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Escape Routing Design to Reduce the Number of
Layers in Area Array Packaging

Michio Horiuchi, Eiji Yoda, and Yukiharu Takeuchiember, IEEE

~ Abstract—High density multilayer substrate technologies are affected by wireability and the total wireability of a substrate
indispensable to accommodate high inputs/outputs (I/Os) fine js calculated as a product of the number of lines per channel,
pitch area array integrated circuits (ICs), chip scale packages/ball the number of channels per cm, and the number of signal planes

rid arrays (CSP/BGASs) in the coming packaging generation. L
'glj'hey mu)ét pErovide not Lmy a high wir?ngljo densg{ty,gb%t also an [1]- Here, the channel represents a space between the adjoining

acceptable low cost, short turn around time (TAT) and reliability. ~Pads. Generally, the number of channels per cm is previously
Reduction of the number of layers is expected to be a reasonable determined by bump location on chip or footprint of package,

solution for the conflicting demands. General approaches to and an increase in the number of lines per channel enables the
reduce the layer count have been to decrease the size of thenumber of layers to decrease

routing line width and spacing. However, they need changes in the . . .
manufacturing processes and materials, causing an increased cost. N the conventional geometry of pad and line [2], the in-
From escape routing design viewpoint, effects of routing manner creasing the number of lines per channel can only be realized by
on the layer count has been studied. A preferential routing creates a decrease in the size of the line, the space between the lines, and
specific pad geometry resulting in a high wiring efficiency. This the line to capture pad space. These dimensional changes ex-
effect can be estimated with an increase in the number of lines ,,qeq the substrate to cost, yield and reliability issues, because
per layer routable as a contribution of “the hybrid channel, L L
depending on capture pad pitch-pad diameter-line width-interline SOMe Process modification towa_rd unstgble condition is needed.
space relationship. It is one of remarkable case recognized that, With substrates manufactured with one line per channel rule that
within one line per channel rule, the preferential routing can their pad pith, capture pad diameter, line width and space are,
effect almost equivalent to that by two lines per channel on the respectively, 25@:m, 130:m, 40:m, 40 m for flip chip con-
wireability. Its better effect on cost and TAT can also be expected nection, or 80Q:m, 500 :m, 100m, 100m for CSP/BGA

compared with the two thinner sized lines per channel rule, since . for | he | idth and hould b
nothing changed in both manufacturing processes and materials CONNEction, for instance, the line width and space should be-

is needed. This method is applicable immediately and lightly to come 24um, 24 um for the former, and 6@m, 60m for the
packages and boards for assembly of the high I/O flip chips, CSPs, latter for two line per channel rule when their pith and capture
and BGAs. pad diameter are unaltered. In these cases, some new materials
Index Terms—Area array, BGA, CSP, escape routing, flip chip, and new equipment, or new process technology will be neces-
high density substrates, layer count, multilayer, packaging, pref- sary as well. Guint al. [3] have shown the trends in required
erential, the hybrid channel. area for packaging various devices depending on their number
of I/Os, and pointed out that the progress in feature dimensional
l. INTRODUCTION reduction technology of PWB (printed wiring board) is too slow
compared with that of ICs.

ITH THE insatiable market demand for higher perfor- . .
. ) : An alternative method to reduce the layer counts without
mance electronic devices, the number of chlp/packi%e

inputsioutputs (/Os) has continuously been growing. aking any change in the manufacturing process is accordingly

. . é)esired. This corresponds to considering an improvement in
accommodate the higher 1/Os, area array type mterconnect{ g escape routing design. Het al. [4] analyzed the escape

between chip to package, chip to board, chip scale packaging. . . ) i
(CSP) to board, or ball grid array (BGA) to board, is needed aﬁ(&%tmg with multilayer structure according to the conventional

. . ) i rocedure from a concentrated 1/Os of area flip chip and BGA.
tends practically to increase. In the circumstances, various sﬁ

1S 0 o
of multilayer high density substrates have been proposed. o 1Ssue here for the escaping is the restriction by “lines per
higher I/O counts also requires an increase in their number

c;%annel” rule. Also in the rerouting structure from periphery
escape routing layers, resulting in a higher manufacturing c

I/Qs to area I/Os shown by Darnauet al., limitation in
of substrates used as a package or a board. Nevertheless

p escape routing by the “lines per channel” rule has been
. . . emphasized. Reported approaches to reduce the layer count
market will never accept the higher cost caused by the iNCregee " ihe standooint of the routing desian. however. are ver
in 1/0 counts. Additionally, an adequate reliability and shorr{ P 9 an, ' y

turn around time (TAT) should simultaneously be satisfied. ew. Gasparinet "?ll.' [6] haye show_n that the specific Io_gatlon
: X . . of bumps on a silicon chip contributes to the routability. By
Reduction of the layer count will become an effective solution . . . .
for the complicated requirements. Reducing the layer count”?s(,:Orporatlng their design method into the placement of the
' signal /O, Andrewset al. [7] have succeeded to reduce the

number of layers of an organic substrate for flip chip packaging
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some changes in pad allocation, not only on the substrate, but o000 LA R A

also on the corresponding IC. To realize an universality of a o000 0000

method applicable covering package to board interconnection, 0000 o000

in which footprint is generally standardized, it is necessary to 0000

achieve the reduction of the layer counts with no change in the o000 rr

pad allocation on the interface. That would also be preferable T

from its total cost and TAT standpoint. w s T_p]
This paper describes the routing manner effective on reducing T T T T

the layer counts in packages or boards for a given area array pad

matrix on ICs, CSPs, or BGAs. First Layer Second Layer

Fig. 1. Typical conventional routing str re on first an nd layers.
Il. APPROACH ig ypical conventional routing structure on first and second layers

Inthe conventional escape routing manner for a typical squart 70
grid pad matrix, pads on an outermost row are routed out first,  gq
and then the pads on the next inner row are routed out throug ~+=pldilis = 240/110/43/43
the channel. Thus the routing is performed in order from outer 50 ——pldllis = 350/200/50/50
side row and the number of rows routable on a layer is deter- 49 |
mined by the number of lines per channel plus one, as shown il_é
Fig. 1. 30 -

Compared with this, in the present study, effects of some 59 |
change in the routing order on the wireability and the number
of routing layers has been investigated. First of all, the routing 10
priority is given to the inner pads on the specific vertical rows 0
(marked with arrows in Figs. 4, 5 and 8) parallel to the routing 0 10 20 30 40 50
out direction, followed by a preferential routing along the ver-
tical rows with a given number of lines per channel. Here, a
conception “hybrid channel” has been newly applied. While theg. 2. Gainn — 1, per the hybrid channel as a functionsef
conventional channel is made up by a pair of the pads adjacent
to each other, the hybrid channel consists of a pair of the pads: number of serial pads chosen;
that the coordinate of the first land {g, ¥) and the another ~n — 1 represents number of channels in setiglads;
pad is placed at the coordingte+ p(n — 1), ¥) whenthe pad  n — 2 represents number of pads inside the hybrid channel;
pith is p, as shown in Fig. 4. Here, is determined to be a nat- « number of lines per channel;
ural number larger than two. Effect of the preferential routingiven by
has been evaluated in comparison with the conventional routing
manner; how many routing lines can be placed additionally per a=(p—d=s)/(w+ts)
the hybrid channel compared with the conventional channel, deq, Fig. 1, a case oh = 4 is shown, in which becomes five

pending om, for various relations among pad pitch, pad diamy o three channels and two pads surrounded by the channels.
eter, line width and spacing. Subsequently, number of the lay§(g,en . chosen satisfies the relation > [ + 1, the hybrid

needed has been estimated. channel effects on wireability. As increase, gainy — I, can
be increased as shown in Fig. 2. This efficiency is, however,
IIl. M ODEL AND CASE STUDIES estimated merely for a restriction by pads in the first row.
A. Lines Per Channel 2) Number of Lines Supplied to the Hybrid Chann&lince

1) Effect of the Hybrid Channelin the regular pad matrix « is fixed, diagonal inter-pad space (diagonal channel) is only

as partially shown in Fig. 1, total number of the lines routabf® SCUrce of the additional lines that are supplied toward the first

per channels formed with pads and from pads surrounded b)EW' The number of lines routable per the diagonal charel,

p/d/lis = pad pitch/pad diameter/line width/space

n

them,l, is given by (1). On the other hand, number of the lines given by
routable per the hybrid channeh, is given by (2) D= (\/Qp —d—3s)/(w+s). (3)
l=an—-1)+(n—-2) (1) In many cases with typical design rule of current wiring pro-
m=pn—1)—d—s)/(w+s) (2) cesses for one line per channBibecomes 2 and, as the result,
one additional line is obtainable per the channel.
where When eliminated pads make rectangular space as shown in
P pad pitch; Fig. 3, only two diagonal channels are obtainable. Hence, the
d diameter of the pad; gain per the hybrid channel is limited inf§D — «), regard-
w width of the line; less ofn andm — I. Number of the diagonal channels included
s minimum space between the line and the pad, andiisthe hybrid channel need accordingly to be increased for the

generally equal to minimum inter line space; proper effect. The hybrid channels shaped an isosceles triangle,
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Fig. 4. Example of the preferential routing structure with the hybrid channel
(n = 5) shaped an isosceles triangle and a pad geometry obtained on the n
following layer.

Fig. 7. Practical gain per the hybrid channel for pad pitch / pad diameter / line

2 7 7 G width / interline space= 350/200/50/50 as a function af.
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Fig. 5. Example of the preferential routing structure with the hybrid channel First Layer Second Layer Third Layer

(n = 4) shaped an irregular quadrilateral and a pad geometry obtained on the

following layer. Fig. 8. An embodiment of how to arrange the hybrid channel wits 7.

as shown in Fig. 4, include maximum number of the diagona) becomesn —I. On the contrary, the supplied lines will be de-
channels for a given odd, and where number of the diagonaficient when(D — «)(n—1) — (m —[) < 0, so thaty becomes
channels available is — 1. For an evem, the shape of the hy- (m — 1) +[(D — a)(n— 1) — (m —1)]. Fig. 7 estimates the gain
brid channels becomes an irregular quadrilateral with a numlpar the hybrid channel taking account of this deficiency for pad
of the diagonal channels as— 1, as shown in Fig. 5. pitch of 350.m with line width/space of 5¢m/50.m and pad
Fig. 6 compares:—! and(D—«)(n—1) depending om for  diameter of 20Q.m.
pad pitch of 24Q:m, 350xm and 35Q:m with line width/space  To achieve the efficiency of the hybrid channel for all
of 43 pm/43 pm, 50 xm/50 um and 48.:m/48 ;ym, pad di- routing layers,n and shape of the hybrid channel should be
ameter of 11Qum, 200 m and 110um, respectively. When reproducible. This can be realized when— 1) > (m — I).
(D —a)n—1)—(m—1) > 0, supplied lines will be ade- Nevertheless, the shapes with a largis generally difficult to
guate or excessive, so that the effective gain per hybrid chanmegintain the reproducibility, caused by an increase of number
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Fig. 9. Dependence of the gain per side{en— 1) for the layers from 1stto Fig. 10. Total gain summed from 1st to 5th layers dependingror- 1),
5th, with pad matrix= 40 x 40, for pad pitch / pad diameter / line width / spacewith pad matrix= 40 x 40, for pad pitch / pad diameter / line width / space
= 350/200/50/50. = 350,/200/50/50, 240/110/43/43,and 500/260/80/80.

of pads involved in the hybrid channel space. kot 1, when 1400
n is from 3 to 5, the reproducible channels can be arranged wi
two layers. Figs. 4, 5, 8 demonstrate how to arrange the hybi

1200 -+~ Conventional

channels forn = 5, 4, 7, respectively. Withn = 7, three g 1000 —e—n=3
layers would be needed for the hybrid channel to be ready. F& 800 | —=—n=4
n > 6, the arrangement is initiated with combined triangles c§ —a—n=5
a smallern, as an example shown in Fig. 8. S 600 ——n=7
(23
. . (]
B. Lines Per Side, Per Layer y 400

With the triangle type hybrid channel, a gain per the chann 200
can beincreased as increasej@as Fig. 7 suggests. On the othet
hand, number of the hybrid channeléh, per a side of the pad
matrix decrease with increase of as

Layer No.
Nh=(Ns—2(1+a))/(n-1) 4)

Fig. 11. The number of residual pads on the each layer routed with the
) . . preferentialn = 3, 4, 5, 7) and the conventional procedures, with pad matrix
where N s is number of the pads included on a side of the pag4o x 40, for pad pitch / pad diameter/ line width / spage350/200/50/50.

matrix and(n — 1) is a repetition unit of the hybrid channel for a

maximumNh. Thus a number of the lines additionally routablgjeneral, obtained whem — 1) is from three to five, as shown
becomes the product of the gain per the channeléhdAs the in Fig. 10.

pad matrix size diminishesy h decrease by ranging from zero with the conventional routing out structure, lines per side on
to two on the following layer. Fig. 9 estimates dependence gfe first wiring layer is simply defined a&s + a(Ns — 1).

the gain per side ofw — 1) for the layers from first to fifth in  For above mentioned preferential routing structure, the lines per
the case of whiclVs is 40 and pad pitch, line width, space, andide, /s, can accordingly be given as

pad diameter are respectively 3ph, 50 zm, 50,m, 200m
(210m, 30m, 30m, 120m and 500um, 71m, 71 pm, Is=Ns+a(Ns—1)+g- Nh. (5)
285 um, likely used in flip chip and CSP, are also equivalent),

and where the decrease Mh is assumed constantly as two

per layer (This is a special assumption to simplify the modet;, Number of the Layers Required

Practically, the decrease iNh vary depending om and the

matrix size). Since there is no hybrid channel on the first IayeéyYVSr?naowi?irr:golsaE;g:vva?ﬁ ::2 r::i)g\;gr:{cfgﬁg(sgrg::aéalrgeihe
the gain is always zero on the first layer. Although a larger ga . L '
9 y y 9 gerg number of lines routable on the laydtt, is given by

can be expected with a largér — 1) on the second layer, they
notably decline on the following layers. Hence, the gain should o

be evaluated with a sum of all of the effective layers. Fig. 10 Rt — 24{]\73 —2[(a+1)(L—1)—k -1}  (6)
compares the total gain summed from first to fifth layers for the =0

(n — 1) ranging from 2-8, in three dimensional cases that are

respectively corresponding with flip chip to package/substrathere L is a layer number. In practical cases, however, some
(p/d/l/s = 350/200/50/50 and240/110/43/43) and CSP to lines additionally routable can be expected at the corner of the
board(p/d/l/s = 500/260/80/80). Maximum total gain is, in pad matrix. This corner effect arises from existing pads that are
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TABLE |
COMPARISON IN REQUIRED FEATURE FORENTIRE ESCAPEROUTING OF 40 x 40 PAD MATRIX WITHIN SEVEN LAYERS BETWEEN THECONVENTIONAL
AND THE PREFERENTIAL ROUTINGS

Required feature size[ xm] lines routable lLayers for
l s p d a with n=5 escape routing
Preferential
Routing 50 50 350 200 1 11 7
Conventional
Routing 30 30 350 200 2 11 7
routable to two different directions perpendicular to one another. IV. DISCUSSION

As the result,2 x 4 additional pads can become routable for
a =1, andas x 4 pads can be expected far= 2 on the first
layer. Although some empty channels exist on the outerm
row, some critical channels, limiting the supply of lines, app
inside so that the additionally routable pads willzae x 4 for
« > 3, in many cases. Since the matrix shape deforms from
square, an accurate estimation of the corner effect is difficult f8f
the following layers. To avoid a complication, the corner effe
has not been taken account in the model.

With the preferential routing, the number of routable lines
the layer,Rpt, is given by

Ingeneral, logic LSIs have I/Os for power and ground ranging
from 25 to 35% of the bump matrix. For instance, the ratio of
%?énal, power and ground in typical ASICs can be roughly ap-
e%rroximated as 4:1:1. These bumps for power and ground are
ically located in center of the bump matrix, and are, respec-
ely, connected to some separated power and ground layers
a substrate/package. Since these pads for both of power and
%tround can, respectively, be united systematically into one or
two routes, number of rows for signal pads is a major factor that
%ffluences on the required number of routing layers.
The build up substrates are, in most cases, made with a sym-
metric structure, in which an identical number of build up layer
Rpt = Rt +4gNh. (7)  are formed on both side of the core, to avoid a warp caused by
imbalance in shrinkage during the manufacturing process. Min-
Using this equation, Fig. 11 estimates the number of residualum pitch among the though holes in usual PCB core is larger
pads on the each layer routed with= 3, 4, 5, 7 and the con- than the pitch among flip chip bumps, so that all signal pads in
ventional procedure maintaining the matrix shaping square,thre matrix need to be routed out within the build up layers on
the case of which line width, interline space, pad diameter, pdte chip mounting side. To realize the symmetry, some electri-
pitch are, respectively, 58m, 50.:m, 200.:m, 350:m (30m,  cally less-important layers tend to be added, usually as power or
30 4m, 120m, 210pm and 71um, 71 m, 285,m, 500m  ground layers, on the opposite side. Therefore when one signal
are also equivalent) and matrix sizelisx 40 pads. Withn = 3 layer is eliminated, one of these insignificant layers can easily
through 7, the minimum number of layers required40r< 40  be omitted as well.
pads matrix to be wholly routed out can be six. The difference It is profitable to increase the number of pads routed out per
in Rpt from the practical number of layers needed is caused kayer even if a number of routing out layers required can not be
the following two factors, except for the corner effect; First, thdecreased. Fig. 11 explains this advantage on the fifth layer. As
gain per the hybrid channel decreasegsno— [) — 1 on the the diminution rate is clearly different dependingonan ade-
second layer, caused by a deficiency of the supplied lines whegate area is provided for ground (or power) to coexist on a final
the adjacent hybrid channels share a pad on their boundary.©Outing layer of signal with the effective n. When the number of
the layers hereafter, the gain returns(te — [). Second, dif- signal lines is sufficiently small, the layer can be regarded as a
ference inNh decrease also effects dix. In the preferential ground (or power) layer, and as the result, signal routing layers
routing, the number of decreasing rows is larger than two thaan be diminished. With this manner, we could practically re-
is the typical number for one line per channel structure. Thisdsice tow build up layers from 1296 lands-grid array package
also a factor effective of¢. Under these influences, the min-for ASIC, in which 800 signal pads in 3828 pads-matrix for the
imum number of layers required fdbH x 40 pads matrix to be flip chip connection are included.
wholly routed out becomes seven. On the other hand, first layer is generally a special layer on
With the conventional two lines per channel structure requiragich a solder resist layer and larger lands compared with that
the same number of routing layers as seven. The similar coaithe inner layer are formed for the flip chip bump connection.
parison can be done using the equations (1) and (2) betweenWbenp — d < w + 2s, the first layer is only usable for the
lines per channdle = 2) structure and the hybrid channel withoutermost row to be routed, and the case is common to both the
« = 1. For instance, the line width and space should be thinnpdeferential and conventional methods.
to 30:m and 3Qum for o = 2 from 50:m and 5qumfora = 1 Since the relative position of the pads would be kept among
when the pad pitch and diameter are identical for both, and ¢he layers, this method can be expected as effective, not only
gives 11 fore = 2, while (2) also gives 11 far = 1, with these for via-on-via (filled via, via in pad or stacked via) structure,
w, s andn = 5, as summarized in Table I. This suggests théiut also for Dog-bone structure (microvias on escaped pads)
the preferential routing structure with one line per channel rulkat are extensively used in the connection between flip chip
is equivalent to conventional routing structure with two lines p&o substrate or package, package to board, etc. Furthermore, a
channel rule. larger effect can be realized if the hybrid channels are formed
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