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(57) ABSTRACT 

An active cancellation matrix for process parameter measure 
ments provides feedback paths for each test location wherein 
each feedback path is used to sense the applied Voltage and 
the sensed Voltage is used to adjust the source Voltage for any 
variations along the input path. The devices under test are 
arranged in a row and column array, and the feedback and 
Voltage input paths are formed along respective rails which 
extend generally parallel to a row of devices under test. Selec 
tors are used to selectively route the outputs of the test nodes 
to a measurement unit Such as a current sensor. The input 
voltages can be varied to establish current-voltage (I-V) 
curves for the devices under various conditions. In the 
example where the devices under test are transistors, each 
Source input includes three Voltage inputs (rails) for a drain 
Voltage, a source Voltage, and a gate Voltage. 
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ACTIVE CANCELLATION MATRIX FOR 
PROCESS PARAMETER MEASUREMENTS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application is a continuation of U.S. patent 
application Ser. No. 1 1/333,612 filed Jan. 17, 2006. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 

0002 This invention was made with Government support 
under DARPA, NBCH3039004. THE GOVERNMENT HAS 
CERTAIN RIGHTS IN THIS INVENTION. 

BACKGROUND OF THE INVENTION 

0003 1. Field of the Invention 
0004. The present invention generally relates to the design 
and testing of integrated circuits, and more particularly to a 
method and system for testing an array of electronic devices. 
0005 2. Description of the Related Art 
0006 Integrated circuits are used for a wide variety of 
electronic applications, from simple devices such as wrist 
watches, to the most complex computer systems. A micro 
electronic integrated circuit (IC) chip can generally be 
thought of as a collection of logic cells with electrical inter 
connections between the cells, formed on a semiconductor 
Substrate (e.g., silicon). An IC may include a very large num 
ber of cells and require complicated connections between the 
cells. A cell is a group of one or more circuit elements such as 
transistors, capacitors, resistors, inductors, and other basic 
circuit elements grouped to perform a logic function. Cell 
types include, for example, core cells, scan cells and input/ 
output (I/O) cells. Each of the cells of an IC may have one or 
more pins, each of which in turn may be connected to one or 
more other pins of the IC by wires. The wires connecting the 
pins of the IC are also formed on the surface of the chip. For 
more complex designs, there are typically at least four distinct 
layers of conducting media available for routing, Such as a 
polysilicon layer and three metal layers (metal-1, metal-2. 
and metal-3). The polysilicon layer, metal-1, metal-2, and 
metal-3 are all used for vertical and/or horizontal routing. 
0007 An IC chip is fabricated by first conceiving the logi 
cal circuit description, and then converting that logical 
description into a physical description, or geometric layout. 
This process is usually carried out using a "netlist, which is 
a record of all of the nets, or interconnections, between the 
cell pins. A layout typically consists of a set of planar geo 
metric shapes in several layers. The layout is then checked to 
ensure that it meets all of the design requirements, particu 
larly timing requirements. The result is a set of design files 
known as an intermediate form that describes the layout. The 
design files are then converted into pattern generator files that 
are used to produce patterns called masks by an optical or 
electron beam pattern generator. During fabrication, these 
masks are used to pattern one or more dies on a silicon wafer 
using a sequence of photolithographic steps. The process of 
converting the specifications of an electrical circuit into a 
layout is called the physical design. 
0008 Cell placement in semiconductor fabrication 
involves a determination of where particular cells should 
optimally (or near-optimally) be located on the Surface of a 
integrated circuit device. Due to the large number of compo 
nents and the details required by the fabrication process for 
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very large Scale integrated (VLSI) devices, physical design is 
not practical without the aid of computers. As a result, most 
phases of physical design extensively use computer-aided 
design (CAD) tools, and many phases have already been 
partially or fully automated. Automation of the physical 
design process has increased the level of integration, reduced 
turn around time and enhanced chip performance. Several 
different programming languages have been created for elec 
tronic design automation (EDA), including Verilog, VHDL 
and TDML. A typical EDA system receives one or more high 
level behavioral descriptions of an IC device, and translates 
this high level design language description into netlists of 
various levels of abstraction. 

0009 Faster performance and predictability of responses 
are elements of interest in circuit designs. As process tech 
nology scales to the deep-submicron (DSM) regime, it is 
becoming increasingly important for the performance and 
reliability of IC chips and systems to understand how varia 
tions in process parameters affect the operation of an elec 
tronic device or circuit. A designer needs to model responses 
Such as current flow with changes in Voltage for transistors 
(I-V curves), or resistance/capacitance measurements for 
wiring. Device testing may further include leakage measure 
ments across a gate, to indirectly assess the quality of an oxide 
material and identify potential flaws like pin holes or edge 
defects. Some devices such as static random-access memory 
(SRAM) require testing the memory elements with random 
fluctuations in threshold voltages to better characterize the 
circuit. Devices should also be stress tested, i.e., under dif 
ferent conditions such as varying temperatures. It is also 
useful to understand how spatial variations (i.e., devices 
located in different dies on a single wafer) can affect process 
parameters. 
0010. One example of a circuit used for such testing of an 
array of devices is shown in FIG. 1. The devices under test 
(DUTs) in circuit 2 are transistors, three of which 4, 6, 8 are 
shown arranged in a row. Circuit 1 can be replicated for other 
rows which together form an array of DUTs. Each DUT 
receives three Voltage signals, a drain Voltage V, a gate 
Voltage V, and a source Voltage Vs. These voltage signals are 
fed by three respective operational amplifiers 10, 12, 14. The 
amplitude of the Voltage signals may be selectively controlled 
using respective digital-to-analog converters (DACs) 16, 18. 
20 each of which has an N-bit control input. The terminal end 
of the Voltage Supply rail 26 is connected to measurement 
circuitry, e.g., current sensors. Current output for each pin set 
in the row is monitored as the voltages are varied to establish 
I-V curves for the devices. 

0011 While the outputs of circuit 2 provide a fair basis to 
characterize the response of the devices, the measurements 
are not completely accurate since they fail to take into con 
sideration loading effects on signal transmission. Even metal 
wires have a very small resistance, represented in FIG. 1 as 
resistor symbols along sections of the transmission lines. This 
resistance (as well as capacitance) affects the propagation of 
signals in the wires. These loading effects can vary with wire 
length and environmental parameters such as temperature. In 
order to have a truly precise measurement, it is necessary to 
know the exact value of the test parameter applied to the 
device (e.g., voltage). While the loading effects can be esti 
mated based on theoretical values or manufacturing specifi 
cations, physical analysis of resistance effects for different 
wiring indicates that the actual values within a cell can vary 
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considerably from an expected norm. Calibration of the mea 
Surement circuitry does not compensate for variations in the 
loading effects. 
0012. There are many circuit designs adapted to sense or 
supply an exact voltage in a circuit. U.S. Pat. No. 3,818.274 
describes a remote sensing Voltage clamping circuit, that 
clamps a power source output level to prevent overvoltage 
levels at a remote load. That design uses a high impedance 
sensing lead and a detector-clamping circuit coupled inter 
mediate the sending lead and the power source. U.S. Pat. No. 
4,169.243 discloses a remote sensing apparatus used with a 
measurement device such as a strain gauge. The apparatus 
uses two operational amplifiers to cancel errors in the output 
voltage due to voltage drops in three lead wires. U.S. Pat. No. 
5.977,757 teaches a power supply having automatic voltage 
sensing. The power Supply generates a regulated Voltage in 
response to an input Voltage and an error signal, and the error 
signal is generated by a sensing circuit having a high input 
impedance differential amplifier with inputs coupled to volt 
age sense terminals. U.S. Pat. No. 5,999,002 shows a contact 
resistance check circuit that verifies when a sufficient electri 
cal connection is established between a source and a sense 
lead of a Kelvin connection. An input pulse to the sense probe 
is altered in related to the contact resistance to produce a 
check pulse. A comparator generates a fault indication signal 
if the Voltage of a check pulse exceeds a threshold Voltage. 
0013 These sensing techniques basically apply a Voltage 
and sense the actual Voltage with a high impedance node. 
They all use discrete components, that is, separate circuit 
structures, which facilitates remote sensing, but there are 
problems with applying these techniques to testing of elec 
tronic devices. Because of their discrete nature, it is difficult 
to implement these designs in a single integrated circuit. Also, 
none of these techniques can be rasterized, i.e., applied to an 
array of columns and rows of devices. It is useful to be able to 
have an array structure for testing to measure spatial varia 
tions in devices/circuits. 
0014. In light of the foregoing, it would be desirable to 
devise an improved method of applying a known Voltage to a 
testing device/circuit which takes loading effects into consid 
eration. It would be further advantageous if the method could 
be implemented in a geometric matrix (row/column array) of 
devices/circuits under test. 

SUMMARY OF THE INVENTION 

0015. It is therefore one object of the present invention to 
provide an improved method of testing electronic devices in 
an integrated circuit. 
0016. It is another object of the present invention to pro 
vide such a method that takes into consideration loading 
effects of transmission wires in the testing circuitry. 
0017. It is yet another object of the present invention to 
provide Such a method which can easily be applied to a row 
and column structure of devices under test. 
0018. The foregoing objects are achieved in an active can 
cellation matrix for an array of devices under test, generally 
comprising a plurality of source inputs for generating Voltage 
signals, a plurality of Voltage rails wherein each of said Volt 
age rails connects a respective one of said source inputs to a 
plurality of test nodes arranged in a row with first wire sec 
tions formed by taps along the Voltage rail to the test nodes 
and each first wire section having a respective transmission 
load, and a plurality of feedback rails wherein each of said 
feedback rails connects a feedbackinput of a respective one of 
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the source inputs to the test nodes in the row with second wire 
sections formed by taps along the feedback rail to the test 
nodes and each second wire section used to sense a Voltage 
applied at the node and adjust the Voltage signal for any 
variations in the first transmission load of a corresponding 
first wire section. The voltage and feedback rails of a row 
input are generally parallel to a direction of a row of test 
nodes, and the Voltage and feedback rails of a column input 
are generally parallel to a direction of a column of test nodes. 
A digital-to-analog converter may be used to vary the ampli 
tude of the Voltage signals, and the current can be measured 
for the varying input voltages to establish I-V curves for the 
devices. One or more selectors are used to route outputs of the 
test nodes to the measurement unit. In the example where the 
devices under test are transistors, each source input can 
includes three Voltage inputs for a drain Voltage, a source 
Voltage, and a gate Voltage. 
0019. The above as well as additional objectives, features, 
and advantages of the present invention will become apparent 
in the following detailed written description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0020. The present invention may be better understood, and 
its numerous objects, features, and advantages made apparent 
to those skilled in the art by referencing the accompanying 
drawings. 
0021 FIG. 1 is a schematic diagram of a conventional test 
circuit showing three devices under test (transistors) arranged 
in a row: 
0022 FIG. 2 is a block diagram of a test system con 
structed in accordance with one embodiment of the present 
invention, having an active cancellation matrix which com 
pensates for variations in transmission line loading effects; 
and 
0023 FIG.3 is a schematic diagram of one embodiment of 
a test circuit for the active cancellation matrix used by the test 
system of FIG. 2. 
0024. The use of the same reference symbols in different 
drawings indicates similar or identical items. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT(S) 

0025. With reference now to the figures, and in particular 
with reference to FIG. 2, there is depicted one embodiment 30 
of a test system constructed in accordance with the present 
invention. Test system 30 may be formed as part of a single 
integrated circuit (IC) test chip having various types of elec 
tronic devices to be tested, and is generally comprised of a 
plurality of devices under test (DUTs) 32, a plurality of col 
umn inputs 34, a plurality of row inputs 36, a plurality of 
selectors 38, a measurement unit 40, and selector control 
logic 42. DUTS 32 are arranged in a matrix or array having 
rows and columns. In this example there are six rows and 
eleven columns. DUTs 32 can be single elements such as a 
transistor, or more complicated circuit structures. DUTs 32 
can also be as simple as sections of interconnects with Vias 
and contacts. 
0026. The input signals may be any parameter of interest, 
such as voltage or current. For example, when the DUTs are 
transistors, test system 30 can provide varying input Voltages 
and measure the current response. Selected Voltage levels are 
injected at the desired DUT node through column and row 
inputs 34, 36, and the outputs of the transistors are routed 
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through the appropriate selectors 38 to measurement unit 40. 
The output of measurement unit 40 is connected to a record 
ing unit or a user interface device such as a video display. I-V 
curves for the DUTs can be established by monitoring current 
responses for varying Voltage inputs. The output of measure 
ment unit 40 may represent an output of a single DUT or a 
composite output based on multiple DUTs whose outputs are 
combined by selectors 38. The multiplexers in selectors 38 
are set by control logic 42 which is further responsive to a user 
interface device Such as a console. 

0027. The construction of test system 30 includes an active 
cancellation matrix for process parameter measurements 
which uses differential amplifiers to accurately supply DUT 
voltages by effectively nullifying loading effects. One imple 
mentation for the active cancellation matrix includes a test 
circuit 50 illustrated in FIG. 3. Test circuit 50 includes three 
DUTs (transistors) 52, 54, 56 in one row of the matrix, and 
other identical test circuits are added for other rows to com 
plete the matrix. Each DUT receives three voltage signals, a 
drain Voltage V, a gate Voltage V, and a Source Voltage Vs. 
These voltage signals are fed by three respective differential 
amplifiers 58, 60, 62. The amplitude of the voltage signals 
may be selectively controlled using respective digital-to-ana 
log converters (DACs) 64, 66, 68 each of which has an N-bit 
control input. N is number of input bits that control the volt 
age output of the DAC (e.g., 3-8 bits). Any number of known 
Voltages can be applied using this technique. The terminal end 
of the voltage supply rail 70 is connected to a respective input 
of one of the selectors 38. One of the voltage inputs, e.g., input 
V, may be a column input 34 while another of the Voltage 
inputs, e.g., V, may be a row input 36. The Voltage rails for 
the column inputs are vertically disposed and the Voltage rails 
for the row inputs are horizontally disposed, i.e., the row 
inputs are generally orthogonal to the column inputs. 
0028. In order to compensate for variations in loading 
effects on the applied voltage, a feedback path is provided 
from each DUT back to the respective input source wherein 
the feedback path is used to sense the applied Voltage and vary 
the source Voltage accordingly. The feedback path for each 
input source include sections of wire along another Voltage 
rail extending generally parallel to the length of the DUT row, 
which is connected to the negative input of the respective 
differential amplifier, with taps to this rail at each DUT along 
the common row. For example, two arrows are shown in FIG. 
3 representing the input Voltage path from differential ampli 
fier 58 to DUT 56 and the feedback path from DUT 56 to 
differential amplifier 58. 
0029. In FIG. 1 the feedback path to an amplifier does not 
have much resistance associated with it, since the output of 
the amplifier is directly fed to the input. However, the feed 
back paths in FIG. 3 include large resistances. In an opera 
tional amplifier, the input node is a high impedance node and 
hence current flowing into the input is approximately Zero. In 
the context of circuit 50, if there were any current flowing 
through the feedback path, it would cause a Voltage drop 
across the feedback path, and the Voltage sensed at the drain 
node of DUT 52 would be larger than the voltage seen at the 
negative terminal of op amp 58. The lack of current flowing 
through the feedback path (i-0) ensures that the voltage seen 
at the negative terminal of op amp 58 is the exact Voltage seen 
at the drain of DUT 52. 
0030 All of the input voltage paths and feedback paths 
may be selectively opened or closed using Switches. The 
Switches are controlled by the same select logic that controls 
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the row and column select lines, i.e., the six Switches shown 
for a given DUT all close when the row select signal for that 
DUT is active and the column select signal for that DUT is 
active. 
0031. The present invention may thus advantageously 
apply a known, precise Voltage at any point in an array of 
devices to be tested. There is no need to calibrate the system 
for a given process parameter since the applied Voltages are 
automatically adjusted by the required resistance values, and 
minimum size wires can be used without regard to resistance. 
Wire resistance can also be measured as a side benefit of this 
technique, by measuring the output Voltage of the op amp. 
The resistance associated with the wire is calculated accord 
ing to ohm's law, e.g., the resistance of the path from the 
output of op amp 58 to the drain node of the DUT 52 is equal 
to the difference between the voltage measured at the output 
ofop amp 58 and V, divided by the current measured at rail 
T0. 
0032. Although the invention has been described with ref 
erence to specific embodiments, this description is not meant 
to be construed in a limiting sense. Various modifications of 
the disclosed embodiments, as well as alternative embodi 
ments of the invention, will become apparent to persons 
skilled in the art upon reference to the description of the 
invention. It is therefore contemplated that such modifica 
tions can be made without departing from the spirit or scope 
of the present invention as defined in the appended claims. 

1.-7. (canceled) 
8. An active cancellation matrix for an array of devices 

under test, comprising: 
a plurality of Source inputs for generating Voltage signals; 
a plurality of voltage rails wherein each of said Voltage rails 

connects a respective one of said source inputs to a 
plurality of test nodes arranged in a row, with first wire 
sections formed by taps along the Voltage rail to the test 
nodes, each first wire section having a respective trans 
mission load; and 

a plurality offeedback rails, wherein each of said feedback 
rails connects a feedback input of a respective one of the 
Source inputs to the test nodes in the row, with second 
wire sections formed by taps along the feedback rail to 
the test nodes, each second wire section used to sense a 
Voltage applied at the node and adjust the Voltage signal 
for any variations in the first transmission load of a 
corresponding first wire section, and wherein the Voltage 
and feedback rails are generally parallel to a direction of 
the row of test nodes. 

9. (canceled) 
10. The active cancellation matrix of claim 8 wherein dif 

ferent rows of test nodes are arranged to form a row and 
column array of test nodes. 

11. The active cancellation matrix of claim 8, further com 
prising means for varying the amplitude of the Voltage sig 
nals. 

12. The active cancellation matrix of claim 8, further com 
prising: 

a measurement unit; and 
one or more selectors which route outputs of the test nodes 

to said measurement unit. 
13. The active cancellation matrix of claim 8 wherein: 
the devices under test are transistors; and 
each Source input includes three Voltage inputs for a drain 

Voltage, a Source Voltage, and a gate Voltage. 
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14. A system for testing electronic devices arranged in a 
row and column array, comprising: 

a plurality of column inputs, each column input having a 
Voltage source connected to a column Voltage rail dis 
posed along a first direction with taps along said column 
Voltage rail to devices under test arranged in a common 
column; 

a plurality of row inputs, each row input having a Voltage 
Source connected to a row Voltage rail disposed along a 
second direction which is generally orthogonal to the 
first direction with taps along said row Voltage rail to 
devices under test arranged in a common row; 

a plurality of column feedback rails, each column feedback 
rail disposed along the first direction with taps along said 
column feedback rail to corresponding devices under 
test arranged in the common column, wherein said col 
umn feedback rail senses an applied Voltage and adjusts 
a Voltage source for any variations in a transmission load 
of a corresponding column Voltage rail; 

a plurality of row feedback rails, each row feedback rail 
disposed along the second direction with taps along said 
row feedback rail to corresponding devices under test 
arranged in the common row, wherein said row feedback 
rail senses an applied Voltage and adjusts a Voltage 
Source for any variations in a transmission load of a 
corresponding row Voltage rail; 
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at least one measurement device; and 
one or more selectors which route outputs of the devices 

under test to said measurement device. 
15. The system of claim 14, further comprising means for 

varying the amplitude of the Voltage sources. 
16. The system of claim 14 wherein each of said voltage 

Sources includes a respective operational amplifier having a 
feedback input which is connected to a corresponding one of 
the column or row feedback rails. 

17. The system of claim 14 wherein said row and column 
feedback rails are selectively connected to one or more of the 
devices under test using switches which are controlled by 
select logic that also controls selection of said row and col 
umn inputs. 

18. The system of claim 14 wherein said measurement 
device is a current sensor. 

19. The system of claim 14 wherein 
the devices under test are transistors; 
each column input provides a drain Voltage for correspond 

ing transistors arranged in a common column; 
each row input provides a gate Voltage for corresponding 

transistors arranged in a common row; and 
said one or more selectors route source outputs of the 

transistors to said measurement device. 
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