimum and maximum 
bounds. 
0057. Many modifications and other embodiments of the 
invention will come to mind to one skilled in the art to which 
this invention pertains having the benefit of the teachings 
presented in the foregoing descriptions and the associated 
drawings. Therefore, it is to be understood that the invention 
is not to be limited to the specific embodiments disclosed and 
that modifications and other embodiments are intended to be 
included within the scope of the appended Claims. The 
embodiments set forth herein are provided to fully convey the 
scope of the invention to one of skill in the art. Although 
specific terms are employed herein, they are used in a generic 
and descriptive sense only and not for purposes of limitation. 
What is claimed is: 
1. An apparatus for determining defects and faults in elec 

tronic devices having at least one input that is coupled 
between a power Supply and a ground to receive a Supply 
current therefrom, the apparatus comprising: 

a current sensor electrically coupled between the power 
Supply and a device under test, the device under test 
comprising an SRAM device, and the current sensor 
comprising: 
at least one input electrically coupled to the power Sup 

ply: 
a first output electrically coupled to the device under test 

and capable of Supplying a Supply current Voltage to 
the device; and 

a second output capable of delivering a signal propor 
tional to the supply current delivered to the device 
under test. 
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2. An apparatus for determining defects and faults in elec 
tronic devices having at least one input that is coupled 
between a power Supply and a ground to receive a Supply 
current therefrom, the apparatus comprising: 

a resistor electrically coupled between the power supply 
and a device under, the resistor comprising: 
at least one input electrically coupled to the power Sup 

ply: 
a first output electrically coupled to the device under test 

and capable of Supplying a Supply current Voltage to 
the device under test; and 

a second output capable of delivering a signal propor 
tional to the supply current delivered to the device 
under test. 

3. A method for determining faults or defects in an elec 
tronic device that is coupled between a power Supply and a 
ground to receive supply current therefrom while the device is 
in operation, the method comprising: 

exposing a fault-free device to a plurality of pairs of 
complementary control signal vectors; 

generating a plurality of complementary pairs of baseline 
transient Supply currents associated with the signal vec 
tors; 

exposing the device under test to one or more of the 
complementary pairs of vectors; 

measuring the transient Supply currents generated; 
comparing the generated transient Supply currents to the 

baselines currents; and 
determining if the generated transient Supply currents are 

within a normal circuit variation of the baseline transient 
CurrentS. 

4. The method of claim 3, further comprising: 
calculating a baseline difference for each complementary 

pair of baseline transient currents; 
calculating a test difference for each complementary pair 

of generated transient currents; and 
comparing the baseline differences to the corresponding 

test differences. 


