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Abstract— A methodology is presented to enable the usage 2 MoDELING OF TEST STRUCTURES
of a digital tester for an accurate detection of open circuits

as well as short circuits in test structures to control backend
process steps. Therefore, a novel graph model will be
introduced to calculate the resistance values of test
structures containing defects. The paper gives a
comprehensive description of the procedure to adjust the
tester parameters to those test structures.

To enable the defect detection out of binary tester data sets,
it is necessary to model the geometry of layout objects inside
a test chip with ggeometry grapliHeWe94]. A node stands for
a measuring point. An edge represents all conductive layout
objects €onductive component (CC) between measuring
points. All conductive components that are connected to each
other are called anaximal conductive component (MCC)

The parameten stands for the number of nodes per MCC.
1 INTRODUCTION Normally, test structures for backend process steps consist of
. pumerous MCCs placed over the whole chip area. The MCCs
0 measure the resistance of a test structure, common g _ .
. . . re replaced by lines formed as combs or serpentines and
analog or DC parametric tester are applied, using a. . .
strings of contacts or vias [IpSa77], [Bueh83], [LYWM86]. The

measurement frequency below 1 Hz [BCKJ91], [MiHF92], . .
. . following figure shows some test structures and their geometry
[RoBF92]. In the context of this paper, an electrical test must hs

. . ra
only decide whether the test structure contains a defect or no% P

So in general a digital tester should be sufficient. Hence, a e
tester is required with bidirectional channels which can send a R,

stimulus voltageV, as well as receive a response voltage
A digital tester has important advantages. First, the S
measurement frequency of a digital tester is normally many g
2

times higher than the frequency used during analog 2- or

4-point measurements. So the evaluation of test structures can g R R,
be much faster. Furthermore, every measured value needs only

one bit which reduces the storage requirements. Also, a dafg 1: Test structures used in backend process steps and their geometry
reduction is possible already during the electrical measurements graph.

since the measured binary data can be easily compared to )
. . . R, A binary tester data set is the result of measured voltages,
reference values. Finally, using a digital tester simplifies in-line

. . Burrents, and resistances inside test structures. Therefore, also
process control because test chips and product chips can be ) ) )
the resistance information of each CC has to be modeled. For

measured in the same way and with the same measurin% ) .
equipment, that, the geometry graph will be exp_anded to tfemstance
graph Here, each edge is labeled with the resistance of the
The following section deals with the modeling of test corresponding CC. In other words, the resistance graph is the
structures. Section 3 describes the way a digital tester worksbstraction of the equivalent circuit diagram of the test
and section 4 presents the adaption of the digital tester to testructure or the geometry graph with new labeled edges. The
structures. Section 5 gives some experimental results arfdllowing figure shows the mentioned graphs. For the adaption

Section 6 concludes the paper. of the digital tester we need the resistance information of each




CC (R) as well as the equivalent circuit diagram of the test If a digital tester will be used to detect defects inside test

structure in case of the presence of defects. structures, the tester properties must fulfill the requirements
summarized in the following table.
4 nt @ P @ @ R1 @ w4 B ot channel bidirectional
. o oo S 2 stimulus voltageV, adjustable
2 (e (D — s
@ - @ @ e @ 6 - e threshold voltagey, adjustable
B a) L b) ) " measuring frequencly, . adjustable (10kHz - 100kHz)
¢
terminating resistoR, has to be known
) ] (channel in response mode)
Fig. 2: gl)) I-Erel_s;viatlgjrftnf:riféuti)t) g?:orrg;try graph. c) Resistance graph. internal resistanc&, has to be known
a g : (channel in stimulus mode)

3 THE DiGITAL TESTER Tab. 1: Digital tester properties.

For the measurement procedure a digital tester with 4 ADAPTION OF THE DiGITAL TESTER
bidirectional tester channels is required (ref. [HeWe94]). A

bidirectional channel in stimulus mode consists of a voltage To ach|eve the adaonn of the tester, we makg some
source and an internal resistarRe A bidirectional channel in assumptions that are suitable for test structures especially used
response mode consists of a level sense at a terminating resisEBrbaCkend process steps.

R (ref. Figure 3). A test structure without any active« Only types of test structures corresponding tottiree basic
semiconductor devices like transistors or diodes will completely geometry graphshown in Figure 1 are considered, but there

be tested using a "walking one" as test vector set over all pads. is no limitation on the number of MCC%)and number of
So, every bidirectional tester channel that is connected to a pad nodes (), respectively.

of the test structure is once in the stimulus mode while every
other channel is in the response mode. To get accurate results
from the digital tester, the threshold voltaye and stimulus

The resistance of a short circuitas to be smaller than the
resistance of a CC

voltageV; has to be adjusted. (Rinort << Ro).
test * Theresistance of a C@as to be smaller than the resistance
teS'[eI‘ stru;ure teSteI‘ . . .
of the terminating resistdr..
stimulus channel response channel (R.<<R)
\'A l@ Rs Re Rr Q @'l Vi ¢ Nodes which are labeled with S (stimulus node) or R
(response node) could be replaced by ¢@ivalent circuit
Fig. 3: The digital tester. diagram of the stimulus or response chan(ref. Figure 3).

The threshold voltagé/, separates the two defined tester Before the threshold voltage will be calculated, the values of
states: Logic "0" and logic "1". A measured voltagg below the CC resistanc®,, the stimulus voltage/, and measuring
the threshold voltage at a response channel of the digital testteequencyf,, have to be determined. This will be done in the
is assigned to logic "0". In contrast to that, a voltage above théollowing sub-sections.
threshold voltage is assigned to logic "1". Dependent on the
expected logical value, the measured voltage can be 4.1 Determination of the CC Resistance R
assigned to a detected open circuit or short circuit, respectively.

The following figure shows the dependency of detected defects The resistancer; of a single ,CC (cpnductlve componer'\t
designed between two measuring points) can be determined
on the measured voltagé,.

with the following equation. For the calculation of the line

Vm Vm
logic value "1 4 \ogic vaius " resistance a sum over all layers is necessary, bedgyse a
. layer specific resistance. The experimental results will show
pass fa',l . that this way of calculatingr. is sufficient.
short circuit
Vit Vit O, a
logic value "0" logic value "0" & RE\ L 0 (]_)
fail pass Rc: a- EZ T+ Z R\/ia+ Z Rcomac%
open circuit L, W : length and width of a test structure line
expected value "1" expected value "0" Ro : layer specific square resistance

Fig. 4: Detected defects dependent on the measured voltagat a

ias : via and contact resistance
response channel according to the threshold voltage e Reonta

: manufacturing tolerancen$l)

Q U



4.2 Determination of the Stimulus Voltage V voltage V,,, In order to adjust the threshold voltagdg, it is
necessary to determine themallestvalue of all possible
measured response voltages. Using a walking one as test vector
set to detect short circuits, it is sufficient only to consider the
direct short circuit path between a stimulus node and a
response node without passing other (measuring) nodes of the
Vo~ R 3 (2)  resistance graph. To get the smallest response voltage, it is
I ax : Maximal current according to existing design rules necessary to determine the worst case resistance situation on

) ) _ this direct short circuit path, even if also open circuits occur
The peak current is approximately 3 times the averag@ng short circuits connects more than just two MCCs.
current |, introduced in existing design rules. This can be

done, because the current flow through the test structure is For that, five different cases have to be investigated.
limited to a very short period of time (10us to 100ps). To(al) A direct short circuit path starts or ends in a node of the
determinel,, it is necessary to calculate the average current ~ resistance graph. This node is located at the end of an
flow through each test structure line dimension per layer, each ~ MCC (ref. case (al) of Figure 6).

via size and each contact size, separately. The smallest of the@?) A direct short circuit path starts or ends in a node of the

The stimulus voltag&/, will set to a value corresponding to
the maximal currenk,,,and the smallest resistanBg ,,,,, of all
CCs inside the test structure. Sq,, and R; ., have not be
determined out of the same CC.

current values has to be selected and séf,tdn equation 2. resistance graph. This node is located in the middle of an
MCC (ref. (a2) of Figure 6).
4.3 Determination of the Measuring Frequengy f (b1) A direct short circuit path starts or ends in the middle

_ o _ between two nodes, so that the resistance between the
To avoid capacitive influences, the measuring frequefcy short circuit and each node is equalR4 - This edge is
has to be adjusted to a value between 10kHz and 100kHz. |gcated near the end of an MCC (ref. (bl) of Figure 6).

Experimental results have shown that this valu€,a$ suitable  (h2) A direct short circuit path starts or ends in the middle

[HeSt94], [HeWe94a]. between two nodes, so that the resistance between the
o short circuit and each node is equalR¢é-This edge is
4.4 Determination of the Threshold Voltage V located in the middle of an MCC (ref. (b2) of Figure 6).

Before the threshold voltage can be calculated, the geometl()91) A direct short circuit path starts or ends at the far end of

graph of the test structure containing a defect has to be " edg'e, \_NhiCh is separated from the next node by an
analyzed open circuit. The separated node is located at the end of

an MCC (ref. (c1) of Figure 6).

4.4.1 The Maximal Resistance Path (MRP) an(O—— O —0——0
One or more short circuits connect different MCCs. These (aZJO—O—Q—@—O—Q—Q

short circuits build a new geometry graph (ref. Figure 5). The

way how short circuits connect different MCCs is unknown. So (b1) M_@_@_@_o_@

the resistance values of the edges of the corresponding

resistance graph cannot be determined. Figure 5a, b and c (bz’Q—OW

illustrates three possibilities, how a short circuit can connect
different MCCs. Inside these graphs, all additional edges are (C”Q. O C O C O Q
marked as dashed lines. :
Fig. 6: Locatioﬁ of short circuits, where the gray nodes represent the

®—® @—® ®_Q_® selected stimulus or response node, respectively.

Now, all possible combinations of the placement of the direct
@) - @) @) @) short circuit path between the stimulus and response nodes
have to be compared. As a result of this, the smallest voltage
: V,, will be measured at a response node placed in case (b2)

@ b @ @ < @ while the stimulus voltagé/; is driven via a node placed in
Fig. 5: POSSIbIIItIeS S difierent MCCs. ) case (cl). If a short circuit connects more than two MCCs, the
connection to the third and all other MCCs has to be modeled
To detect these short circuits, at least one response chanred a direct short circuit path in case (a2) to get the smallest
has to indicate a binary "1" value. For that the adjustedpossible response voltage. This construction will be named

threshold voltageV, has to be smaller than the measuredmaximal resistance path (MRP)
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Maximal resistance path (MRP), where all white nodes are alst
response nodes.

Fig. 7:

If all these types of complex short circuits will be taken into
account, open circuits will be detected too. Open circuits only
separate two connected nodes inside a single MCC an
therefore open circuits will be measured between measurin
points of one single MCC only.

4.4.2 The Threshold Voltage

To detect all possible open and short circuits, the threshol
voltageV, has to be adjusted to the MRP of Figure 7. For that,
the graph of the MRP (ref. Figure 8, left) will be transformed
into the equivalent circuit diagram. To calculate the thresholc
voltage, the recurrent network as can be seen on the right sic
of Figure 8 has to be determined for any valuek ghumber
of connected MCCs)n (number of nodes per MCC), the
stimulus voltage/,, the internal resistand, the CC resistance
R. and the terminating resisté.

MCC 1

MCC 2

-

Mo T

;

Fig. 8: Equivalent circuit diagram of k connected MCCs with n=3 nodes.

This can be done with the following flow charts where the
basic algorithm is implemented as can be seen in the flow cha
of Figure 9. The calculation of a recurrent network is
implemented in the sub-procedu&TWORK (ref. flow chart
of Figure 10). This algorithm calculates the total resistance
(r_total) and the resistance ratio/j] of a single recurrent
network with a series resistanceser and a parallel resistance
r_par. E. g. the parameters of a network drawn on the righi
side of Figure 11 will be calculated by calling this sub-
procedure twice.

specify n
where: n>1
specify k
where: k>1

r_total:=0
Vt:=Vs

X=RSUM(((n-1)/2)-1)

rx=rx+Rc

rpara=RSUM(n/2)

rpara=(rx*Rr)/(rx+Rr)

rpara=(rpara*Rr)/(rpara+Rr)

x=RSUM((n-1)/2)

call function
NETWORK(Rc/2, rx; r total, Vt)

x=RSUM((n/2)-1)+Rc/2

rx=(rx*rpara)/(rx+rpara)

call function
NETWORK(RC, rx; r_total, Vt)

x=RSUM(n-3)

[]

call function
NETWORK(RS. rx+Rc: r total, V)

Fig. 9: Basic algorithm to calculate the threshold voltage.

begin
sub-procedure

.

ETWORK(r_ser,r_par,r_total,Vt)

yes @

no

| r=r_par | r=(r_total*r_par)/(r_total+r_par)

r_total=r+r_ser

Vt=r/r_total

return

r_total and Vt

Fig. 10: Sub-procedure NETWORK.



The number of edges on each side of the "middle" response
node is not equal according to an even or odd nunbef
nodes per MCC. As a result of this, a zigzag pitch of the lines
can be seen. In case of open circuits, the threshold voltage
should be set to a value of at ledst2.

R _ser

ea sea
R_par R_par R_par ‘ ﬁnx

R ser

R _ser

R ser
.

R_par

Fig. 11: Basic resistance networks. 5 EXPERIMENTAL RESULTS
The total resistanc& of a network as can be seen on the gyt 800 test structures with different line width, space and

left side of Figure 11 will be calculated by calling the sub-|engih were manufactured at thestitute for Microelectronics
procedureRSUM (ref. flow chart of figure 12). The parameter gy itqart, Germanyo validate the digital measuring procedure
j specifies the number of series resistanceser. The series

and the modeling of the resistance graph. The following table
resistance_seritself is set to the value of the CC resistarike

summarizes the distribution of the different sized lines.

and the parallel resistanaepar is set to the value of the [f——0o—Twqm Tl Jength alcuiaied alcuiaied
terminating resistoR_ line [mm] resistance [R] | resistance [R]

(a=1.0) (a=1.15)

- 6e 3.0 187.2 3.74 4.30

sub-procedure 5e 2.0 187.2 5.62 6.46

RSUMG) 7e 15 187.2 7.49 861

3e 1.0 187.2 11.23 12.91

2e 0.75 187.2 14.98 17.23

1le 0.5 187.2 22.46 25.83

5d 2.0 89.8 2.69 3.09

4d 15 89.8 3.59 4.13

3d 1.0 89.8 5.39 6.20

next i ” r=(Rr*(r+Rc))/(Rr+Rc+r) | 2d 0.75 80.8 718 826

1d 05 89.8 10.78 12.40

4c 15 40.6 1.62 1.86

3c 1.0 40.6 2.44 2.81

yes 2c 0.75 40.6 3.25 3.74

1c 05 206 287 5.60

3b 1.0 15.8 0.95 1.09

2b 0.75 15.8 1.26 1.45

1b 0.5 15.8 1.90 219

Fig. 12: Sub-procedure RSUM. 2a 0-75 3.3 0.26 0.30
1la 0.5 3.3 0.40 0.46

The following figure shows some calculated values Ofran 2. pistribution of 20 different sized test structure lines inside a
threshold voltageV, according to different numbers of nodes manufactured test chip.
(n) and different numbers of connected MC@&% (n this case
the stimulus voltageV, the internal resistanc®, the CC
resistanceRr. and the terminating resisté& are constant.

To validate the adaption procedure, all lines were measured
three times. First an analog tester was used to determine the
distribution of the line resistances. Figure 14 shows the

4‘/le1 distribution of the measured values of one specific line
dimension.
857 number of measured resistance values .
. caloulated resistance =7.5kQ
2.5+ /\
/ \
2 [
_J
151 / \ )
! i
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0.5 faN NG
\
——
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Fig. 13: Calculation of Yfor V=5V, R=100Q, R=2kQ and R=10kQ
and different numbers of k and n.

69 70 71 72 78 74 75 77 79 81 83 85
resistance [kQ]

Fig. 14: Distribution of measured resistance values for line "4e".



Secondly, the digital tester was used to determine the The adjustment of the tester parameters requires a precise
defects, where the calculated CC resistance values of Tablec2lculation of the resistances inside test structures containing
(ref. also vertical line of Figure 14) were the starting point ofdefects. The introduced adjustment procedures base on novel
the tester adaption procedure. Thirdly, a final analog test, whictest structure resistance models and the determination of the
now also aims on defects, yields exactly the same number aforst case measurement voltages. Finally, presented calculation
defects for all different sized lines. The following figure showsalgorithms enable a machine assisted tester adjustment.
the distribution of detected open circuit defects according to the
line length.

relative number of defscts
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