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Abstract. This work presents a system to increase the yieldother difficulty is presented by complex system architectures
of a novel 3-D chip integration technology. A built-in self- that require circuits in different material systems, like opto-
test and a routing system have been developed to identifglectronics or HF-tranceivers. The solution of embedded
and avoid faults on vertical connections between differenttechnologies cause unacceptable production costs and some
stacked chips. The 3-D technology is based on stacking seweven reliability problems. Thus, a new solution for the men-
eral active CMOS-ICs, which have through-substrate electioned problems has to be found.
trical contacts to communicate with each other. The ex- A possible way out of this dead end is a new kind of 3-
pected defects of these vias are shorts and resistances thatintegration of integrated circuits. It offers the possibility
are too high. of distributing the connections between stacked chips freely,

The test and routing system is designed to analyze an arthus gaining in parallelism and consequently in transmission
bitrary number of connections. The result ist used to gainbandwidth. At the same time the length of interconnect lines
information about the reliability of the new 3-D processing and therefore power dissipation can be reduced considerably.
and to increase its yield. The circuits have been developed iDifferent material systems do not propose difficulties any
0.13u.m technology, one chip has been fabricated and testednore, because they can be produced and tested separately as
another one is in production. a single chip, and then assembled on the 3-D stack. The inte-
gration of sensors, memory, processors or analogue circuits
benefits from this approach.

Nevertheless this new technique, particularly the process-
The recent development in micro- and nanotechnology is no'ng of vertical contacts, in.troduces new problems. The single

hips are "known good dies”, tested with standard test algo-

sufficient to meet all the needs of upcoming electronic appli-rithms @bramovici et al, 1990. The task at hand was now
cations. For instance, the area of mobile communications develop a test method spécialized in the new 3-D vias

demands a steadily increasing number of function_s WhiC.hFurthermore a dynamic routing system had to be designed
leads to more and more energy and area consumption of "o ensure the overall reliability of the system, even though

;egzgalg folrzl;'rt:' eEZthQﬂzzg%r(:ngchsmq'o'?gl ?;ZT(‘: I:rsome of the vertical connections might not be working. The
P - P Jefect model used consists of short to groungyp or the

e?- ar;gt drecct)iiillngmofbi\llldeo rﬁlgnalrs,Vimultll-:anar;plnxel Csatmr;next neighbor. In addition to that, a high resistance up to
eras, interactive mobile games or visua’ telephony. a interrupted connection is considered.

dards like UMTS, WLAN or HiperLAN offer the required The built in self test (BIST) is based on the transmission

bandwidth and have to be included in current and futureof simple test-signals and the storage of the test results. On

p_ortable_termmals. Many clomplex appl|cat|on§, €.9-1n thethe one hand this information can be analyzed to monitor the
field of video signal processing or human-machine interfaces

cause a “power crisis”, which makes the realization difficult. development of the new 3-D technology and gather statis-

L L : . tical information about the distribution of defects. On the

The situation is exacerbated by the limited physical dlmen-Other hand it is used as an inout of the routing circuit to
sions of a few square centimeters for integrated circuits. An-_" "~ . . P " g
avoid defective connections when transmitting data from one

Correspondence tavl. Bschorr chip to another and thus increasing the yield of this novel
(Markus.Bschorr@uni-ulm.de ) technology.

1 Introduction
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Fig. 1. Schematic description of the 3-D chip stacking

Fig. 2. REM inspection of a seven-chip 3-D stack
2 3-D chip stacking

The goal of the project is to fabricate a stack of chips thatTable 1. Extracted values in the via model
introduces a new 3-D connection and packaging technology. :
The application to be realized is video processing based on  capacitance per unit surface C{ pcirai™ [0; 2]%
pulse-coded neural nets. The 3-D technology will provide
the very demanding connection density for the neural net.

The individual parts of the system consist of mixed ana- coupling capacitance Ceoup=[1IfF
logue/digital integrated circuits. Especially the analogue im-
plementation of the integrate-and-fire neurons enable the sys-
tem to process video signals in a robust manner. The use
of moderate operating frequencies leads to the desired low
power consumptionSchreiter et a).2004).

Figurel shows a schematic description of 3-D chip stack 3.1 Modelling the vias
providing feature detection using pulse-coded neural nets
(Heittmann et al.2002).

substrate capacitance (FB). Csypstrate= [1001f F

via resistance Ryia < [5]2

The materials set by CMOS technology lead to a model for

vertical connections dominated by capacitances. Figure

shows that caused by the relatively low oxide thickness of
3 Technology less than1] um between copper lines and th& fayer on

the bottom of the substrate, a notable capacit@iggsiratdS
A whole new processing scheme was developed that not onlgreated. This can be approximated by a parallel plate type ca-
provides for the electrical connections between the stackedacitor. The influence of the capacitance inside the vias can
chips, but also accounts for the mechanical stability of thebe neglected, because of the high resistance of the almost un-
whole stack Klunding et al, 2004. The starting point are doped substrats;. Likewise the capacitive coupling effects
CMOS chips. This standard processing is not altered, 3-Dhave not to be taken into consideration because the distances
processing starts after their fabricating and testing. are magnitudes higher. The results are given ina Table

Firstly, the substrate of the silicon CMOS chips has to peEstimations copsidering_inductances delivered values that do

thinned to about 1am. This step leads to an aspect ratio for N0t affect the signals, given the low operation frequency of

the desired vertical connections of 1:2, which is important the system.

for the following etching and electroplating. Holes ofiBn

diam_eter are then etched, isqlated in respect to the subs_traga_2 Requirements of the circuits

and filled with copper galvanically. To enable the soldering

of different chips on top of each other, the bottom and top

of each chip are coated with copper and tin. The solderingThe via fault possibilities mentioned in Settare to be rec-
step (SOLIDHuebner et a).2002 takes into account, like ognized by the BIST. The test result has to be stored and
the other 3-D processing steps, the temperature budget of thean, if desired, be read serially through a scan-path. In ad-
CMOS chips. A REM inspection of a fabricated chip stack is dition to that, requirements imposed by the complete chip
shown in Fig.2. There, an unthinned bottom chip on which stack system have to be considered, most important the area
six thinned chips are soldered can be seen. consumption.
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Fig. 4. Overall yield of a chip utilizing 10000 unreliable contacts

Fig. 6. Example: a 2 by 4 via-field test
4 Unreliable connection and yield

Even if one element of a complex system is slightly unreli- test signal, the result is s_tored: that particular_contact works.
able, the overall yield decreases dramatically if this elementf N0t, the default value is kept: the contact is faulty. The
is used several thousand times in the system. As can be sedfPulse is not sent through all vias at the same time. That
in Fig. 4, the yield of a chip stack using 10000 vias rapidly Way shorts to next neighbors can be identified.
converges towards zero if the fault probability of a single via AS @ last step, the gathered information now stored on chip
increases. B is sent back to chip A. This is essential, as only when the

Therefore a way of testing the connections has to be foundSame information is available on both sides, the routing sys-
Only after the test, a dynamic routing circuit can determine atém described in Sed.is able to avoid faulty connections.
way so that all signals are transmitted through working vias.!n addition to that, the test results can be read out serially for
The proposed system can be seen in Big. external analysis of the statistics of occurring errors.

The BIST was designed in[@.13] um technology. Most
of the logic uses transfer transistors and transmission gates

5 Test approach and circuit to meet the requirements mentioned in S8c. As can be

) ) o seen in Fig6, an additional control block is needed on one
Known and established test algorithmbfamovici et al.  gjge of the vias under test. For more information about the
1990 require too much circuitry, because they do not matchiast circuit. refer tdschorr et al(2009.

the fault model at hand. Their application is the testing of

complex integrated circuits. A specialized scheme has been

developed. Figuré shows that, if the connections between 6 Routing approaches and circuits

chip A and B have to be tested, circuitry on both chips is

needed. The key to effective routing is redundancy. Depending on
During the testing, the circuits on chip A send a voltage the actual application and design of the chip stack, one has

impulse through the vias. If chip B can correctly receive theto consider two possibilities: are there more vias available

www.adv-radio-sci.net/4/225/2006/ Adv. Radio Sci., 4, 2228- 2006
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Fig. 7. Block diagram of the routing circuit fault probability of a single via

Fig. 8. Dynamic routing: improving the overall yield of a chip stack

than signals have to be transmitted, or not. In the secondransmitting 10000 signals vertically

case the system does not have built-in redundancy and there-

fore a time division multiplexing (TDM) scheme has to be

introduced to transmit several signals through one connecThe higher the amount of signals per connection is chosen,

tion. Both approaches subdivide the task into groups of viaghe fewer vias are needed for the transmission, without com-

to limit the use of logic and horizontal interconnect lines to promising the reliability. The drawback of this solution is the

an amount feasible for the application. increasing delay caused by the multiplexing scheme. Here
If more vias than needed are on-hand, the circuit that identhe system designer must decide, what delay is acceptable

tifies possible routes through the unreliable vertical connecor the application at hand.

tions is straightforward. Basically the circuit consists of a

multiplexer and controlling combinatorial logic that decodes

the information found by the test circuit. The same circuitry 7 Summary and outlook

is needed on the second chip to channel the signals to the ap-

ropriate receiver. This whole system works asynchronousl . . . .
prop y y yVert|cal inter-chip connections of a technology still under de-

If TDM has to be introduced, more area consuming cir- elopment can be expected to be defect-ridden. To overcome
cuits are needed. The most severe change is that the sys- P P )

tem now works synchronously using a global clock signal.t is problem test and dynamic routing circuits were devel-
To minimize the delay effect caused by TDM, the clock oped that automatically test the unreliable connections and

frequency has to be chosen comparatively high. Figure route the; signals th'rough working vias. The whole system
shows an exemplary block diagram of the developed circuits V@S designed and simulated us{@gL3) ;zm technology and

the routing system was also designed using0A3] zm SPICE-based S|mulat|_on. A prototype chip contam_lng the
technology. test scheme was fabricated and tested, a second is in pro-

Under the assumption of evenly distributed defects Withduct|on. Our future work will consist of combining test and

the probabilityp, the yield of the whole systerfyieiq can be ;ogtlngnti:;cur:?s tt(i) ‘:’]hOV\r'] t?rat :Ihi dkﬁ\(slh?pﬁd lls;c\s/te;n Oiﬁirsr a
calculated. The combinatorial equation used is communication constructio ch allows designers

to use the new technology and improve the overall yield by
Nmax Nsections utilizing a routing scheme fit for the application.
Pyield = (Z(,]:’Vias)p”(l - p)(Nvias—”)> , The novel 3-D technology is not only applicable for the
n=0 proposed neural net example, it is a way out of several prob-
where Nmax represents the maximum acceptable number oflems circuit designers have to face in the near future. One
errors per sectionVyias the number of vias used per section topic is the interconnect problem, another the continuously
and Nsectionsthe number of sections in the chip stack. The increasing size of integrated circuits. This stacking technique
yield improvements achieved by different routing conceptsallows to drastically reduce the length of global interconnects
are shown in Fig8. As expected one can see that without and even enables designers to use different material systems
TDM, the more redundancy is spent, the better the systenge.qg. silicon CMOS, GaAs optoelectronics, micromechanics)
yield becomes. Applying TDM leads to another trade-off. in a compact device.
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