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High-Throughput Mapping of Short-Range Spatial
Variations Using Active Electrical Metrology

Xu Ouyang, C. Neil Berglundrellow, IEEE and R. Fabian W. Peadeellow, IEEE

Abstract—Spatial variations of parameters in semiconductor Yield [2]. Furthermore, thntertransistorvariations, which are

manufacturing, such as critical dimension (CD) and overlay, have defined as those short-range variations with spatial wavelengths
significant impact on the performance and vyield of integrated

circuits (IC). Among these spatial variations, the variations of
parameters between transistors separated by a very short spatial
distance such as Jum to 100 xm (intertransistor variationg can be
particularly hazardous for those types of ICs that require exact
transistor—transistor matching. To measure these intertransistor
variations, both high-throughput and high-spatial-sampling-den-

from 1 to 100;m, are particularly serious for many types of

| integrated circuits such as most analog circuits that are sensi-

tive to device mismatch problems, or some digital circuits with

sense amplifiers or other balanced circuit designs [7]. However,
such short-range parametric variations are not systematically
measured and characterized mainly due to their metrology dif-

sity beyond the scope of currently available metrology tools are .. . . L
needed. We have thus developed an active electrical metrologyﬂcultles. To study these short-range spatial variations, a large

method of measuring intertransistor variations using on-chip, number of data need to be collected on a very dense grid, which
active, electrically addressable arrays of test structures to pro- demands high-throughput and high-density of the metrology
vide the high-throughput (5 ps/data point) and high-density (3 tools.

pm/grid spacing) needed. Test chips were designed and fabricated

on a HP 0.35um process, and the testing configuration was
set up to optimize throughput and precision. This method was
verified with the measurements of on-chip calibration arrays. The
spatial variations of both intertransistor CD (effective gate length)

and overlay (between poly/diffusion) within the test chips were
mapped with this method. For these circuits, the intertransistor
CD variations were found to depend primarily on the layout,

whereas the intertransistor overlay variations were found to be
dominated by errors of the pattern generator used to fabricate the
masks.

Index Terms—Active electrical metrology, addressable array,
CD, high-throughput, intertransistor, lithography, metrology,
short-range, spatial frequency, spatial variations.

|I. INTRODUCTION

Memory chips consist of an array of compact memory cells
with fast addressing circuits surrounding the memory cell array.
Addressing circuits can read out the information stored in each
cell very rapidly. By modifying memory cells or replacing
memory cells with specially designed test cells, the read-out
electrical signal can be made to reflect spatial variations of a
specific process parameters such as gate length or overlay. This
is the active electrical metrology scheme used in this paper to
measure and study intertransistor variations.

The approach of using addressable arrays to study process
variations has been previously reported [8], [9]. However, the
throughput or measurement time and the spatial variations of
the measured parameters, which are the two major advantages
of using addressable arrays as metrology tools, have not been
discussed.

URING semiconductor manufacturing, process variations al-We have previously used a modified SRAM to study spa-
ways exist even when the process is within its control limits. Theal distribution of CD variations and discussed its measurement
induced parametric variations, such as gate length variationseise and speed [7], [10]. However, SRAM as a metrology tool
overlay variations, impact the performance of the chip, and,ilis certain disadvantages: the measured gate length variations
sufficiently large, can cause parametric yield loss in some citray have the influence from other error contributors such as

cuits [1]-[6].

variations of doping and gate oxide thickness, and the size of the

The spatial distribution of parametric variation is very iImSRAM cell is not minimized for metrology purpose. Also, the
portant as it determines how the performance and/or yield agsting of the previous SRAM chips was done on a conventional
affected. It is known that interfield (chip) and intra-field (chip)parametric tester, which significantly limited the throughput. In
variations have very different impact on chip performance ankis paper, we will present a newly designed test chip and testing

configuration to provide further verification and significant im-
provement of throughput over the previous SRAM chips.
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either economically unfeasible or technically difficult to use | Decoder
conventional metrology tools to measure such short-range vari-
ations. Active electrical metrology has much higher throughput 128 % 128
and can be easily implemented with existing test chips or 128 x 64
product chips. In these cases, the test chip should be designed CD Error
to reflect only the process variations, not the design attributes
such as layout of the test chip.

Overlay Error

On the other hand, active electrical metrology can be applied PP -
to measure and quantify some complex process effects that are SRAM 1B3x16
layout dependent, such as the goodness of optical proximity cor- Array :| Tf;l::iswr
rection (OPC). It is difficult to use conventional tools such as || Y
CD-SEMs to quantify such effects in realistic circuits due to the @

complexity. However, for active electrical metrology it becomes
fairly easy, because the actual electrical performance is the ult
mate standard for such measurements, and it is electrical signe
that active electrical metrology measures. The problem is the
to design the test chip to reflect the actual process effects in re.
circuits.

In this paper, we will first present the design and layout of the
test chip, then explain the testing configuration, error analysis
and verification. Finally we will present the results of intertran- =« —3k = e T
sistor CD and overlay variations measured with the test chips—™» _<4—— —® L=24uym

. o . X W=0.8um
Fourier analysis will be used and the results will be shown in :
spatial-frequency domain [7], [10]-[14].
X-Overlay Y-Overlay
Il. LAYOUT AND DESIGN OFTEST CHIP (b)
A. Layout of the Chip Fig. 1. (a)Layout of the test chip used in active electrical metrology. CD error

. . . . . array consists of identical single transistors with wigth4 x length; SRAM
Fig. 1(a) illustrates the layout of the test chip used in acti ray consists of standard six-transistor SRAM cells; transistor array consists of

electrical metrology. This test chip was designed at Stanfogéhnsistors with various sizes for calibration purpose; overlay array consists of

and fabricated on a commercial HP 0.38 process (through overlay test structures shown in (b). All the arrays have periphery addressing
. C w4 w . . ircuits so that each test structure in the arrays can be rapidly selected. (b)

MOSIS). It Conta_ms three ma_Jor_ active” arrays: a Conventloné yout of thex: andy overlay test structures. Functions of the test structures

SRAM array to infer CD variations from SRAM current anchre explained in Section II-C.

compare with previous results, a CD array to infer CD varia-

tions by transistor saturation current, and an overlay array dfred current variation and gate length variations to a ratio of

infer overlay variations by specially designed overlay test strug:y 4/ AL.

tures [Fig. 1(b)], which will be explained later). The term “ac- Hgywever, the saturation current is also dependent on some

tive” is used to emphasize the fact that the arrays are madediRer factors, and the variations of these factors can cause errors

of active transistors, not passive resistance measurement stjygse mapping from saturation current to gate length. Let us now

tures, therefore more closely represents variations in integraige a look at what these factors are.

circuits. Addressing circuits have been designed near the array$g, the first order, the saturation current can be modeled as

to address each cell in the arrays. The test chip also contains

a small transistor array to verify and calibrate the relationship pnCox W (Vas — VT)Q

I sat —
between CD errors and the measured currents. In addition, the Deat 2 L

last column of the overlay array contains overlay calibration te\%ereun is channel electron mobility;.... is oxide capacitance

structures. per unit arealV is transistor width/. is transistor lengthi/c:s is

) gate to source voltag®y- is threshold voltage.,, andVgg can
B. Design of CD Test Structure be regarded as unchanging from cell to cell within the array. The

The CD test structure in the test cells of the CD array corariations ofC,,,, W, andV can affect the transistor saturation

sists of a single transistor. From the accurate transistor modatrent, therefore are the error sources as we try to ibfeom
developed for the process, the one-to-one relationship betweaturation current. Their contribution can be reduced by careful
saturation current and gate length can be established. Therefdesign of the transistor, for example, designing the gate width
by measuring the variations of saturation current, the variatiottsbe large to reduce its percentage variations, and other mea-
of gate length can be inferred. Fig. 2 shows the curve of sasurement and data analysis techniques. These will be discussed
ration current vs. drawn gate length from the transistor modaelgreater details in Section Il of this paper. From the more de-
provided by MOSIS. As we can see, for this process, within thailed analysis presented there, the contribution of these factors
+10% variation around the drawn gate length, the relationship the measurement uncertainty of gate length is about 2.5% in
can be treated linear. This simplifies the mapping between meéerms of3-o percentage variation. It should be noted that this
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two transistors by-Ay and — Ay respectively, thus causing a

Li(A : \ _ C
: difference between the saturation currents of the two transistors.
GO0u A
. : Nncox W 2 2Ay
! Al sat — — (V. —V; L ——
' Dsat 5 I (Vas — Vi) W

+10% €D
variation Notice the factor of 2 beforéy, which means that this current
difference is twice as sensitive to overlay error as that ofithe
overlay test structure. Therefore, the error in determiningy

, overlay variation is 6.5 nm.
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D. Design of Addressing Circuits

Z0in Z30n 3000 3500 400n 4500 500n 5500 6007 The addressing circuits used to rapidly address the arrays
Drawn gate length (m) mainly consist of decoders commonly used in memory circuits.
Given a digital address signal that represents a particular row
Fig. 2. The curve of saturation current vs. drawn gate length obtained fraafid column in the array, the cell at the corresponding location
thg transistor model prqvided by the broker_of the fabrication process (MOSI@hn be selected. However, unlike Commomy donein a memory
\é\gtgg]a:;%jomgg variation around the nominal drawn CD, the relationship CaEhip, we did not break the array into smaller blocks and ad-
' dress each block with separate decoders, as a uniform array is
o . referred to study the spatial distributions of parametric varia-
estimation IS based on the 0.3 process “S‘?d to fab r'Cat(_afions andtheirspgctra. Tpherefore, large decodgrs addressing 256
the test chips. For more advanced technol_og|es, the Comr'lﬂHés have to be used. Two-staged decoders were used and their
tions by othg ' nongate-.lengt'h factqr S may Increase. HowevgiEeS were optimized in order to obtain fast access speed. The
some techniques described in Section Il can be applied to Worst-case access time from the pins of the chip to the testing

duce or cancel their contributions, such as measuring the CUrrelils was estimated to be 24 ns. In addition. the current flow

at dlfferen.t bias condmons.or scaling up the-ggte width. Furth hths by which the saturation currents of selected transistors are
research is needed to verify the practical limits of these te

X ieasured have been carefully designed so that the currents are
niques. predominantly determined by the selected transistors, not the
wires or switch transistors. Wide metal wires and pass transis-
tors with large gate widths are used in the current paths to reduce

The layouts of the overlay test structures are shown {fReir resistance. The estimated resistance from the measurement
Fig. 1(b). Thex overlay test structure consists of a verticabin to the source terminal of the selected transistor is less than
transistor with the poly gate between the source and dra@m of the resistance of the transistor under test. Furthermore,
diffusion regions. Anz overlay error between the poly andkhis parasitic resistance may be estimated by measuring the tran-
the diffusion layers will change the transistor width, thus thgistor current at two voltages and this component can be sub-
transistor saturation current. Therefore, overlay variation cg@acted from the error analysis.
be determined by measuridgs,; variation. It should be noted  Also, the chip was designed to provide access from the pins
that this transistor is different from an ordinary transistor as tk the chip to all gate voltages, substrate voltages, and source
poly gate extends on the right side. It can be modeled as ti§ltages of the transistors in both CD and overlay arrays, thus
parallel transistors: one ordinary transistor on the left and o@@ have the flexibility to test the transistors in different voltage
transistor on the right formed by the extending poly. Since ajlases. As we will see in Section 111-B, for example, we can mea-

x overlay error will only change the width of the left transistosure transistor current at two different gate voltages to eliminate
and will not change the current of the right transistor, the rati@ie influence from the variations of transistor threshold voltage.
of current change vsr overlay is the same as treating this

test structure as an ordinary transistor. The error of inferring ;. TestinG CONFIGURATION, ERROR ANALYSIS, AND

overlay variation from saturation current can be estimated in the VERIFICATION

same way as that of CD metrology, because in both cases the
variations are estimated from the transistor saturation curreft.
The only difference is that the gate length in this case needsTesting was done on packaged chips. Fig. 3 shows the testing
to be much larger than gate width in order to minimize theonfiguration. An HP 16505 logic analyzer was used to pro-
influence of gate length variations. Assuming a gate length wifle the digital address signals to the chip at a selected clock
2.4,m and a gate width of 0.8m, the3-o error in determining speed. An operational amplifier chip was electrically connected
overlay variation can be estimated to be about 13 nm. Note thatthe pin of the chip to be measured and converted the current
this 3-o error is mainly from the contribution of gate lengthto voltage, and the voltage waveform was recorded with a dig-
variations. Therefore, by scaling up the gate length, ke ital oscilloscope. The value of the resistor determines the current
error can be reduced. voltage conversion ratio. The operational amplifier also has an-

Different from thex overlay test structure, thg overlay other function of setting the pin it is connected to at the desired
test structure consists of two symmetric horizontal transistorsltage. The chip under test, the operational amplifier, the re-
[Fig. 1(b)]. Ay overlay errorAy will change the widths of the sistor, and all the necessary electrical connections were located

C. Design of Overlay Test Structure

Testing Configuration
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Logic Analyzer
Circuit Board
R
Digital
Chip Oscilloscope
I
Voltage
Supply
Fig. 3. Testing configuration. The chip is addressed with a logic analyzer anc

the current is measured with a digital oscilloscope.

on a 3M solderless breadboard. The chip was tested under
V.

The clock speed of the logic analyzer determines how fasy. 4. A segment of the current waveform recorded when the CD array is
the cells can be consecutively accessed and measured, therédslgssed. It shows that the measurement time per cell can be as shpetas 5
directly determines the throughput. Fig. 4 shows a segment of ] o ] )
the current waveform recorded by the oscilloscope when the (i Section, both accuracy and precision will be analyzed using
array was addressed at a clock cycle time p§5The change of the CD array as an example. The other arrays can be analyzed
current magnitude within each clock cycle represents CD valiL Similar manners. B _
ations of the addressed transistors, because within each clockD€ Precision, or repeatability of the CD measurements, is
cycle the address signal changes and a different transistor is/8@inly determined by the noise in the current (voltage) mea-
lected. As we can see, however, there is a transient effect tak%ements. In our testing configuration, the current from the chip
place at the beginning of every cycle. The current, which is prgows through _the resistqr and the voltage across the resistor is
portional to the measured voltage, is rapidly ramped up and tH&fasured. This voltage is
oscillates with decreasing amplitudes and finally settles down. V. =Ips-R
How fast it settles determines the fastest clock speed that can ¢
be set. Since the cell access time determined by the internal wékerel s is the transistor saturation current flowing out from
dressing circuits has been calculated to be less than 24 ns, this chip, R is the resistance of the resistor. For the CD array,
believed that this transient effect is mainly due to the externg s is about 220uA, R is 15 K. The 3-¢ variation of Ips
testing circuits. Particularly, it may be due to the charging arfgtabilized) is about 1A across the CD array. Therefore, we
discharging the parasitic capacitance at the inverting input of thee trying to detect the variations Bf with an average of 3.3V
operational amplifier, where the charging and discharging cund a3- variation of 0.2 V. Detailed calculations [16] show that
rent flows from the output of the operational amplifier througiohnson noise and shot noise of the current, fluctuations of the
the resistor. In fact, the settle time was found to change witbsistance, and noise caused by the operational amplifier and os-
different combinations of operational amplifiers and resistors #illoscope are all very small compared to the current variations
the experiments. It can be reduced with a smaller resistor. Howe are trying to measure, thus the precision is mainly deter-
ever, reducing the resistance will decrease the current voltagied by other noise sources such as interference with environ-
conversion ratio, thus decreasing the precision of voltage meaent and power supply noise. By repeating the measurements
surements. Because of our very high-throughput, we are ableipa same part of the CD array, ther current measurement
sacrifice speed and trade it for precision. In the rest of the mgsecision could be calculated to be aboyt/&, which is 0.9%
surements, a clock cycle time of & was chosen to provide of the average testing current.
the assuredness that the current has enough time to settle for all should be noted that precision can always be improved by
possible conditions, while maintaining the precision of voltagepeated measurements [15]. This is especially convenient for
measurements. Even with the clock cycle time ofi8) mea- our active electrical metrology because of its high throughpuit.
surement of a 12& 128 array such as the CD array can still bén the rest of the tests, each test structures are repeatedly mea-
finished within 1 to 2 s. sured 16 times and averaged automatically by the oscilloscope,
therefore the precision is conveniently improved to 0.23%. For
the CD array, this means a precision of 0.8 nm.

There are two separate and distinct concepts in the error analCompared to precision, accuracy, or systematic uncertainty, is
ysis of a metrology methodiccuracyandprecision[15]. Take more difficult to quantify because the “true CD” is unknown. To
CD metrology as an example, tlaecuracyof a CD measure- calculate accuracy, the conventional metrology methods such as
ment is defined as the closeness of agreement between a n@2-SEM have to deal with many factors such as sidewall angle
sured dimension and the true dimension; whilegherisionof and irregular shape of the transistor due to corner rounding. In
a CD measurement is defined as the variability observed in estive electrical metrology, because effective gate length is mea-
peated measurements under essentially the same conditionsuhed directly from current, we do not have these same geo-

B. Error Analysis
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CURRENT TODETERMINE CD (GATE LENGTH) VARIATIONS, THEIR SOLUTIONS,

TABLE |
SOURCES OFSYSTEMATIC UNCERTAINTIES USING TRANSISTOR SATURATION
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AND THEIR CONTRIBUTIONS TO THETOTAL SYSTEMATIC UNCERTAINTIES IN
DETERMINING CD VARIATIONS AFTER ADOPTING THE SOLUTIONS

characteristics of the variations of gate length and the variations
of gate oxide thickness, the contribution from the variations of

gate oxide thickness can be significantly reduced by data aver-
aging. As most of the short-range CD variations are caused by
mask and stepper optics, they are predominantly stepper-field

ﬁl‘;'c’::f:igges Explanation | Solution fﬁ:::::f:.?i? o periodic; while oxide thickness variations are mostly caused by
. wafer processing steps, e.g., growth rate variations across the
Gate width | s eV 0% AW->25%  \yafer, thus they are predominantly nonstepper-field periodic
e 21 Vs | W=4L L . . .
and varies across the whole wafer. Therefore, with the very high
Threshold Vo=V (N. X, | Use differencfelsof 0% throughput of active electrical metrology of only 1-2 s per chip,
voltage square root of L, at : : : ;
g Ip~Vas=Vi)' | two gate voltages we can measure many chips from the same Iocat_lon in different
Oxide thickness | |, _, 1% X > stepper fields an<_j average among _thg chips. In t_h|s_ way the con-
1 =Vr(N: Xox) | Averaging among | 1% AL tribution from oxide thickness variations are significantly re-
Ipg~C, =3=  |stepper ficlds duced. For the CD array, we have measured 23 chips and their

[0.01]2
23

1/2
} ~ 0.025 = 2.5%.

0.04}2 [0.01]2  [0.0023]2
+ +

1/
~ T _ 9 K
16 23 %3 } ~ 0.025 = 2.5%.

average is mainly determined by the variations of gate width.
Therefore, by simply designing results. This leads to an accu-
metrical ambiguities. Instead, we should consider the influentgcy of

on transistor current by the variations of gate width, channel

doping, and gate oxide thickness. Their influence can be re- 0.0473

duced by careful design of the cell and measuring and data anal- {ﬁ} +

ysis method.

Table I illustrates the solutions to improve accuracy for they, the cD array with nominal on-wafer CD of 350 nm, this
CD array and the magnitudes of the uncertainties after implepans an accuracy of 9 nm. From the above equation we can see
menting the solutions. The influence of transistor width on S&jyat the accuracy wider transistors, its influence can be further
uration current can be reduced by designing transistors with&y,,ced.
large width. Assuming both gate length and gate width have therg c4icylate the total error, the accuracy and the precision
same3-o variation of 40 nm (which is 10% of the minimumgp41d be summed up, which is
drawn gate length). By increasing gate width to L@ (four
times the drawn gate length), its percentage variation is reduced
to 2.5%. From the saturation current equation, this will induce { [

2.5% current variation, therefore the uncertainty in the determi-

nation of transistor length caused by gate width variation is re-

duced to 2.5%. The influence &% can be eliminated by using ) o

the difference of/Tp.a: at two different gate voltages instead®- Testing Verification

of In.,: to calculate gate length. The influence(@j; is always ~ The functionality of the chip was verified by a number of
coupled with the gate length. It can be reduced by using thick@easurements. First, a subarray ofx166 test cells in the
gate oxide if we have this flexibility. However, even if we daop-left corner of the CD array was measured with different sets
not have this flexibility, the uniformity of the gate oxide layernf operational amplifiers, clock speeds, addressing sequences,
is believed to be very good within a small area such as sevesiad settings of the oscilloscope (including different time
mm? [9]. Its variation is typically about 1% of the average gateomain sampling). Fig. 5 shows the resulting gate length vari-
oxide thickness. ations in this subarray measured under two sets of conditions.

Taking all the above into consideration, the accuracy, in territscan be seen that the two plots are almost the same. This
of a3-o value of the percentage error, of determining gate lengiplies that the measurement results are independent of the test
is estimated to be conditions, and suggests that there are no interactions between
) 1/2 the test cells or addressing signals.
{ [01_064} n [0'01]2} ~ 0.027 = 2.7% Then, the calibration array consisting of transistors of dif-

ferent widths and lengths was measured. The calibration array
contains 13 columns [Fig. 1(a)]. Each of the 13 columns has
where the transistor width is 1;8m and width variation is as- 16 transistors with same designed width and length, but each
sumed to be 40 nm, the percentage variation of gate oxide thicklumn has different widths or lengths. The measured satura-
ness is assumed to be 1%. In this calculation it is assumed ttiamh currents in each column were averaged among the 16 tran-
the error sources are independent thus their variances carsiséors in the column and compared with the transistor model
added. Itis also assumed that the transistor model which is useghplied by MOSIS. Fig. 6(a) shows saturation current vs. de-
to map gate length variations from measured saturation curreignedLl, while Fig. 6(b) shows saturation current vs. designed
is accurate. W/L. From the figures we can see good agreements with the
In the above calculation, a 1% variation of gate oxide thicknodel. It should be noted that th&’s and L's in the figures
ness is assumed. However, because of the high throughputuaf the designed values. The actually printBt and L's can
active electrical metrology and a difference between the spativiate from their designed values due to variations during the
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Opamp: LMC6001

S Opamp: AD797 -
»  Clock: 5 us P Clock: 100 ps
: Samples/clock: 50 el Samples/clock: 1
SVt Y s Mode: sample e 7. Mode: average 16
30: 24.6 nm 30:24.1 nm

Fig.5. Measured spatial variations of gate lengths in a corner of the CD array. The different sets of measuring conditions are illustrated etwshelvere
the arrows illustrate the scanning sequences. The two different sets of conditions gave the same results.

manufacturing processes, thus causing deviations of the me -, Ids Vs. L (at Vg=0V, W=1.2um)
sured currents. For example, in Fig. 6(b) the point with drawi
W of 0.6 um and drawrl of 0.4 m has relatively large devi- 200

ation in measured current. This is believed to be caused by ti

fact that this column of transistors has the smallest gate lenga 150
and width, and is located at the very left edge of the calibratio_;
array. Therefore, their gate lengths and widths are most sensitig 44,
to any proximity effects related to their positions in the array
which is commonly observed in transistors or circuits near th 4,
edge of an array [10]. Because of their small gate length ar
width, these dimensional variations caused by the proximity e 0
fects have large percentage variations, thus causing the large | 01 2 3 4 5 6 7 8 9 10 1
viation of the measured current. Linum

—e— measurement

In addition to the calibration array for CD measurements, @
programmedr overlay error of 200 nm was designed into the ¢, Ids Vs. L (at Vg=0V, W=1.2um)
overlay test structures in the last column of the overlay arra)

The measurements from the last column and the restofthe arr 544
can be used to determine the ratio of overlay variation and cu

rent variation. The ratio was calculated to be 57.7/pf. For ¢ 45
the double-transistay overlay test structure, the current differ- ;
ence is twice as sensitive to overlay variation as the single-traig o
sistor overlay test structure, therefore its ratio is 28.83 mfn

To further verify the validity of the test chip approach andes- 5
tablish common basis with previous SRAM research, a &4
SRAM array was designed into the test chip. This SRAM use 0 - = =
different design rules, has a different layout, uses different ac 0 1 2 3 4 5 6 7 8 9 10 11

—e— measurement

dressing and measuring circuits, and was fabricated on a d.. L inum
ferent process than the previous SRAMs. By comparing the re- (b)

sults from this SRAM array and our previous results, furthetig. 6. Measurements from the CD calibration array (PMOS) were consistent
confidence about the test chip approach can be gained. In fadth the transistor model, and verified the functionality of the test chip. (a)

T easured saturation currents of transistors with different gate lengths. The
the same type of Ce"'perIOdIC and |ayOUt dependent CD var Irrents were measured with a fixed gate voltage of 0 V and the transistors

tions was found to dominate the error spectrum of the resultsgiftted have the same widths of 1;2n. (b) Measured saturation currents

this SRAM array [Fig. 7(3)]_ In this plot, the spatial variation®f transistors with variously sized gate lengths and widths. The currents
h . tial-f d in by Fouriert f ﬁfre plotted against the ratio of width and leng#i/ L. The coefficient of
are shown In spatial-frequency aomain by Fourier transrorm [ terminationy?, was calculated to be 0.97, which indicates good agreement

[10]-{14]. By checking the layout of the SRAM [Fig. 7(b)], thewith mode!.

corresponding four-cell and two-cell periodicities due to prox-

imity and overlay can be identified. These results are very coisens and explanations of the SRAM results have been discussed
sistent with those from the previous SRAMs. Detailed compan another paper [17].
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2-cell -

| ,::'p;eriodicity.fé

Bitb
4-cell x
periodicity
Bi
I
Poly. = 2-celly
- periodicity
Bitb

/

2-cell x
periodicity
(b)

Fig. 7. (a) Measurement results from the SRAM array are shown in spatial-frequency domain by Fourier transform. The peaks represent cell-periodic CD
variations. (b) The layout of the SRAM two-cell and four-cell periodicities can be found in the layout. The results from the SRAM are very conisistent wi
previous study of SRAMs although the layouts and processes are significantly different.

IV. RESULTS done. The calculategto CD variationis 11.9 nm, which is quite
significant compared to the usual error budget for a Q.B85-
process §-o of 35 nm using the 10% rule [18], [19]).

As the functionality of the test chip has been verified and the Although each transistor in the CD array is much more iso-
relationship between CD/overlay and current has been estited than that in the SRAM array, we still find the two-cell (two-
lished, the results of the CD and overlay arrays can be analyzgédnsistor) periodicities in bothandy directions which are rep-
We will first discuss the short-range CD spatial variations mesesented by the two dominant peaks in Fig. 8(a). Checking the
sured from the CD array. layout of the CD array [Fig. 8(b)], we can see that the poly layer

Fig. 8(a) shows the result from the CD array in spatial-frdras a corresponding two-cell periodicity indirection, while
guency domain, where the axis represents the CD variancehe diffusion layer has a corresponding two-cell periodicity in
o2 at different spatial frequencies. The procedures of data andikection. Similar to previous study of SRAMSs [7], [10], these
ysis are as the following: The measured current variations weagout differences may have caused the observed current period-
translated into gate length variations by the current vs. gatities. We should notice that transistor gate width (determined
length relationship calculated from the transistor model prby the diffusion width) may have affected the transistor satu-
vided by MOSIS. The gate length variations were then aveation current here, thus causing the two-cell periodicity in
aged among the 23 chips, and discrete Fourier transform vaaection. This is, however, consistent with our error analysis in

A. Short-Range CD Spatial Variations
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within an 856.8um x 705.6 um area. The grid spacing is
6.8 um x 11.2m. We have measured 23 chips from the same
wafer. The measured current differences were translated into
overlay variations by the ratio calculated in Section Il using
the on-chip overlay calibration test structures. Here we use
the calibration result instead of transistor model because the
overlay test structure does not consist of regular transistors.
Fig. 9(a) shows the typical contour plot of the overlay variations
from one of the chips. While the average overlay error is 29.2
nm, the overlay error varies within the array between 0 and
60 nm with a3-o value of 25.6 nm. As we can see from the
contours, there are significant high-spatial-frequency overlay
variations even within this small area of the overlay array. The
chip average and-o overlay variations of all the 23 chips are
shown in Fig. 9(b). Although the overlay averaged within each
chip varies significantly, the-o variation remains almost a
constant from chip to chip. This implies that the chip-to-chip
average overlay variation and within-chip overlay variation
are from two different error sources. The chip-to-chip average
overlay variation is probably due to interfield overlay errors
such as stepper alignment errors, therefore the chip average
can vary significantly from chip to chip as each stepper field is
not aligned the same. While the within-chip overlay variation
may arise from mask or stepper optics, as these intertransistor
variations are unchanging from stepper field to stepper field.

To further study short-range overlay variation, the
within-chip overlay variation should be analyzed in greater
details. When we take a closer look at the shape of the contours
in Fig. 9(a), we can see some stripes running horizontally across
the whole array area, and within each stripe the variations
seem to have similar distributions. This error spatial signature
is similar to that expected from raster-scanned mask writers
such as the MEBES series electron-beam lithography systems

Fig. 8. (@) CD variations in the single transistor array in the MOSIS test chigy the CORE or ALTA series laser lithography systems which
(b) The layout of the single transistor array. Because the transistor layout_is

mirrored in order to share contacts therefore reducing the size of the array, e commonly used in the_ maSk industry tOdaY- Fig. 9(C)_ShOWS
transistors are not in equal spacing, therefore causing two-cell periodicitiesire averaged overlay variations among 23 chips, and Fig. 9(d)

bothx andy directions. shows their spatial-frequency spectrum, which is the power
spectrum of discrete Fourier transform of (c). From the plots

Section Ill, which estimates that the impact from gate width ise can see that the stripe periodicity becomes more obvious

less that 2.5%. From the plot we can see that the varianceafer the averaging, which further indicates that the stripe

the peak representing the two-cell periodicityiis about 0.8 periodicity may come from the mask. The averaged overlay

nm?, or its 3-o value is 2.7 nm. Thig-o value is only 0.7% of variations have a mean of 42.3 nm ang-a value of 16.2 nm.

the drawn gate length of 04m, which is much smaller than In the spatial-frequency domain, the highest two peaks with a

2.5%. Also, comparing with the CD variations from the SRAMspatial period of 102.4m and their high-frequency harmonics

array in the same test chip (Fig. 7), the CD variations in the Ciepresent this stripe periodicity. Thus the stripe length can be

array are much smaller than those in the SRAM array. Thisdetermined to be 102.4m. Detailed analysis indicates that

probably due to the simpler layout of the CD array, thus there &tee stripe-periodic overlay variations may be due to the scan

less pattern-sensitive variations. These results also illustrate thanlinearity of the beam of the mask writer [20].

our measurement and data analysis techniques have the poten-

tial to detect periodic errors with much smaller magnitudes than

the estimated error magnitude, although care should be taken to V. CONCLUSION

separate them from the impact of other factors, especially thaty e electrical metrology using on-chip addressing cir-

of gate width which can also be spatially periodic. cuitry and active addressable arrays has been proved as a
high-throughput and high-density process metrology method
with test chips fabricated from a HP 0.28n process. A

In this paper, only the, overlay results will be presented.measurement speed of(& per data point has been achieved
The y overlay test structures form a uniform 12®4 grid with the testing configuration presented. With this improved

(b)

B. Short-Range Overlay Spatial Variations
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W Average Overlay Variation B 3-sigma Overlay Variation

chip number

(b)

W Average Overlay Variation B 3-sigma Overlay Variation

chip number

(d)

Fig. 9. Y overlay results. (a)" overlay variations measured from the overlay array of chip 1. (b) The mead-angoverlay variations of all the 23 chips. (c)
Y overlay variations averaged among the 23 chipsY{dverlay variations averaged among the 23 chips shown in spatial frequency domain.

measurement speed, large arrays contaibfgtest structures ~ X. Ouyang would like to thank M. McCord and K. Mai
can be measured within 1-2 second. Therefore, large amouwftsStanford University, T. Deeter of Intel, G. Burns and C.
of data can be collected very rapidly to study the spatiblamaker of Applied Materials, and the customer service team
distribution of intertransistor variations. The intertransistor CBf MOSIS for their helpful discussions and assistance.

and overlay variations measured with the test chips indicate that

they are highly spatial-correlated and consume a significant REFERENCES

portion of the overall error budget. These intertransistor CD (1] . k. Kibarian and A. J. Strojwas, “IC manufacturing diagnosis based on
and overlay variations exhibit periodic variations that can be  statistical analysis technique$ZEE Trans. Comp., Hybrids, Manufact.

i Technol, vol. 15, no. 3, pp. 317-321, June 1992.

r_elated to the layout (CD) and the scan stripes of the masl&z] D. G. Chesebro, J. W.p/fdkisson‘ LR, Clark. S. N. Eslinger, M. A.

lithography tool (overlay). Faucher, S. J. Holmes, R. P. Mallette, E. J. Nowak, E. W. Sengle, S.
H. Voldman, and T. W. Weeks, “Overview of gate linewidth control in
the manufacture of CMOS logic chipdBM J. Res. Developvol. 39,
no. 1/2, pp. 189-200, Jan./Mar. 1995.

ACKNOWLEDGMENT [3] M. O'Leary and C. Lyden, “Parametric yield prediction of complex,

mixed-signal IC’s,”IEEE J. Solid-State Circuitsvol. 30, no. 3, pp.

The authors wish to express their sincere appreciation to the = 279-285, Mar. 1995.

. . . . . [4] C. N. Berglund, “A unified yield model incorporating both defect and
Stanford University Mask Advisory Group for its advice and parametric effects,IEEE Trans. Semiconduct. Manufaatol. 9, no. 3,

kind support. pp. 447-454, 1996.



OUYANG et al: HIGH-THROUGHPUT MAPPING OF SHORT-RANGE SPATIAL VARIATIONS

(5]

(6]

(71

(8]

9]

[10]

(11]

(12]

(3]

[14]

[15]

(16]

(17]

(18]

[19]

[20]

B. E. Stine, D. S. Boning, and J. E. Chung, “Analysis and decompositi
of spatial variation in integrated circuit processes and devide§E
Trans. Semiconduct. Manufgctol. 10, no. 1, pp. 24-41, 1997.

C. Yu, T. Maung, C. Spanos, D. Boning, J. Chung, H. Liu, K. Chang, al
D. Bartelink, “Use of short loop electrical measurements for yield i
provement,lEEE Trans. Semiconduct. Manufaatol. 8, pp. 150-159,
May 1995.

X. Ouyang, T. Deeter, C. N. Berglund, M. A. McCord, and R. F. W,
Pease, “High-throughput, high-spatial-frequency measurement of c
ical dimension variations using memory circuits as electrical test struc

) ¢

117

Xu Ouyang received the B.S. degree in physics from
Beijing University, China, in 1996, the M.S. degreein
electrical engineering and the Ph.D. degree in applied
physics from Stanford University, Stanford, CA, in
1999 and 2001, respectively.

He was a graduate research assistant in Ginzton
Lab and Center for Integrated Systems in Stanford
University from 1996 to 2001, where he worked
on metrology and characterization of errors in
microlithography, with an emphasis on those related
to CD control and the error transfer from mask to

tures,”J. Vac. Sci. Technol. Brol. 6 pp. 3655-3660, Nov./Dec. 1999. wafer. He held an internship in KLA-Tencor, Milpitas, CA in the summer of
B. R. Blaes and M. G. Buehler, "SEU/SRAM as a process monitorjgg7 as a system engineer. He is now a consulting engineer at PDF Solutions,

IEEE Trans. Semiconduct. Manufaatol. 7, no. 3, pp. 319-324, Aug. san Jose, CA.
1994.

T. Mizuno, J. Okamura, and A. Toriumi, “Experimental study of
threshold voltage fluctuation due to statistical variation of channel
dopant number in MOSFET'SJEEE Trans. Electron Devicesol. 41,

pp. 2216-2221, Nov. 1994.

X. Ouyang, T. Deeter, C. N. Berglund, R. F. W. Pease, and M. A. Mc
Cord, “High-spatial-frequency MOS transistor gate length variations i
SRAM circuits,” in Proc. 2000 Int. Conf. Microelectronic Test Struc-
tures Mar. 13-16, 2000, pp. 25-31.

C. N. Berglund, N. I. Maluf, J. Ye, G. Owen, R. Browning, and R. F. W _«
Pease, “Spatial correlation of electron-beam mask errors and the impf.ii i
cations for integrated circuit yield,J. Vac. Sci. Technol.,Bol. 10, no.
6, p. 2633, 1992.

-

C. Neil Berglund (S'60-M'62-SM'77-F'83)
received the B.Sc. degree from Queen’s University,
Kingston, Canada, in 1960, the M.S.E.E. degree
from the Massachusetts Institute of Technology,
Cambridge, in 1961, and the Ph.D. degree from
Stanford University, Stanford, CA, in 1964, all in
electrical engineering.

From 1964 through 1972, he was in the Semicon-
ductor Device Laboratory at Bell Telephone Labora-
tories in Murray Hill, NJ. From 1972 through 1978,
he held several senior technical management posi-

J. Ye, C. N. Berglund, J. Robinson, and R. F. W. Pease, “A review tibns at Bell Northern Research in Ottawa, Canada. From 1978 through 1983,
errors in masks written on a variety of pattern generatdEEE Trans. he was Director of Technology Development at Intel Corporation, and was re-
Semiconduct. Manufagol. 8, pp. 319-325, Aug. 1995. sponsible for setting up the Technology Development group in Oregon. From
L. Han, W. Wang, M. A. McCord, C. N. Berglund, R. F. W. Pease, and983 through 1987, he was founder, President, and CEO of Ateq Corporation.
L. S. Weaver, “Practical approach to separating the pattern generatﬁ?eq' a semiconductor equipment company, developed a laser-based lithog-

induced errors from the blank/process-induced mask CD errors usi {R’ system ”&at ?urr_er;tly tis ug«;d to ggg“ﬁe EOStbOf th% phqéonlas;('s\l ustﬁd
conventional market measurements,Vac. Sci. Technol.,®ol. 15, no. € sémiconductor industry. since » he has been Fresident of North-

west Technology Group, a microelectronics consulting firm based in Tigard,
6, pp. 26332637, Nov./Dec. 1997. OR. Since 1990, he has also served as a Consulting Professor in Electrical Engi-
X. Ouyang,.C.uN. Berglund., M. A. MgCord, R'_F' W. P'ease, C'_ Spencﬂeering at Stanford University, and in addition in 1993 joined the Oregon Grad-
and H.-Y. Liu, “An economical sampling algorithm using Fourier anal,ate |nstitute of Science and Technology as Professor in the Electrical and Com-
ysis for mapping wafer CD variationsJ: Vac. Sci. Technol.,.Bol. 16,  pyter Engineering Department with a joint appointment in the Management in
no. 6, pp. 3655-3660, Nov./Dec. 1998. Science and Technology Department.
L. W. Linholm, R. A. Allen, and M. W. Cresswell, “Microelectronic  Dr. Berglund has held numerous positions within the IEEE Council system.

test structures for feature placement and electrical linewidth metrologye is co-recipient of the 1995 BACUS Prize (SPIE) for contributions to pho-

in Handbook of Critical Dimension Metrology and Process Control
Monahan, Ed. Bellingham, MA: SPIE Optical Eng. Press, 1994.

X. Ouyang, “Active Electrical Metrology of Spatial Variations in Inte-
grated Circuits,” Ph.D., Stanford Univ.. :
X. Ouyang, T. Deeter, C. N. Berglund, R. F. W. Pease, and M. A. M
Cord, “High-throughput, high-spatial-frequency mapping of MOS tran 4,
sistor gate length variations in SRAM circuits,” IEEE Trans. Semico
duct. Manufact., submitted for publication.
G. Owen, R. F. W. Pease, N. I. Maluf, J. Ye, and C. N. Berglund, “A"
rational argument for the impracticability dfx reticles,” SPIE vol. y
1809, pp. 39-48, 1992.

The International Technology Roadmap for Semiconductors (199
[Online]. Available:
Home.htm

tomask technology.

http://public.itrs.net/fiIes/1999_SIA_Roadmap::

=

R. Fabian W. Pease(M'75-SM’'83-F'89) was a
Radar officer RAF from 1955 to 1957. He received
the B.A. degree in natural sciences in 1960 and the
M.A. and the Ph.D. degrees in electrical engineering
in 1964, all from Cambridge University, Cambridge,
U.K.

He was an Assistant Professor at the University of
California at Berkeley from 1964 to 1967. He was
with Bell Laboratories, NJ, from 1967 to 1978. He is
now Professor of Electrical Engineer, Stanford Uni-
versity, Stanford, CA. His research activities include

X. Ouyang, C. N. Berglund, and R. F. W. Pease, “High-speed mappifgicrolithography and microfabrication technologies and their applications. He

of intert-ransistor overlay variations using active electrical metrology
in SPIE Microlithography Conf., Mar. 2001.

croprinting.

spent the academic year 1993-1994 with Affymetrix Inc., applying photomask
technology to the synthesis of DNA arrays. He also spent the academic years
1996-1998 at DARPA-ETO managing programs in microelectronics and mi-

Dr. Pease is a member of the NAE. The organizations he has served as a con-
sultant include IBM, Xerox, ETEC, LLNL, Ultratech Stepper and Affymetrix.



