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METHOD AND APPARATUS FOR ACCESSING 
INTERNAL NODES OF AN INTEGRATED 

CIRCUIT USING IC PACKAGE SUBSTRATE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to the ?eld of testing 
integrated circuits. More speci?cally, embodiments of the 
present invention relate to accessing internal nodes of ?ip 
chip packaged integrated circuits to measure voltage tran 
sitions at the nodes. 

[0003] 2. Prior Art 

[0004] Measurements of voltage transitions at internal 
circuit nodes are needed during the development and testing 
of complex integrated circuits (“ICs” hereafter). A circuit 
node is any point on the electrical connections of the IC 
(e. g., an input or output terminal of a logic gate). Despite use 
of sophisticated simulation tools, many ICs still fail to 
operate as designed, and diagnostic procedures must be 
undertaken to determine the cause of the failure. In some 

instances, mechanical probing and beam (electron beam) 
probing provide the requisite information. HoWever, When 
the Well-knoWn ?ip-chip packaging (the die being mounted 
face doWn to its package substrate) technology is used, 
micro-mechanical and electron beam probe access to the 
principal (metal connection) side of the IC die is blocked. 

[0005] It is knoWn to use a light beam to measure voltage 
at an internal node in a conventional ?ip-chip packaged IC. 
An eXample of a conventional system for measuring circuit 
voltage at an internal node of an IC using light is IDS2000 
manufactured by Schlumberger, and described in US. Pat. 
No. 5,905,577. To access the internal circuit elements, ?rst 
the IC die is stripped of the package to eXpose the metal 
connection side of the IC die. A light beam is focused on a 
circuit element of the IC, such as a diode Where the 
measurements are desired in the IC, from the metal connec 
tion side of the IC die. 

[0006] A test program generating a series of commands 
(e.g., test patterns) is run on the IC, the test patterns are 
applied to the input pins of the IC. In response to the past 
patterns (vectors), voltage transitions take place at the circuit 
node, Which is merely a point on an electrical connection to 
the circuit element. The light re?ected from the circuit 
element, electrically connected to the circuit node, is modu 
lated by changes in the electrical state of the node in 
response to the test patterns. Thus the re?ected light pro 
vides a measure of voltage transitions (signals) at the node. 

[0007] There are draWbacks associated With using this 
method to test integrated circuits. First, the modulation of 
the re?ected beam is very Weak and averaging techniques 
must be used to obtain loW noise measurement Waveforms. 
Second, many IC faults are intermittent, (e.g., in logic 
circuits) so that averaging Will produce false results unless 
the IC activity is exactly repeated for every test pattern. 

[0008] Access to such internal circuit nodes can be 
achieved by providing an on-chip circuit called a scan chain. 
The test method modi?es the otherWise conventional ?ip 
?ops used in the IC, providing a tWo input data selector to 
the D input terminal of each ?ip-?op. The data selector 
control signal for all the ?ip-?ops is a common signal called 
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Scan Enable. With Scan Enable, in the loW logic state, the 
data selector is set for normal IC operations. HoWever, the 
Q output terminal of each ?ip-?op is coupled to the normally 
unused data selector input of another ?ip-?op. When Scan 
Enable is in the high logic state, this path is enabled, forming 
a continuous shift register structure from all the modi?ed 
and connected ?ip-?ops. By this means, serial data repre 
senting an arbitrary logic state can be loaded from one of the 
IC input pins into the shift register With Scan Enable high, 
and normal IC operation begun from this arbitrary internal 
state by sWitching Scan Enable loW. Also at any point in the 
normal operation of the IC, Scan Enable can be made logic 
high, thus latching the logic state for all internal nodes into 
the shift register. The contents of the shift register can then 
be clocked to an output pin for analysis. For a detailed 
description of scan test methods, see Alfred L. Crouch, 
“Design For Test For Digital ICs And Embedded Core 
Systems,” Prentice Hall, 1999. 

[0009] HoWever, the scan chain operations cannot be 
performed at full device operating speed. The internal scan 
chain can give accurate information of the IC logic state only 
When the associated processor clock is stopped. Thus at loW 
speed all faults may be located, but faults occurring only at 
high speed may elude isolation in time and position. Latch 
ing of the scan chain can be done With the DUT (device 
under test, referring to the IC under test) operating at full 
clock speed, thereby obtaining a “snap shot” of the IC 
internal nodes at an instant of time. HoWever, it is difficult 
to distribute simultaneously to the scan chain the latching 
lock pulse, or at least distribute the latching clock pulse 
Within a small fraction of the device clock speed. Because of 
this, the data obtained in this manner is suspect. The on-chip 
time relationship betWeen voltage transitions on tWo nodes 
is not accurately represented in the data obtained in this 
manner. This skeW distribution problem becomes Worse as 
the number of active circuits contained in a DUT increase. 

[0010] Thus, it Would be desirable to provide access to 
circuit nodes of a DUT to obtain reliable measurements of 
faults occurring at high speed. It Would also be advantageous 
to provide signal outputs to an associated printed circuit 
board from internal circuit nodes for diagnostic purposes. 
HoWever, the incremental cost of providing these connec 
tions Will be very high, because a larger surface area package 
Will be needed, and the dif?culty of routing all the connec 
tions on the printed circuit board Would be increased. This 
cost Would have to be borne by every IC produced, even 
after the diagnostic process had been completed and the 
eXtra connections Were no longer needed. Hence, this Would 
not be economical. 

SUMMARY OF THE INVENTION 

[0011] Accordingly, What is needed is a solution to the 
problems associated With conventional IC testing. The 
present invention provides access to the electrical state of 
the internal nodes of an IC DUT. 

[0012] The Well-knoWn ?ip-chip method of packaging ICs 
has greatly increased the available number of electrical 
connections betWeen the IC die and the associated mounting 
substrate of the IC package. (“Package” in the IC ?eld refers 
to the plastic or ceramic housing for the die and its associ 
ated electrical leads.) In an integrated circuit, in accordance 
With an embodiment of the present invention, each electrical 
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connection between the IC die and the top of the package 
substrate is made by a deformable “ball bond.” The ball 
bonds can be made anyWhere on the IC die surface; they are 
not constrained to the edge of the die. The package substrate 
is a multi-layered polyimide or ceramic structure, containing 
poWer planes (conductors) and impedance controlled signal 
transmission lines. The package substrate poWer planes and 
signal transmission lines are coupled by interlayer vertical 
connections (vias) to a ?at pad or a pin on the bottom layer 
of the package substrate. The pads or pins are used conven 
tionally to make electrical connections to the associated 
printed circuit board on Which the package IC is mounted. 
A number of the ball bonds are used for poWer and ground 
connections to the substrate, so that the high current required 
by the IC is carried by many such bonds. The number of ball 
bonds may exceed, e.g., tWo thousand and hence many are 
also available to carry signals from internal nodes of the IC 
to the multi-layered package substrate. 

[0013] In one embodiment, a circuit internal node on the 
IC is coupled to a buffer on chip to drive the node’s signal 
onto a path including an associated ball bond and a trace 
(conductor) that is terminated in a pad on the top (principal) 
surface of the package substrate. An example of a buffer 
(ampli?er) is an inverter. The pad is located beyond the edge 
of the die, thereby, being readily accessible by the test 
apparatus, and is not used as a signal path for normal IC 
operations. There is suf?cient space around the edges of the 
IC die on the top surface of a typical siZed package substrate 
to place up to, e.g., 100 such pads. One embodiment of the 
present invention includes a package substrate that has more 
layers and is used for the testing (diagnostic) process only, 
thus avoiding the extra cost of using this special (diagnostic) 
package substrate With production IC’s. 

[0014] In another embodiment of the present invention, 
the buffer (ampli?er) at the IC internal node is siZed to 
output only about a hundred millivolt signal When the output 
diagnostic pad coupled to the internal circuit node is loaded 
With ?fty ohm impedance. The area of the IC die taken up 
by the buffer is thereby minimiZed, and a Wide band signal 
path impedance is obtained from the ball bond all the Way 
to the test apparatus. In another embodiment of the present 
invention, a signal or data selector is set by the IC scan 
chain. By providing the data selector many internal nodes 
may be accessed sequentially. 

[0015] These and other objects and advantages of the 
present invention Will no doubt become obvious to those of 
ordinary skill in the art after having read the folloWing 
detailed description of the preferred embodiments, Which 
are illustrated in the various draWing ?gures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] The accompanying draWings, Which are incorpo 
rated in and form a part of this speci?cation, illustrate 
embodiments of the invention and, together With the 
description, serve to explain the principles of the invention. 

[0017] FIG. 1 is a cross sectional illustration of an exem 
plary integrated circuit in accordance With an embodiment 
of the present invention. 

[0018] FIG. 2 is an illustration of an exemplary transmis 
sion path of the integrated circuit illustrated in FIG. 1 in 
accordance With an embodiment of the present invention. 
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[0019] FIG. 3 is an illustration of a variation of the 
exemplary transmission path of FIG. 2 in accordance With 
an embodiment of the present invention. 

[0020] FIG. 4 is an illustration of a further variation of the 
exemplary transmission path illustrated in FIG. 2 in accor 
dance With an embodiment of the present invention. 

[0021] FIG. 5 illustrates testing of an IC as in FIG. 1 in 
accordance With an embodiment of the present invention. 

[0022] FIG. 6 illustrates testing of a system including the 
FIG. 1 IC in accordance With an embodiment of the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0023] Reference Will noW be made in detail to the pre 
ferred embodiments of the invention, examples of Which are 
illustrated in the accompanying draWings. While the inven 
tion Will be described in conjunction With the preferred 
embodiments, it Will be understood that they are not 
intended to limit the invention to these embodiments. On the 
contrary, the invention is intended to cover alternatives, 
modi?cations and equivalents, Which may be included 
Within the spirit and scope of the invention as de?ned by the 
appended claims. Furthermore, in the folloWing detailed 
description of the present invention, numerous speci?c 
details are set forth in order to provide a thorough under 
standing of the present invention. HoWever, it Will be 
obvious to one of ordinary skill in the art that the present 
invention may be practiced Without these speci?c details. In 
other instances, Well-knoWn methods, procedures, and com 
ponents have not been described in detail as not to unnec 
essarily obscure aspects of the present invention. 

[0024] FIG. 1 shoWs (in a side vieW) an IC die 10 having 
deformable balls 11a, . . . , 11i, . . . , 1111 on its principal side 

and mounted With the principal side doWn on a package 
substrate 14 of a type suitable for ?ip-chip packages. The 
conventional ?ip-chip package heat sink is not shoWn for 
purposes of the illustration. Each electrical connection 
betWeen IC die 10 and the top of the package 14 hence is 
made by a deformable “ball bond” Where each ball bond 
includes one of balls 11a, . . . , 11i, . . . , 11n conventionally 

pressed against a conductive trace on substrate 14 so as 
deform (?atten) the ball; ball bonds are Well knoWn in the IC 
packaging ?eld. The ball bonds are thus available anyWhere 
on the loWer surface of IC die 10 and are not constrained to 
the edge of the IC die 10. 

[0025] Package substrate 14 in one embodiment of the 
present invention is a multi-layered, e.g., polyimide, 
ceramic, or plastic (insulative) structure, containing several 
conductive poWer planes 16 (only one of Which is shoWn) 
and many impedance controlled signal transmission lines 18 
(only one of Which is shoWn). Each poWer plane 16 or signal 
transmission line 18 is coupled by at least one vertically 
extending interlayer connection (a via) 20a, . . . , 2211 to an 
associated conductive pad 22a, . . . 22i, . . . 2211 on the loWer 

surface of the substrate 14. Alternatively, a conductive pin 
extending doWn from substrate 14 is used instead of pads 
22a, . . . , 22i, . . . , 2211 are used to make electrical 

connections to conventional traces (not shoWn) on the upper 
surface of a supporting conventional printed circuit board 
24. Some of the ball bonds on die 10 are used for poWer and 
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ground connections to substrate 14, so that the high current 
required by IC die 10 is shared across many of the ball 
bonds. The number of ball bonds may exceed, e.g., tWo 
thousand and so many of them are also available to carry 
signals from internal nodes of IC die 10 to the substrate 14. 

[0026] It is seen in FIG. 1 that substrate 14 is Wider than 
die 10, thus exposing contact pads 23a, . . . , 23i, . . . , 2311 

on the upper surface of substrate to external access from 
above for additional connections for diagnostic purposes. 
The contact pads are externally accessible to an integrated 
circuit test apparatus Without modi?cation of the chip prior 
to testing. HoWever, the location of the externally accessible 
contact pads are not limited to the upper surface of the 
substrate package. 

[0027] FIG. 2 shoWs schematically an exemplary trans 
mission path from an internal circuit node 28 of IC die 10, 
to an external diagnostic analyZer 26 instrument. Internal 
node 28 is coupled to the input terminal of a buffer 32, Which 
in turn is coupled to ball 11i. Internal node 28, buffer 32 and 
ball 11i are on the principal side of IC die 10 and of course 
similar structures are duplicated at various locations on the 
principal side of IC die 10. Ball 11i is coupled to pad 22i on 
the principal surface of the substrate 14 by the internal 
conductors in substrate 14 as shoWn in FIG. 1. In one 
embodiment, if ball bond 11i Was at the edge of the ?eld of 
ball bonds, a direct connection could be made on the 
principal plane of substrate. Pad 22i is coupled to the 
input/output port of external diagnostic analyZer 26 (a 
conventional IC test instrument). The transmission path of 
FIG. 2, in one embodiment, has an impedance of approxi 
mately 50 ohms. Fabrication of the structures of FIGS. 1 
and 2 is routine in light of the above description, to one of 
ordinary skill in the semiconductor ?eld. 

[0028] FIG. 3 shoWs schematically the transmission path 
of FIG. 2 With the addition of a signal selector 43 provided 
at the input terminal of buffer 32. The n input terminals of 
data selector 34 are coupled respectively to n internal circuit 
nodes 28a, . . . , 28i, . . . , 2811 and the output signal of data 

selector 34 on line 33 is coupled to the input terminal of 
buffer 32. The transmission path from buffer 32 to diagnostic 
analyZer 26 is as described above. The state of signal 
selector 34 is set by control signals provided by the scan 
chain element 36 on lines 37 thereby alloWing the selection 
of the output signal from many nodes 28a, . . . , 28i, . . . , 

28n coupled to signal selector 34. 

[0029] FIG. 4 shoWs another embodiment of the on-chip 
circuit Wherein IC circuit node 28i is coupled to respective 
input terminals of N stage shift register 40. The output 
terminals of shift register 40 are coupled to input terminals 
of register (latch) 42 Which stores N bits. The transmission 
path from latch 42 to external diagnostic analyZer 26 is via 
pads 23a, . . . , 2311 as described above. The provision of shift 

register 40 on chip reduces the bandWidth requirement of the 
interconnections by transmitting the on-chip high speed 
signals ?rst to the on-chip shift register 40 and then coupling 
the output signals of the shift register 40 to the ball bonds 
11a, . . . , 11i, . . . , 1111 and then via substrate 14 to pads 23a, 

. . . , 23i, . . . , 2311 located on the top surface of the substrate 

14 as described above. 

[0030] For example, if shift register 40 is 1 to 16 (serial 
one signal line in and 16 out), and the maximum bandWidth 
of the interconnect (path from node 28 of FIG. 2 to analyZer 
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26 of FIG. 2) is 500 MHZ, chip data at 8 GHZ rate can be 
examined by analyZer 26. An adjustable (via a scan chain set 
up) clock delay 44 is provided in one embodiment on chip 
Which alloWs data timing information to be obtained by an 
applied chip clock signal on line 46 clocking register 40 and 
latch 42, via divide by n logic 46. 

[0031] The transmission path provided by the substrate 14 
may also be used as an input path to the die 10. A signal 
applied to pad 23i may be used to operate on-chip latches so 
as to capture the logic state of internal nodes of the die 10 
at the time accurately determined by the external test appa 
ratus. One Way to accomplish this is described in US. patent 
entitled “On-Chip Optically Triggered Latch For IC Time 
Measurement” ?led by Kenneth Wilsher, U.S. Pat. No. 
6,501,288 incorporated herein by reference in its entirety. 

[0032] FIG. 5 shoWs in a side vieW a test con?guration 
including a test sequence generator 50 (such as the Schlum 
berger ITS9000IX) conventionally electrically coupled to a 
Workstation (computer) 52. Test sequence generator 50 is 
coupled to conventional load board 56. The conventional 
DUT 58 socket is attached load board 56 on test head 54. 
The additional connections 63a, 63b, (only tWo of Which are 
shoWn) to DUT die 10, provided by selected ones of pads 
23a, . . . , 23i, . . . , 2311 (see FIG. 2), are thereby electrically 

connected to the load board 56 and so can be driven by 
signals from test head 54, or DUT die 10 can drive signals 
back to the test head 56 on connections 63a, 63b. In FIG. 5, 
the heat sink 61 thermally coupled to the top surface of die 
10 is shoWn. 

[0033] FIG. 6 shoWs a variation of the arrangement of 
FIG. 5 for a system or board test, such as the test of a printed 
circuit board 60 using the additional substrate pads 23a, . . 
. , 23i, . . . , 23n. DUT 10 is mounted on board 60 having 

support ICs (ICs required to make the board/system) 62 and 
64. Workstation 52 is coupled by bus 66 to the input 
terminals on board 60 and controls the system/board by 
sending commands via an on-chip (die 10) scan chain. For 
one description of sending commands via such an on chip 
scan chain, see the above-referenced patent entitled “On 
Chip Optically Triggered Latch For IC Time Measurement” 
?led by Kenneth R. Wilsher, US. Pat. No. 6,501,288. In 
addition to the conventional logic analyZer 26 connections 
68 to the printed circuit board 60, pads 23a, . . . , 23i, . . . 

, 2311 provide diagnostic connections via lines 70a, 70b, etc., 
to internal circuit nodes of the DUT die 10. 

[0034] Also provided is logic analyZer 26 (to capture data 
of any logic signals on the board/system) and the associated 
display 66, connected to board 60 by connections (bus) 68. 

[0035] Embodiments of the present invention, a method 
and apparatus for accessing internal nodes of an integrated 
circuit using IC package substrate have been described. 
While the present invention has been described in particular 
embodiments, it should be appreciated that the present 
invention should not be construed as limited by such 
embodiments, but rather construed according to the folloW 
ing Claims. 

[0036] The foregoing descriptions of speci?c embodi 
ments of the present invention have been presented for 
purposes of illustration and description. They are not 
intended to be exhaustive or to limit the invention to the 
precise forms disclosed. The embodiments Were chosen and 
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described in order to best explain the principles of the 
invention and it’s practical application, to thereby enable 
others skilled in the art to best utiliZe the invention and 
various embodiments With various modi?cations as are 
suited to the particular use contemplated. It is intended that 
the scope of the invention be de?ned by the Claims 
appended hereto and their equivalents. 

What is claimed is: 
1) An integrated circuit comprising: 

an integrated circuit die comprising a principal side and 
having an internal circuit node; 

a conductive element formed on said principal side of said 
integrated circuit die and coupled to said internal circuit 
node; 

a package substrate comprising a principal side facing 
said principal side of said integrated circuit die; 

a conductive element mounted on said principal side of 
said package substrate and externally accessible to an 
integrated circuit testing apparatus; 

a transmission path Wherein a ?rst end of said transmis 
sion path is coupled to said conductive element of said 
integrated circuit die and Wherein a second end of said 
transmission path is coupled to said externally acces 
sible conductive element of said package substrate. 

2) The integrated circuit as described in claim 1 Wherein 
signals are transferred from said internal circuit node of said 
integrated circuit to said conductive element of said package 
substrate via said transmission path. 

3) The integrated circuit as described in claim 1 Wherein 
signals are transferred from said conductive element of said 
package substrate to said internal node via said transmission 
path. 

4) The integrated circuit as described in claim 1 further 
comprising a plurality of internal circuit nodes; a plurality of 
transmission paths, coupled to said plurality of internal 
nodes; and a plurality of externally accessible conductive 
elements mounted on said principal surface of said package 
substrate and coupled to said plurality of transmission paths. 

5) The integrated circuit as described in claim 1 Wherein 
signals are transferred from a plurality of internal circuit 
nodes of said integrated circuit die to said conductive 
element of said package substrate via said transmission path. 

6) The integrated circuit as described in claim 1 further 
comprising a plurality of conductive elements mounted on 
said principal side of said package substrate and externally 
accessible to said integrated circuit testing apparatus, and a 
plurality of transmission paths Wherein said plurality of 
transmission paths are coupled to said plurality of said 
conductive elements of said package substrate. 

7) The integrated circuit as described in claim 6 further 
comprising a signal selector coupled to said internal circuit 
node Wherein signals from said internal circuit node are 
selectably coupleable to said plurality of conductive ele 
ments of said package substrate. 

8) The integrated circuit as described in claim 7 further 
comprising an adjustable clock delay operable to capture 
said signals from said internal nodes at an adjustable time. 

9) The integrated circuit as described in claim 6 further 
comprising a buffer coupled to said internal circuit node. 

10) The integrated circuit as described in claim 9 Wherein 
said internal circuit node is coupled to a shift register. 
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11) The integrated circuit as described in claim 10 further 
comprising a latch coupled to said internal node. 

12) The integrated circuit as described in claim 1 Wherein 
a portion of said package substrate extends past an edge of 
said integrated circuit die and Wherein said conductive 
element extends past an edge of said integrated circuit die. 

13) An integrated circuit comprising: 

an integrated circuit die comprising a principal side; 

a buffer comprising an input terminal coupled to an 
internal circuit node of said integrated circuit die; 

a conductive element formed on said principal side of said 
circuit die coupled to an output terminal of said buffer; 

a multi-layer package substrate comprising a principal 
side facing said principal side of said integrated circuit 
die; 

a transmission path on a layer of said package substrate, 
Wherein a ?rst end of said transmission path is coupled 
to said conductive element of said circuit die; and 

an externally accessible conductive region on said prin 
cipal side of said package substrate coupled to a second 
end of said transmission path. 

14) The integrated circuit as described in claim 13 further 
comprising a plurality of internal circuit nodes coupled to a 
corresponding plurality of transmission paths. 

15) The integrated circuit as described in claim 13 
Wherein said internal circuit node is coupled to a shift 
register. 

16) The integrated circuit as described in claim 15 further 
comprising a latch coupled to said internal circuit node. 

17) The integrated circuit as described in claim 13 
Wherein said conductive element is a deformable ball bond. 

18) The integrated circuit as described in claim 13 
Wherein said package substrate is a multi-layered insulative 
structure comprising a plurality of conductive paths. 

19) The integrated circuit as described in claim 13 
Wherein a portion of said package substrate comprises a 
plurality of conductive regions and Wherein said portion 
extends past an edge of said integrated circuit die. 

20) The integrated circuit as described in claim 13 
Wherein a transmission path comprises at least one conduc 
tive via in said package substrate substantially perpendicular 
to said principal side of said package substrate. 

21) The integrated circuit as described in claim 13 further 
comprising a heat sink thermally coupled to said integrated 
circuit die. 

22) The integrated circuit as described in claim 13 
Wherein said transmission path has an impedance in the 
range of approximately 45 to 55 ohms. 

23) A method for testing an integrated circuit comprising: 

mounting a principal surface of an integrated circuit die to 
a package substrate comprising an externally accessible 
contact pads Wherein at least one internal circuit node 
of said integrated circuit die is electrically coupled to 
said externally accessible contact pads by an electrical 
transmission path; and 

electrically coupling a test apparatus to said externally 
accessible contact pads. 

24) The method as described in claim 23 further com 
prising selecting one of said at least one internal circuit 
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nodes of said integrated circuit to be coupled to said exter 
nally accessible contact pads by said electrical transmission 
path. 

25) The integrated circuit as described in claim 23 
Wherein signals are transferred from one of said at least one 
internal circuit nodes to said externally accessible contact 
pads via said transmission path. 

26) The method as described in claim 25 Wherein said 
signals are split from said internal circuit node over a 
plurality of electrical transrnission paths coupled to a cor 
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responding plurality of contact pads on said package sub 
strate package to said test apparatus. 

27) The method as described in claim 23 Wherein signals 
are transferred from said test apparatus to one of said at least 

one internal circuit nodes of said integrated circuit via said 
externally accessible contact pads and via said electrical 
transmission path. 


