The Chips Manufactured by the Students : News from the MOS Training Fab
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Abstract

Thanks to the introduction of the self-aligned polysilicon gate MOSFET, it becomes possible to introduce
in the basic MOS device fabrication training the manufacturing of digital integrated circuits, while keeping
the process as simple as before (4 masks). The results are rewarding, and result in a better matching
between the VLS design lectures and the fabrication training.

1. The Academic Semiconductor Fab

The cleanroom at A.I.M.E. (Atelier Interuniversitairede Micro-électronique)was createdto provide to
a large number of students(more than 300 per year) a practical training on basic MOS device
fabrication.

A high level of motivation is inducedamongthe studentsby enablingthem to obtain working devices
at the end of one week, startingfrom a blank wafer.

The processmust be kept very simple,to comply with two typesof limitation : a reasonableequipment
budgetand the strictly limited duration of the process(1 week).

For instance,the numberof photolithographicsteps(masklevels) is only four.

The recentintroduction of the self-aligned polysilicon gate opensnew possibilities of integration, by
bringing two improvements

a) smallerand more efficient devices(10 micron channellength MOSFETS)

b) two insulatedlevels of interconnect(polysilicon and aluminium)

To highlight thesepossibilities,new setsof 4 maskshave beenmade, mixing severalcharacterization
chips with more complex digital ICs, containingabout 25 transistorsper mn?. The ideais to give a
practical exampleshowingthat the basicresourcef VLSI manufacturingare effectively present.

At the end of the processthesecomplexICs go through a functional test, performedin parallel with
the MOS devicescharacterizationthat remainsthe main targetof the training [1].

2. CAD tools involved

Taking into account parameterslike mask fabrication accuracy, alignment toleranceand photoresist/
etching error, design rules were issuedfor the A.l.LM.E. poly gate process.Basedon theserules, a
design kit for the “Cadence” tool was built, allowing DRC (design Rules Checking), LVS (Layout
Versus Schematiccomparison)and SPICE netlist extraction.



Table 1 : design rules

Single layer rules : Two layers spacing :

width  spacing Poly - Act. Area : 6u
Active Area : 20p 20p Contact - channel : 20u
Poly gate : 10u 20u
Contact : 20u 20u Extension beyond channel :
Aluminum : 20 20p Poly : 10up

Active Area : 20

Contact overlap :
Active Area : 10
Poly gate : 10
Aluminum : 6

2.1 Design Rules

The layout designrules haveto fulfill the following needs:

c) the rules must be compatible with the accuracyof the equipment(mask fabrication, alignment,
photoresist.etching),

a) they must take into accountthe moderatequality of the work performedby the unexperiencedisers,
c) the rules mustlook like the most usualindustrial rules, evenif the scaleis not the same.

The four masklevels are: Active Area, Polysilicon, ContactOpening,Aluminium Interconnect.

The creation of the rules is usually performedin an iterative manner: a preliminary set of rules is
issued,and experimentalresultslead to rules update.

The first rules set (table 1) for the A.l.M.E polysilicon gate processwas written in June 1995, based
on the following parameters

mask fabricationaccuracy= 3 microns,

alignmentaccuracy= 2 microns,

photoresistand etchingerror = 2 microns

After 6 runs, the evaluationof the results obtainedshowedno urgent needto changetheserules: a
yield of about95% is achievedfor the simple devices,and 50% for the most "risky" chips.

A specific interface program was written to translatethe layout files from a standradformat (CIF or
GDS2)to the proprietaryformat of the mask making machine"Draftek" availableat A.I.M.E.

2.2 Simulation Models

After fabrication of some wafers using a preliminary masks set, the SPICE model of the NMOS
transistor(level 2) was manually extracted.

The first stepis the introductionof parametersoming from the processknowledge,like :

- substratedoping, known from substrateresistivity measurements

- drain/sourcgunction depth, measuredn crosssectionsor oblique sections

- gate oxide thickness,measuredoy mechanicaloptical or electricalmeans

- lateral diffusion, estimatedfrom the electrical comparisonbetweenlong and short channeltransistors
The second step is the fine-tuning, where the fitting between the measuredand simulated DC
characteristiccurvesis iteratively improved, typically by adjustingthe "extrapolatedthreshold"VTO.
"Worst case" models (max. oxide thickness,min. lateral diffusion, max. VTO) and "best case"models
are usedto verify that the complexcells have good chancedo operatein any circumstances.

In chapter5, we give an exampleof comparisonbetweensimulation and measurementgn a complex
case.



3. The Characterization Chips

Two charaderization chips are presert on the
currently fabricatedwafer. T

ot ne o)

The chip "plb" (seefigure 1) contairs the following
devices:

- two N-MOS transistors

- two MOS capacitors,

- a diode

- a diffused resistor.

Measurement®n this chip are the main goal of the
standardMOS training.

A compter contrded wafer probing equpment
allows fast evaluation of the yield on a complete
wafer.

Some side effects are efficiently managed using
pairs of devices.

For instance,the two MOS transistorsof different
lengths make possiblean estimationof the channel
Ide,;?fgtsrimoit’)’.rrectlon parameter,also known as “lateral e 10 1 O
A similar strategyis usedto obtain the value of HW [m
capacitanceper area unit, free of border effect,

from the measurementof two capacitors which

havethe sameperimeterbut different areas. Mﬂl
On the upper left corner, the standard mask
alignmentpatternis visible.

The chip "p5B' (seefigure 2) cortains only regstors.
It allows accuratemeasurementf :

- sheet resistance of aluminium, polysilicon, N+
diffusion,

- contad regstarce baweenaluminium and diffusion
- contact resistance between aluminium and
polysilicon

Note that sheetresistance®f poly and diffusion as
well as contacts resistarces are not measued directly.
They are derived from the measuremenbf various
strings made of contactsand resistivetracks.

figure 2 : "p5b" chip

Each measurementcan be taken using 4 terminals for eliminating the parasitic effect of access
resistance.

Like the other chips of our wafers,thesechips occupya spaceof 2 millimeters by 2 millimeters.
The bonding pads layout is standardized,allowing the wafer level testing (before cutting and
encapsulatingpf all chips with the sameprobefixture.



4. The Digital Chips

The digital cells are basedon a NOR gate (seefigures 3 and 4) made only of enhancemenMOS
transistors.It is similar to the classical NMOS gate, with the difference that the passive pullup
transistoris biasedby a constantvoltage insteadof having the gatetied to the source.

In this configuration,the relative sizing of the pull-down and pull-up transistoris even more critical
thanin conventionalNMOS [2].

vdd!

Hnhancement NMOS
Nor gate

figure 3 : NOR schematic figure 4 : NOR layout

This constantbias (vpol! on figure 3) can be equal to the positive supply vdd! , but we also
experiencedhe possibility of making it different (seechapter5).

With the first setof masks,it appearedhat the voltage gain of the digital gatesin the worst casewas
only a little more than unity, and after further analysiswith the HSPICE simulator, it was decidedto
improve it by increasingthe pull-up transistorlength (from 38 to 48 microns).

Based on enhancementNMOS NOR gates, three
digital modules are proposedfor experimentations,
in order of increasingdifficulty : Nedal : [l

a) combinatorialcircuit : a 2-to-4 decoder,

b) sequentialcircuit : an edge-triggered'D” flip-
flop

c) feedbackcircuit : a Schmitt trigger

The "p2b" chip (seefigure 5) containsthesethree
madules, each one with indgoendart input and output
pads allowing separatetesting. On the leftmost
side, one can see the big L-shapedoutput trangstors
of the decoder, sinking current enough to drive
directly someLEDs.

The inputs are protectedagainstESD (electro-static
dischargespy a passiveN-MOS transistorwith the
gatetied to the ground. figure 5 : "p2b" chip




The “gadget” chip "p3b" containsthe samethree modules,cascadedn such a way that, with only the
addition of an external capacitorand an externalresistor, it drivesin a cyclic way 4 LEDs or the 4
phasesof a small steppingmotor. This chip was presentedn operationin various exhibitions[3],[4].

5. The Ring Oscillator

The traditional way of measuring the speed
performanceof digital cellsis the ring oscillator, SRR

Hagal

madeof a an odd numberof inverters.It offers
an indirect evaluation of the typical inverter
delay, in a simpler and more accurateway than
any direct measurement.

Our modestN-MOS processdoesnot pretendto
participate to the silicon worldwide speed
competition, but we had to propose a
demonstratiorof this academicexercise.

The chip "p4b" (see figure 6) containsa ring
oscillator madeof 24 invertersand a NOR gate.
The purposeof the NOR gate is to allow an
externalcontrol of the starting of the oscillation. S S
(Otherwise, the oscillator could start on a | 111 11
"multiple” frequency.)

figure 6 : "p4b" chip
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figure 7 : measurement vs simulation




This chip allows a separatecontrol of "vpol " (pull-up gate bias) and "vdd" (pull-up drain power
supply). Observingthe oscillation frequencywhile varying thesetwo voltagesled our studentsto the
surprisingconclusionthat "vdd " hasa very little influence on the inverter propagationdelay.

To eliminatethe hypothesisof a wrong experimentalprocedurewe verified this property by simulation.
(Like in the actualexperiment,the inverter delay was estimatedfrom the oscillator frequency.)

The results (see figure 7) show a very satisfying agreementbetween simulation and measurement,
speciallywherethe "vdd" sensitivity is concerned.

Note that on the right side of the 3-D diagram,a few simulatedpoints are missing: this is dueto the
fact that the simulatedcircuit refusedto oscillate, wherethe actual circuit acceptedo work !

This denotesthat our Spice modelsare not perfectand needsomemore refining.

Conclusion

Working in an academicsemiconductorfab is very rewarding, and the fact that we cannot compete
with the sub-micronicstate-of-the-aris not really a problem.

Studentsare very motivated by the practical illustration of what they learn in the VLSI lectures,and

this helpsa lot understandinghe trendsin technologyand CAD.

A single university or engineersschool could not supportthe high cost of maintaininga semiconductor
fab, but sharingthe expensebetweena greatnumberof institutions makesit acceptable.

The introductionof microsystemsawill be the next stepof the evolution of this activity.
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