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Abstract 

Testing Partially-Depleted Silicon-On-Insulator (PD- 
SOI) integrated circuits presents new challenges that 
were not concerns in previous bulk CMOS technologies. 
Gates are affected by a variation in delay based on 
threshold voltage fluctuations. The fluctuations are 
dependent on the switching history of the device and this 
poses a serious challenge with regard to testing delays. 
To ensure worst-case operation, pre-conditioning of the 
path is necessary prior to a delay test. This paper 
provides background on SOI device operation and 
describes why and how pre-conditioning is accomplished 
It is shown that a three-pattern delay test where the V1 
and V3 patterns are the same is required to pre-condition 
the path for worst-case delay. Two novel scan latch 
designs that are capable of applying the three-pattern 
tests are presented. 

1. Introduction 

Partially-Depleted Silicon-on-Insulator (PD-SOI) tech- 
nology has recently emerged as a strong candidate for 
main stream low-power high-performance digital 
applications. Fabricating MOSFETs on a buried oxide 
layer provides total isolation between transistors. This 
isolation decreases junction capacitance thus allowing 
devices to operate at higher frequencies or at substantially 
lower power at the same frequency. SOI eliminates the 
possibility of latch-up permitting higher packing densities 
which reduces the required silicon area as well as routing 
capacitance between devices [Chuang 981, [Krishnan 981. 

However, isolating the body of a transistor leads to 
complications for design and test. Primarily, the 
threshold voltage can be modulated based on the body 
effect due to fluctuations in the body voltage. The body 
effect describes how the threshold voltage is reduced as 
the body voltage is increased. The modulated threshold 
voltage causes variation in the delay based on the 
switching history of the device and specifically, how that 
history affects the body voltage. Variation of gate delay 
poses some serious challenges for testing integrated 
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circuits in SO1 and will require new test techniques to test 
critical paths under the worst-case switching history. 
Traditional at-speed functional testing will not ensure 
worst-case switching histories for most paths. 

Many of these problems can be addressed during the 
design phase with the use of body contacts. Body contacts 
are used to tie the body voltage to a specified level, 
however, they result in increased area and reduce some of 
the advantages of the floating body. Limited use of body 
contacts in some circuits, particularly PLLs, IOs, and 
sense amps, is inevitable. However, the vast majority of 
transistors in combinatorial logic and memories will be left 
floating. Fully-Depleted SO1 (FD-SOI) eliminates many 
of these issues as well, however, current manufacturing 
processes to date can not produce the across-wafer 
tolerances necessary for the thickness of the active silicon 
layer. The threshold voltage is influenced by this 
thickness based on the amount of silicon volume available 
to deplete, and thus FD-SO1 can not currently be used in 
main stream applications until further progress is made. 

This paper discusses the issues involved in testing 
paths in SO1 circuits for worst-case delays. It is shown 
that three-pattern delay tests are required to precondition 
paths to emulate worst-case switching histories. New scan 
latch designs are presented for applying the three-pattern 
tests. By using these new scan latches in select locations 
in the scan chain, the three-pattern tests can be applied to 
test critical timing paths in SOI. circuits under the worst- 
case conditions. 

The paper is organized as follows: Section 2 discusses 
the impact of the floating bodies on testing delays in 
PD-SO1 circuits. Section 3 describes a three-pattern test 
necessary to emulate a worst-case switching history for 
these circuits. Section 4 briefly delineates two existing 
scan elements for comparison with two proposed 
implementations that are capable of performing the three- 
pattern test, with Sec. 4.1 describing in detail the first 
element and Sec. 4.2 describing the second. Section 5 
includes simulation results that illustrate the need for 
testing under the worst-case switching histories using the 
proposed three-pattern delay tests. The conclusion is 
given in Sec. 6.  
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equilibrium 
voltage is 
used in bulk 

gatdsourcddrain, reverse-bias leakage in the sourcddrain 
junctions, forward-bias injection of carriers, 
recombination, and impact ionization. Similarly affected, 
the body voltage of the PFET is lower than Vdd as in the 
bulk case and the threshold voltage is reduced below that 
of bulk to an equilibrium level as well. Additionally, in 
the SSS case, the body voltages tend to a higher 
equilibrium value at higher frequencies based on an 
increase in impact ionization due to more frequent 
switching. This increase in body voltage could possibly 
result in shorter delays then described in the faster 
transitions in the two static cases. However the worst-case 
transitions for Tplh and Tphl are bound by states OUT- 
LO and OUT-HI respectively, because they effectively 
represent the SSS case with an infinite period. 

By simplifying each path’s history into three possible 
initial states, meaningful analysis can be made of the 
impact of the floating body on the delay through a path. 
All switching histories can be approximated by these 
simplified cases. A gate with inputs remaining inactive 
for some time frame would be approximated by one of the 
two static cases, OUT-HI or OUT-LO, depending on the 
value of the outputs. All other gates with actively 
switching inputs would be approximated by the SSS case. 
The time frame used to define inactivity depends on the 
time constants of the mechanisms that affect the body 
voltage. The time constants are different for each unique 
SO1 fabrication process, but could be in the order of 
hundreds of clock cycles. A switching history that can be 
approximated’ by OUT-HI provides best-case Tphl and 
worst-case Tplh, while OUT-LO provides the reverse. The 
SSS case generally provides propagation delays that fall 
between the other two extremes (although it can provide 
best-case values at high frequencies due to increased 
impact ionization). 

Having discussed the three possible initial conditions, 
pulse stretching can now be described. Fig. 1 illustrates a 
two inverter buffer. In this depiction, the first inverter, 11, 
is pre-conditioned with the input low and output high, 
thus it is in the OUT-HI state. The input of the second 
inverter, 12, is high and the output is low. Consequently 
the NFET of I1 is “strong” while the PFET counterpart is 
“weak” due to variation in threshold voltage. Conversely, 
the FET’s of 12 are reversed in strength relative to I1 due 
to the opposite pre-conditioning, If subsequently, a pulse 
is applied to the input of 11, the I1 NFET and 12 PFET are 
activated and due to the reduced threshold on these 
transistors the transition propagates quickly through the 
buffer. However, when the input is returned to a logic low 
state, the I1 PFET and the 12 NFET are activated and the 
delay is aggravated by the lower drive capability, resulting 
in a worst-case delay. This extended delay is highlighted 
with arrows in Fig. 1. 

level. For the NFET, the average body 
typically higher than the ground reference as is 

technology, and consequently the threshold 
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I1 I2 

Traditional Two-Pattern Test Proposed Three-Pattern Test for PD-SO1 

V1 Initializes the transition Pre-conditions the data path 

V2 Launches the transition Initializes the transition 
____________________------------------------------------------ 

Figure 1. Illustration of Pulse Stretching Phenomenon in PD-SO1 

During typical functional testing of integrated circuits, 
a majority of the paths are switching with an average 
frequency that is less than the clock frequency but much 
faster than the time frame defining inactivity and hence 
would be approximated by the S S S  case. As described 
before, the SSS case would not provide worst-case delays 
for most paths, and consequently traditional at-speed 
functional testing could not guarantee worst-case 
operation. This is a problem because the device may be 
operated in, the field in such a way that the worst-case 
switching history may arise which could result in the 
device failing (i.e., the delay along a path may be longer 
than the clock period). New approaches for testing will be 
necessary that pre-condition paths for worst-case delays. 

3. Three-Pattern Delay Testing with 
Pre-conditioning for SO1 

To test the worst-case propagation delay through a 
path, a three-pattern test will be required. Three-pattern 
tests have previously been used to initialize the state of a 
gate or provide transitions on multiple inputs [Franco 911. 
In the case of SOI, this method is required to provide pre- 
conditioning for the functional path under test. VI is the 

i 

pre-conditioning vector and is applied to the path for the 
time frame necessary for the OUT-HI or OUT-LO 
conditions to become valid. V2 is applied to initialize a 
transition and is held for a sufficiently long period so that 
the signal can stabilize at the capture latch input. The 
application time of V2 should not exceed a single clock 
cycle due to the reduction of the impact of pre- 
conditioning on the path. Subsequently, V3 applies the 
logic value that prompts the transition to be tested. This 
three-pattern sequence results in the pulse-stretching 
scenario previously described and provides the worst-case 
delay for the transition of the data path. 

As a consequence of VI and V3 being equal for the 
pulse-stretching test method, implementation of the three- 
pattern test can be simplified relative to general three- 
pattern testing. Test vector generation for the proposed 
test method is compatible with existing two-pattern test 
generation software. Effectively, V2 and V3 of the 
proposed method are analogous to VI and V2 of a 
traditional two-pattern delay test. Conveniently, V3 
shares the same value as the pre-conditioning vector, V I .  
Table 1 summarizes the relationship of the vectors of both 
the traditional two-pattern delay test with the proposed 
pulse- stretching three-pattern d-elay test for SOI. 
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conventional 
delay tests to 

through the scan path and, once complete, C1 captures the 
value from the tested data path. 

approaches used for applying two-pattern 
the case where three patterns are required. Data Out 
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Figure 2. Standard LSSD Scan Element 

The two-pattern delay test scan element proposed in 
[Dervisoglu 911 is shown in Fig. 3. (The scan element 
has been modified for a two-phase clocking scheme for 
comparison purposes with the two proposed scan 
elements.) An additional latch is introduced relative to 
the standard LSSD element in Fig. 2. This permits the 
storage of test vectors VI and V2 as described previously. 
In system mode, clocks Cl  and C2 are used to exercise 
latches L l  and L2 as a flip-flop, while all other clocks are 
held low. In scan mode, the master-load (ML) signal is 
asserted while SZ-CLK and SO-CLK are alternately 
pulsed, scanning in the final value vector, V2. The scan 
path traverses through L2 and W, but with ML asserted, 
Ll also captures the value of V2. A second scan operation 
is completed with ML deasserted, which isolates L f  from 
the final value vector, V2, as it is scanned through L2 and 
W. Once complete, the initial value is stored in L2 and 
the final value in L f .  System clocks are then used to 
complete the traditional two-pattern delay test. 

Data Out r 
1. 

I 

Figure 3. A Two-Pattern Delay Test Scan Element 

4.1 Proposed Scan Element 1 
Fig. 4 illustrates the first of two proposed scan element 

capable of implementing the three-pattern SO1 test 



method, scan element 1. In system mode, clocks Cl and 
C2 are used together in a two-phase clocking scheme. All 
other clocks are held low, and the scan element is used as 
a functional flip flop with Data In as the input, Data Out 
as the output. There are two scan modes, A and B, which 
are used to shift in the V2 and V3 values independently 
and comprise two parallel scan paths with the L1 latch 
common to both. Scan path B is used to shift in the value 
of V2 into W .  This is accomplished by alternately pulsing 
the B1 CLK to capture Scan In B into LI and pulsing the 
B2 CLK to transfer the LI value into W .  Subsequently, 
scan path A is used. to shift in the value for W / V 3  into 
latch L2. By alternately pulsing the ACLK and the C2 
CLK, the values are shifted while maintaining the 
previously scanned value of V2 in L3. 

Once the VI/V2/V3 vectors have been established, the 
logic level of VI is applied to the data path for an 
extended period of time for prexonditioning. The C3 
CLK isstoggled to transfer the V2 value stored in W into 
L2 and consequently the V2 value is presented to the 
functional path. This initializes the path for the transition 
to @ tested. By pulsing the C2 CLK, the value of V3 held 
in Ll is transferred to L2 and provides the logic value 
necessary to transition the path. Cl  CLK is pulsed to 
capture the data at the input of the latch that terminates 
the path. The operation is done in the time frame dictated 
by the delay value to be tested, C2 CLK rise (launching 
the value of V3 into the data path) to the fall of C1 CLK 
(sampling the value at the input of the capture latch). 

Scan Out A 

Data Out t- 
I I  DataIn I 
I ACLK I 

Figure 4. Scan Element 1 

One of the advantages of scan element 1 is the number 
of latches used. However, the signals required for this 
implementation include one additional clock and one 
additional scan path relative to the two-pattern scan 
element. In addition, scan element 1 has two scan paths 
each the length in scan elements as a standard LSSD scan 
path. As a result of both parallel scan paths sharing a 

common latch (Ll 's in each element) the paths have to be 
scanned in separately, doubling the scan-in time for this 
technique. 

4.2 Proposed Scan Element 2 
A second approach trades area for fewer and less 

complicated signals. Scan element 2 is illustrated in Fig. 
5. By using four latches, the same two clocks used for 
latches Ll  and L2 can be used for latches W and LA in 
scan mode. One additional clock (relative to the stuck-at 
test scan element) is necessary in this configuration, C3 
CLK, and it is used to toggle the value of V2 into L2. The 
C2 CLK is then pulsed to re-establish the value of VlIV3 
in L2 to prompt the tested transition. C1 CLK is pulsed to 
capture the tested level at the latch terminating the path. 

Although this method simplifies the clocking signals 
necessary for three-pattern delay testing, the additional 
latches increase the required area and the scan path length 
is doubled (assuming every path will be three-pattern 
delay tested), increasing test time required for scan-in. 
Note that not all scan elements in the scan path have to be 
implemented with this more elaborate scan element. Only 
those scan elements that source the paths to be delay 
tested require scan element 2. All other scan elements 
including the capture latches can be implemented with the 
standard LSSD scan element. If only a small fraction of 
the paths are selected for delay testing then it follows that 
the impact on scan length and the area overhead would be 
negligible. Furthermore, only one additional clock would 
be necessary for test purposes relative to the standard 
LSSD scan element. 

T 
out - 

I I- 

Figure 5. Scan Element 2 
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Table 2. Simulation Results 

Worst-case Fast-case 
Switching Switching 

I 

/Path 

in Gates 
Percent 

I 

Worst-case Fast-case 
Switching Switching 

History History 
1522 1404 
1773 1614 
1683 1559 
3092 2820 
423 1 3679 
3110 2848 

Percent 
Variation 

7.7% 
8.9% 
7.3% 
8.7% 
13% 
8.4% 

determined: 
of delay) and 

the worst-case switching history (in terms 
a switching history that approximates the 

History I History I Variation 
1243 I 1148 I 7.6% 

PD-SO1 is 
performance, 

7.6% ,I ::; I 8.5% 
2494 2207 11.5% 
3410 3108 8.9% 
3 103 28 12 9.4% 

clearly an emerging technology for high- 
low-power digital applications and this 

employed to ensure testing of the worst-case conditions. 
It was shown that three-pattern delay tests where the V1 
and V3 patterns are the same can be used to pre- 
condition a path for the worst-case switching history. 

The three-pattern tests can be applied to the circuit- 
under-test using functional justification with a standard 
scan path (if possible) or by using the proposed scan 
elements. The proposed scan elements add additional 
overhead compared with standard scan elements. 
However, for test methodologies that require scan-based 
delay testing only on a small fraction of the worst-case 
delay paths, the cost in silicon area can be negligible by 
selectively replacing scan elements that launch the 
transition with new scan elements capable of 
implementing the proposed three-pattern test. This also 
results in less significant increases in scan-chain length, 
and consequently, scan-in times. 

A recent paper [Canada 991 has described a PD-SO1 
fabrication process in which the order of influence of the 
different mechanisms that affect the body voltage had 
changed. All previously published literature describes 
the pulse-stretching scenario, however, after pre- 
conditioning transistors fabricated in the reporkxi 
process, pulse-shrinking occurred, where the first edge 
delay increased relative to the second. In this case, a 
three-pattern test would not be required for pre- 
conditioning to the worst-case switching history. 
Traditional two-pattern delay testing could be used 
provided the first vector is held long enough to pre- 
condition the path to generate the worst-case 
propagation delays. Additionally, FD-SO1 will 
eventually eliminate many of floating-body effects seen 
in PD-SOI, however, manufacturing problems 
associated with FD-SO1 may take years to overcome. 

Delay variation due to the history effect in PD-SO1 
will be even more pronounced as voltages are scaled in 
future technologies. This is due to the increased ratio of 
the threshold voltage variation to Vddr and consequently, 
the complications of the history effect on delay testing 
will become one of the most substantial challenges faced 
by the SO1 test community. 

Paper112 

274 



Acknowledgements 

The authors would like to thank Dr. Jerry Fossum at 
the University of Florida for providing the SOISPICE 
circuit simulator. 

References 

[Brglez 851 Brglez, F., and H. Fujiwara, “A Neutral 
Netlist of 10 Combinatorial Benchmark Circuits 
and a Target Translator in Fortran,” Proc. of Int. 
Symposium on Circuits and Systems, pp. 663-698, 
1985. 

[Canada 991 Canada, M., C. Akrout, D. Cawthron, J. 
Corr, S. Geissler, R. Houle, P. Kartschoke, D. 
Kramer, P. McCormick, N. Rohrer, G. Salem, and 
L. Warriner, “A 580MHz RISC Microprocessor in 
SOI,” Proc. of International Solid-state Circuits 
Conference, Vol. 42, pp. 430-431, 1999. 

[Cheng 931 Cheng, K.-T., S. Devadas, and K. Keutzer, 
“Delay Fault Test Generation and Synthesis for 
Testability Under a Standard Scan Design 
Methodology,” IEEE Trans. on Computer-Aided 
Design, Vol. 12, No. 8, pp. 1217-1231, Aug. 1993. 

[Chuang 981 Chuang, C.-T., P.-F. Lu, and C. Anderson, 
“SO1 for Digital CMOS VLSI: Design 
Considerations and Advances,” Proceedings of the 
IEEE. Vol. 86, No. 4, pp. 689-720, Apr. 1998. 

[Dervisoglu 911 Dervisoglu, B.I., and G.E. Strong, 
“Design for Testability: Using Scanpath Techniques 
for Path-Delay Test and Measurement,” Proc. of 
International Test Conference, pp. 365-374, 199 1. 

[Eichelberger 781 Eichelberger, E.B., and T. W. 
Williams, “A Logic Design Structure for LSI 
Testability,” Journal of Design Automation and 
Fault Tolerant Comp., pp. 165-178, May 1978. 

[Fossum 941 Fossum, J.G., “SOISPICE-4 (Ver 4.5) 
User’s Guide”, University of Florida, 1994. 

[Franco 941 Franco, P., and E. J. McCluskey, “Three- 
Pattern Tests for Delay Faults,” Proc. of VLSI Test 
Symposium, pp. 452-456,1994. 

[Glover 881 Glover, C.T., and M.R. Mercer, “A Method 
of Delay Fault Test Generation,” Proc. of the Dfh 
Design Automation Conference, pp. 90-95. 1988. 

[Krishnan 981 Krishnan, S., and J.G. Fossum, 
“Grasping SO1 Floating Body Effects,” Circuits and 
Devices, pp. 32-37, Jul. 1998. 

[Malaiya 841 Malaiya, Y.K., and R. Narayanaswamy, 
“Modeling and Testing for Timing Faults in 
Synchronous Sequential Circuits,” IEEE Design 
and Test, pp. 62-74, Nov. 1984. 

[Wei 961 Wei, A., M. Sherony, and D. Antoniadis, 
“Minimizing Floating-Body-Induced Threshold 
Variation in Partially-Depleted SO1 CMOS,” IEEE 
Electron Device Letters, Vol. 17, No. 8, pp. 430- 
438, Aug. 1996. 

Paper 112 

275 


