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Derivation and Implication of a Novel DRAM Bit
Cost Model

Haruo NakatsukaSenior Member, IEEE

Abstract—A model for the cost/performance of a large-scale various components such as chip cost, packaging cost, test cost
integrated circuit (LSI) is derived using critical area with 1/z®  and the technology development overhead, only the chip cost is
defect size distribution and common industry trends for device oqqressed in the following discussions since it constitutes the

parameters and process parameters. The model predicts that .
dynamic random access memory bit cost will begin to increase majority of the LSI cost. As for the technology development

sometime after 2005, if the current bit capacity increase rate of Overhead, cost sharing models have been adopted in the industry
four times every three years remains effective. It is suggested to as a solution [1].

reduce the rate to two times every two years, which will ensure a

bit cost reduction beyond 2010. However, if the defect density can |

; ; - M ODELING OF THE SEMICONDUCTOR TECHNOLOGY TREND
be reduced faster than the past trend, a four times bit capacity

increase every three years can still remain cost effective. A. Yield Model
Index Terms—Critical area, defect density, defect size distribu- The average number of defects on a chip has been assumed to
tion, yield model, DRAM cost trend, technology roadmap. be the product of the chip size and the defect density. With the
concept of the critical area, however, the effective defect number
. INTRODUCTION A is expressed as

ARGE-SCALE INTEGRATED circuits (LSI) have been

enhanced by the miniaturization of feature sizes, as well as A= /D(i)Ac(ﬂ?) du 1)
the integration of an increasing number of transistors per chip.
tTi::le lrna;ure]eo:‘: gzlggtlirr]lgrz?]tgg ?Qrd ;Q:?Fr)?gotﬂ;?ast:i??n?exgprzgﬁl(r}lhereg.c is the size of the defecf)(x) is the defect density as

i ! ' ' a flfl]nct|on ofr and A («) is the critical area as a function of

has been four times every three years. Other parameters, T\? Nia).
as minimum feature size, chip size, bit cost, etc., have Showrg, 4o jefect size distribution/z? is widely accepted [3],
similar exponential characteristics. Such exponential rates hixf and D(x) is formulated as
been intrinsic to the semiconductor technology trend, and are’
reflected in the technology road map used to specify future gen- a
erations of technology development. D(z) = Do— 2

The technological barrier to realize gigabit level integration

with sub-0.1xm feature sizes is becoming more difficult toyhere D denotes a parameter representing the environment

overcome, and in turn the cost of manufacturing and technologythe manufacturing line and is a normalizing factor. If; is
development is increasing dramatically. Chip yields will be dgfefined as

teriorated by the integration of larger numbers of elements with .00
smaller feature sizes. The manufacturing equipment and facili- / R —
ties for such advanced LSI will become more sophisticated and ot
more expensive. Under these circumstances, it will become dif. represents the number of particles larger than
ficult to maintain the exponentially improving cost/performancgc(a;) is dependent on the design of the LSI. E@maller than
trend of the past decades. The industry is already deviating frgmwhich is minimum feature size or a fraction of it depending
this trend. For example, 256M dynamic random access memeyy failure criteria,Ac(z) is zero regardless of the design [2],
(DRAM), which was supposed to be introduced in 1999, wd8] and hencex can be expressed as
not commercialized. Instead chip shrinks of 64M DRAM con-
tinued to be utilized in the industry. A= DeAg
In this paper, a model for the cost/performance of future LSI ’
is proposed under the assumption that the industry continues to
follow the past trend. Although the actual LSI cost consists gghere

o>
A = [ (efam)Aco) do ®)
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and will be shrunk in the vertical axis by the factor$f since As afirst order approximation, the chip ardaan be expressed

the A-(x) represents the area. Thenis given as as
oo _ 2
A= DC/ (a/27)5? Ap(x)S) dx A= knk
SF
5 0 wherek denotes a coefficient unique to each product type, such
=DcS _p/F (a/2P)Ac(z)dx as DRAM,» is the number of transistors adtis the minimum
— DS A @) 1;esature size. The exponential trend foandZ’ can be expressed
wherez = z/S. n = nott (10)

On the other hand, if the chip is enlarged proportionally by Fo ot 11
increasing the number of transistors by a factotXofAq(x) =g 11)

willincrease in proportion tdX for the samer value and hence \yherey, is the rate of the transistor count increase per year,

oo is the feature size shrink rate per yeais time in years and
A= Dc/ (a/2”)X Ac(x) dx ng and Fy denote the number of transistors and the minimum
_ Dcheﬂ' (5) feature size at = 0. Then, the chip size trend is given as
A= Agto? (12)

In the case where both of the above instances occur simul-
taneously, the effective average number of defects on a chimisere Ay = knoFj is the chip area at= 0.
given as o' and ! correspond taS and X in (6), respectively. As is
known by Moore’s law, the minimum feature size shrinks by
A=DcS* PX Ao (6) two thirds every three years and DRAM bit capacity increases

four times every three years. These correspond+$00.87 and
whereS is the rate of the design rule shrink is the rate of ,, — 1.59 respectively.

the transistor count increase add is the original effective
critical area before the chip shrink and the transistor count i@ Defect Density Trend

crease. This provides a generalized formula for the effective Crit-Ey tensive effort has been made to reduce the defect density in

ical area. T_he p_aramet@rdepends on the enwrpnment Qf thethe semiconductor industry. However, the trend of defect density
LSI fabrication line. The data reported from various fabr'catoﬁ'%duction has not been explicitly reported. It is assumed here

shows @ value of about 3 [3], [5]. In the cage = 3, (6) be- that D¢ also follows the exponential trend and it is expressed
comes simpler as as

A=DcXAcg. (7) Dc = Deort (13)

This indicates that the effective critical area does not chang@eres is the rate of defect density reduction abig, denotes
by chip shrink, which agrees with the results reported in a SPB att = 0. D, data have been widely reported in the in-
cial case with parallel stripe patterns [6]. Computer calculategstry. However,D,, which was originally an average defect
Aest for some DRAMSs and microprocessors shows fairly googensity [9], is usually calculated backward from the yield data,
agreement with (7) [7]. assuming\ = Dy A. Since the defect sensitive area is the crit-
There have been various yield models reported in the litefiga| area rather than the whole chip area, the calculBtegives

ture [8]. Although (6) or (7) can be applied to any yield modeh smaller value thab ¢, asDy = (Aer/A)De. Equations (6),
the Poisson model is assumed here since it fits relatively well¢p2) and (13) give the trend dd, as

the yields at well controlled fabs. Then, the yield is given as
Dy = (Aegt/Ao) Dot Pt (14)
Y =Ysexp(—DeS° P X Aen) 8)
This means: cannot be extracted frol, trend data without
whereYs denotes the yield associated with nonrandom-defégiowing o and p. There are, however, some industry survey
failures such as systematic failures and parametric failures.rgports, where thé&, from same technology fabricators were

the case op = 3, (8) becomes tracked [10]. Since was supposed to be 1 in those casesas
estimated from thos®, data. The extracted value was 0.8,
Y =Ysexp(—DcX Acst). (9) although some data presumably affected by systematic failures

_ . . _ . or abnormal yield were excluded.
In the following discussions, formula (9) is used with an as- Combining (8), (12) and (13), the yield is expressed as
sumption thap = 3 holds valid even beyond 0/1m.
Y = Ysexp(—Aoo® P st (15)

B. Chip Area Trend
) ) o where)y = DeoAeq. In the case op = 3, (15) becomes
Integrating larger numbers of transistors on a chip increases

LSI chip area. Implementing smaller feature sizes decreases it. Y = Ysexp(=Aor/'r"). (16)
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D. Chip Cost Trend TABLE |
. . . L PARAMETERS USED IN DRAM BIT COSTMODEL
Chip cost is given as the processed wafer cost divided by the

number of good dice per wafer. The number of available dice Parameter | Value |Parameter | Value
per waferN is approximated as v 1.59 Z 1.7
N = (r/4)(d - VA?2/A o 0.87 m 2
(m/aX '/ £ 0.8 Ao 0.2

whered is the wafer diameter. The wafer diameter has been en-
larged one and a half times in two technology generations. Be-
cause of the delay in the introduction of 300-mm wafers, howlesign refinement. Then, in the casepok 3, (22) can be ex-
ever, it is argued whether three generations per wafer size Riessed using (16) and (17) as

crease might best represent the trend in the future. Therefore, o2t 7t/3

the wafer diameter trend is formulated as C/Cro = 152737 exp (1 = PiRD)}

o =\t/3m
d = do(1.5) / a7) This provides a model for normalized bit cost trend in the

wherem is the number of technology generations before tHfg@se of memory LSI or normalized gate cost trend in the case of
introduction of the next wafer diameter. A three-year cycle tinl9ic LSI.

(23)

is assumed between the technology generationS. For the DRAM case, hOWeVer, there is a minor contradiction
Good dice per wafeNy is given as in the chip size model (12). It holds valid for same generation

) DRAM'’s incorporating the same memory cell structure. In new
Ny = (n/4)(d — V4) v (18) generation DRAM'’s, however, the memory cell has been shrunk

A to a smaller size than that of the optical shrink, by introducing

The processed wafer cost consists of various componentsre densely packed cell structures. Whereas the industry trend
such as depreciation cost, material cost, labor cost, utilgjows a one and a half times chip size increase for new genera-
cost, etc. Dominant, however, is the depreciation cost of tien DRAMs [11], the model (12) predicts a 1.7 times increase
equipment investment, which has been increasing exponentiafiyd years withv = 1.59 ands = 0.87. Therefore, the chip size
from generation to generation. Therefore, the processed wafevdel was modified for DRAM as
costlV is assumed also to follow the exponential trend and is tt ot
expressed as A= Agyvio™. (24)

) where~ is the shrink rate corresponding to the cell structure
change and is estimated to be 0.96 from the above discussion.

where Z is the rate of increase of wafer cost between generda strict sense, (4) and (5) do not hold valid if a more densely
tions andi, is the wafer cost at = 0. The amount of capital packed cell structure is introduced. As a first order approxi-
investment for new generation fabricators has been in the rarigation, however, this effect is neglected because the cell array
of one and a half to two times higher than that of previous geRortion is less sensitive to defects by use of redundancy repair.
eration fabricators. From such consideration, it is assumed tA&erefore, formula (23) is modified for DRAM as

W = Wyz'/? (19

Z = 1.17. A2t 713
i i i Cpn/Cho = . 25
Equations (18) and (19) give the chip césas /Cro 15575 exp Do (1 — inT)] (25)
t/3
o= W24 —. (20)
(m/4)(d = VA?Y ll. DRAM B IT COST TREND

The bit cost trend for DRAM is calculated using formula (25).
Table | summarizes the parameters used in the calculation. It
One of the indices for economical merit of LSl is the cost pghould be noted that the calculated data are significant only at
transistorC),, which is related to bit cost for memory and gat@ode points; between which the chips are only shrunk without
cost for logic LSI. From (10), (12) and (2G};, is given as increasing the actual DRAM bit capacity. The technology node
AoWoZt/352 point is_ defined as the year when the new generation DRAM
Cn = v (21) enters into volume production. The reference year-at) was
no(m/4)(d — VAPY chosen at 1999 because it would have been the year when both
Taking the ratio ovelC,o, which is the cost per transistor at256M DRAM production and 300-mm wafer introduction had

E. Cost/Performance of LSI

t =0, started at the same time if the past trend had continued.
7t/3 52t The wafer diameter parameten, was set to be 2 because
C,/Cno = (22) it has been the trend in past decades. According toX&Jor
{(d— \/Z)/(do — VA40) 2 (Y/Y0) 256M DRAM in 1999 can be estimated as four times that of

gives the relative improvement of the transistor cost. To sif6s4M DRAM which utilizes the 256M DRAM cell structure. Al-
plify (22), it was assumed that > /A andd, > /A,. Fur- though the actual yield data are not available from the industry,
ther assumed was thEt eventually reaches the same yield foit is generally recognized that 64M DRAM chip yield was well
any technology node by the efforts of process improvement amger 80% in 1999.
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Fig. 1. Relative bit cost trend of DRAM with rate of bit capacity increase akig. 3. Dependence of DRAM bit coston rate of wafer costincreésea rate
parameterv denotes bit capacity increase rate per year= 1.59,1.49 and  Of the processed wafer cost increase between generaffoss1 corresponds

1.41 correspond to the bit capacity increase of four times per three years, fé@mo wafer cost increase. Bit capacity increase rate is four times every three
times per three and a half years and four times per four years or two times pears.

two years, respectively. Reference year is 1999.
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1990 1995 2000 2005 2010 2015 Fig. 4. Dependence of DRAM bit cost on timing of larger size wafer

. . . . . ._introduction.m is a number of technology generations before the introduction
Fig. 2. Relative bit cost trend of DRAI\/_I with rate of defect densn_y reductio f next wafer diameterm = 3.2 and 1 correspond to nine-, six-, and
as parameter. denotes the yearly reduction rate of the defect density parame;

: . L ; ) ﬁFee—year cycle time for larger diameter wafer introduction. Bit capacity
ilr?%rf;e:y(égrgas been the industry trend. Bit capacity increase rate 'Sfou”'mﬁl%rease rate is four times in three years.

Therefore, it would not be unrealistic to assume the rando%tends towa_rd year 2010. Hovv_eV(_er, the feasibility of faster
defect yield for 64M DRAM to be around 95%. This gives théjefect reduction is not clear at this time. -
value of 64M DRAM A to be 0.05 and, hence,, for 256M | ¢ CoSt dependence dhandrm are shown in Figs. 3 and
DRAM is estimated to be 0.2. Those figures reflect the effect gf respecuvgly. F'g' 3 |nd|cat§s that the bit cost increase W.'"
the redundancy repair. occur even if the mt_justry malntalns the current wafer cost in
Fig. 1 shows the bit cost reduction trend witras a param- the fqture. I_ntroductlon of Iarg_er size wafers does noft prevent
eter. It is remarkable that the bit cost starts to increase aroJHS bit costincrease as shown in '_:'g' 4. These results mp_ly that
2005 if the industry keeps the past trend of four times bit Cg}vestmentstrategywnl have less influence on the future bit cost
pacity increase every three years. With slower rates such as fHSPd-
times increase every four years, however, the bit cost reduction
can be maintained beyond 2010. This rate corresponds to two IV. Discussion
times bit capacity increase every two years, which is coinciden-The results shown in Fig. 1 suggest that the industry should
tally happening already in the industry where 128M DRAM waswitch the integration strategy from four times bit capacity in-
introduced instead of 256M DRAM. crease every three years to two times every two years. Because
The calculation was also made backward from the referentelemands a significant strategy change, the credibility of the
year. The results agree with the past trend regardless of thedtibve model should be ascertained.
capacity increase rate, although rates other than four times evenplthough some approximations and assumptions were made
three years did not occur in reality. This means that the deviatiomthe model, the most significant contributor to the bit cost in-
from the past trend becomes significant when the feature sizeisase in the future is the defect size distribution model (2) with
shrunk beyond 0.L:m. p = 3, which leads to a largex value when the feature size is
The effects of other parameters were investigated. Fig.sBrunk to much smaller dimensions. If thevalue were much
shows the dependence of the bit cost trend:off the defect smaller, such ag = 1, however, the past trend could be main-
density is reduced faster than the industry trendkof= 0.8, tained as shown in Fig. 5. One question is the extendibility of
the cost effectiveness will continue. With a defect densitpel/x2 distribution model to the sub-04m range. It was hy-
reduction rate of 30% per year, for example, the cost reductipnthetically assumed in earlier reports that defect density de-



NAKATSUKA: DERIVATION AND IMPLICATION OF A NOVEL DRAM BIT COST MODEL 283

10.00

.00

Relative bit cost

p=

p=2

p=1

0.01
1990

Fig. 5. Relative bit cost trend of DRAM with defect size distribution,
coefficientp as parameter. Defect size distributionlgfc? is assumedp = 3

1995

2000

2005

2010

2015

exist nor whether they will become dominant beyond certain di-
mensions.

The assumption made in deriving (23) was that the non-
random-defect yield’; reaches to the same level regardless of
the technology node. However, systematic failures and para-
metric failures are becoming less easy to resolve as the feature
size is shrunk to smaller dimensions. For example, lithography
has become more sophisticated beyond the quarter-micrometer
node, which makes yield improvement more difficult. With
resolution enhancement techniques, particles smaller than the
minimum mask size may cause failures due to interference. If
these issues cannot be overcome at each technology node, the
bit cost trend will become more pessimistic.

is widely observed in the manufacturing lines. Bit capacity increase rate is four ANOther concern is the credibility of the yield model. In order
times every three years.

to see the dependence on the yield model, the negative binom-
inal yield model [2], which has also been widely used in the

10.00 industry, was applied to the simulation. In this case, (25) is re-
formulated as
2100 | v=159 Ch/Cro = 7'M 2L+ Aoy /) (28)
B 1.52t/3m(1 4 \o/a)
g 1.49 whereq is the cluster parameter. Results of the simulation using
w2 0.10 (28) are shown in Fig. 6. The same trends as in the case of
141 the Poisson model are obtained although the bit cost increase
is slightly moderated. Therefore, these yield models do not af-
0.01 ' . . .

fect the future bit cost trend. Howevar the effective average
number of defects on a chip, is a major factor to determine the
Fig. 6. Relative bit cost trend of DRAM with negative binominal yield model.trend'
The cluster parameter is assumed to be 3.

1990 1995 2000 2005 2010 2015

V. CONCLUSION
creases linearly as the defect size becomes smaller than a certajd odel for the future LS| cost trend has been derived as-

sizex, [2]. The value ofro was in the range of a fewm. With g, ming the exponential trend of device parameters and process
inspection technology advances, however, increasing numbggsameters to continue in the future. Remarkable results were
of particles, which follow the/z? distribution, have been ob- gtained for DRAM. The bit capacity increase rate of four times
served down into the 0.Am range [12], [13]. The total defect gyery three years would cause a bit cost increase sometime after
distribution on silicon chips has been reported to showiih€ 5005, It s proposed that the industry should switch to a new in-
dependence down into the quarien range [14]. From those teqration strategy of two times bit capacity increase every two

considerations, it would not be unreasonable to assume thatyB&rs. This would ensure furthering bit cost reduction beyond
1/x3 distribution extends beyond the sub-Q.i range. 010.

In the actual manufacturing process, there are a multiple ofj; js 4150 suggested to accelerate the defect density reduc-
defect sources, each of which may have a different size depgpp without exceeding the capital investment trend. If the de-
dence. In such case, total defect density can be expressed ag,q¢ density parametédd can be reduced at a much faster rate,

or the defect size distribution parametecan be reduced for
defects in the sub-0.4m range, it can be an alternative solu-
tion to maintain the cost effectiveness of future LSI, although
the feasibility is not clear at this time.

D(z) = Z D¢, a;z 7", (26)
i=1

This gives the yield formula as

Y =YsIIL Y (27) ACKNOWLEDGMENT
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