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Lithography Defect Probability and Its Application to Physical Design Optimization Seongbo Shim, Woohyun Chung, and Youngsoo Shin, Senior Member, IEEE



Abstract— Modern standard cells contain intercell margins at the left and right ends for better lithography. We introduce defect probability, which is the probability that a lithography defect occurs if the margins between two adjacent cells are missing. Computing the defect probability of all cell pairs is impractical due to lengthy lithography simulations and huge number of cell pair combinations. Two approximate methods are employed to make this computation possible: reducing the range of optical proximity correction and grouping cell pairs of similar geometry at the cell boundary. We also present how the cell layout can be modified for a lower defect probability with no impact on the cell electrical parameters. Defect probability is applied to two physical design optimization problems. In the automatic placement, we consider that all cells are initially without margins. We want to locate two cells adjacent if their defect probability is zero (or negligibly small) or insert margins in between; this is achieved using the average defect probability as one of the cost terms of the placement. Experiments in 28-nm commercial library demonstrate an 8% reduction in the area with a 4% shorter wirelength. In the second application, we assume that the standard placement using cells with margins have been performed. We want to identify redundant margins that can be removed while the defect probability is kept zero. We take a step forward and shuffle the location of a few consecutive cells in the same row so that more redundant margins are identified. Once all the redundant margins are removed, newly created whitespace is distributed to reduce routing congestion in highly congested areas. Experiments indicate a 48% reduction in the number of overflow routing grids. Index Terms— Defect probability, intercell margin, lithography defect, physical design, placement, post-placement optimization.



I. I NTRODUCTION PATTERN failure originated from lithography process, such as contact bridge and metal short, is called lithography defect. As technology node shrinks down to 32-nm and below, lithography defect is more likely to occur [3] due
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Fig. 1. Intercell margins (a) in a single cell and (b) when two cells are placed adjacent.



to fine features that are not exactly patterned out by optical lithography. A modern standard cell is designed through repeated layout modification, retargeting and optical proximity correction (OPC), and verification through lithography simulations [4], [5]; this process assures no intracell lithography defect. Potential intercell defect, which may arise near the cell boundary when two cells are placed adjacent, is avoided by embedding extra space both at left and right ends of a cell, called intercell margin (or simply margin) [6]–[8]. As shown in Fig. 1, a margin is typically half the singlepoly pitch, and a dummy poly is inserted so that polys are regularly placed for better lithography [7], [9], [10]. Intercell margin is a standard practice in library design of 32, 28, 20, and 14-nm technologies and is also expected to be required at future technology nodes [8], [11]. A. Motivation and Contributions Margins are not always necessary. For example, in the commercial 28-nm library we tested, the margins between INV and XOR3 are redundant, while those between INV and AND2 are indeed necessary. Extensive investigation indicates that the margins between 23% of cell pairs are redundant; for 44% of cell pairs, the margins in between may be taken away while the probability that lithography defect occurs, which we call defect probability, is expected to be less than 10%. If some margins of an entire circuit layout are removed, the layout may be made compact or newly created whitespaces may be used for some physical design optimizations. The challenge is to identify the defect probability of all cell pairs in advance. Even one cell pair requires a series of lithography
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Fig. 2.



(a) Mask synthesis process and (b) lithography simulation result for contact layer.



Fig. 3.



(a) Mask synthesis process and (b) lithography simulation result for metal 1 layer.



simulations to assess the impact of the lithography parameters on the patterning result. Our contributions in this respect are as follows. 1) We introduce how to calculate defect probability from a set of lithography simulation results (Section II). 2) Two techniques are proposed to allow the defect probability of all cell pairs to be approximated (Section III): reducing the range of the optical proximity correction (OPC) region and grouping cell pairs of similar geometry at the cell boundary. 3) Cell layouts are modified for lower defect probability (Section II). We address two physical design optimization problems as applications of defect probability. In automatic placement (Section IV), we assume that all the cells are without margins in the first place. The placement needs to place two cells adjacent if their defect probability is zero (or smaller than the threshold given as placement input); for the other two cells, the margins shall be inserted in between. This is achieved using the average defect probability as one of the cost terms in addition to the total wirelength of the simulated annealingbased prototype placer. The benefit in the layout area is assessed through extensive experiments. The second application considers post-placement routing congestion reduction (Section V). The standard placement is assumed, in which all the cells contain margins. The goal is to identify redundant margins (or margins with defect probability smaller than the given threshold), which are then removed; the highly congested region takes advantage of newly created whitespaces to relieve routing congestion. We also shuffle the location of a few consecutive cells in the same row so that more redundant margins are discovered. The proposed



methods are implemented in Tcl scripts executed in the commercial physical synthesis tool. II. D EFECT P ROBABILITY A. Preliminaries 1) Lithography Simulation: Fig. 2(a) shows the mask synthesis process for the contact layer with NOR2 and INV cells placed side by side; the corresponding process for the metal 1 layer is shown in Fig. 3(a). The layout is first converted to the optical proximity correction (OPC) target, a target of subsequent OPC step. The geometry in the OPC target is typically made larger than that in the layout to account for shrinking effect during the etch process. Some SRAFs (subresolution assist features) may be added for better light interference; OPC is then performed and yields the final mask image. Lithography simulation, a key component in semiconductor optical lithography, takes a mask image as input and produces image contours as shown in Fig. 2(b) and Fig. 3(b), which are the predicted shapes on a wafer when real lithography is applied on a mask image. 2) Process Variation Band: The lithography process is under the influence of three key parameters: scanner focus, exposure energy, and mask manufacturing error [12], [13]. Each parameter can be considered as an independent random variable with the normal distribution [14]. To account for the variation of parameters, a usual practice is to repeat the lithography simulation, while each parameter is set to one of its mean and ±3σ values. A set of resulting 27 image contours from the simulations is called process variation band (PVB) [12]. Fig. 4(a) and (b) respectively shows PVBs in the contact and metal 1 layers.
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Fig. 6. (a) PVBs of a contact pair and (b) corresponding PVB distance distribution. Fig. 4.



PVBs in (a) contact layer and (b) metal 1 layer.



distance between them, the PVB distance, is also a linear function of scanner focus. It has also been observed that the other two lithography parameters, exposure energy and mask manufacturing error, linearly affect the PVB widths [17], [18] and thus the PVB distance. 2) Definition of Defect Probability: Let the PVB distance between two contacts x follow a normal distribution: x ∼ N(μ, σ 2 ). Fig. 5. PVB width of an isolated contact and two nearby contacts under the variation of scanner focus.



A PVB thickness indicated in Fig. 4(a) is a measure of how much a particular geometry is affected by the variations of the lithography parameters [15]. It is primarily determined by how close the neighboring geometries are located. In Fig. 4(a) for example, c1 and c2 are very close across the cell boundary and so their PVBs near that boundary are thicker than those of c3 and c4, which are relatively far apart. B. Defect Probability 1) PVB Distance: When two PVBs are too close, e.g., c1 and c2 in Fig. 4(a), their PVBs become thicker and so the minimum distance between the PVBs, called the PVB distance, gets smaller. This may cause a bridge between contacts. Similarly, if PVBs of two metal wires are too close, e.g., w1 and w2, and w2 and w3 in Fig. 4(b), metal shorts may occur. These are primary examples of the intercell defect. The PVB distance can be modeled as a normal distribution. This is because it is approximately a linear function of each lithography parameter, which in turn follows a normal distribution, as follows. Let us first consider scanner focus. It has been reported that the PVB width, the maximum width of the PVB contours, is dependent on scanner focus [16] in a quadratic fashion as shown in Fig. 5. Specifically, the dependence is weaker in multiple contacts located nearby than in an isolated contact due to the higher constructive interference. Scanner focus, on the other hand, is typically adjusted with an isolated contact as a target, so the PVB width of multiple contacts, which is our concern, can be assumed almost linear within ±3σ range of the scanner focus variation [see Fig. 5]. Two nearby contacts are practically under the influence of the same scanner focus variation, so the



(1)



As shown in Fig. 6, the distance between the outermost contours of PVB, denoted by PDo , corresponds to μ − 3σ ; the distance between the innermost contours (which is measured along the line where PDo is measured), denoted by PDi , corresponds to μ + 3σ . Conversely, by measuring only two PVB distances, PDo and PDi , after lithography simulations, we obtain the values of μ and σ , and so the distribution (1). The minimum and maximum threshold values that are allowed for PDo , denoted by θm and θ M , respectively, are typically available from a foundry fab [19], [20]. A layout that contains a number of test patterns (e.g., contact pairs) is prepared. A PDo value of each pair is obtained through lithography simulations. Once the test wafers are released, the lithography defect is inspected for each pair. The contact pairs are then grouped; one group of pairs with defect and another group without defect. The maximum PDo value of the first group corresponds to θm , while the minimum PDo in the second group determines θ M . Now, if the PDo of a particular contact pair is larger than θ M , the pair is free from defect and so the defect probability is 0%; if PDo is smaller than θm , the defect probability is 100%. If θm < PDo < θ M as shown in Fig. 6, the defect probability is given by  θm f (x, μ, σ )d x × 100% (2) D =  −∞ PDo −∞ f (x, μ, σ )d x where f is the probability density function of normal distribution. The numerator of (2) represents the portion of contact pairs whose PVB distances are unacceptably smaller than the θm value. The sample space that we consider for defect probability spans contact pairs whose PVB distance is smaller than the PDo value, not the whole contact pairs, which is reflected as the denominator. This makes defect probability continuous when PDo approaches θ M and θm . As PDo gets closer to θ M , the distribution in Fig. 6 becomes taller and
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Fig. 7. (a) Layout of INV and NOR2 cells. (b) Cell pair configurations with corresponding defect probabilities. (c) Modifying layout for lower defect probability. (d) Cell pair configurations with new defect probabilities.



are removed). Calculating it for each cell pair one by one takes a lot of time due to a number of cell pairs and lengthy lithography simulation. So, we grouped cell pairs that have an identical or similar boundary layout, which mainly affects the defect probability, computed the defect probabilities of some representative cell pairs from each group, and mapped them to individual cell pairs in the corresponding group (detailed process will be described in Section III. The result is shown in Fig. 8 as shaded bars. About 21% of cell pairs are free from defect, but there are also plenty of cell pairs (65%) whose defect probability is larger than 50%. Fig. 8. Defect probability histogram of all cell pair configurations of 28-nm library: before (shaded bars) and after (white bars) layout modification.



narrower (i.e., σ becomes smaller), so (2) approaches 0% as we expect. As PDo becomes θm , (2) becomes 100%, which we also expect for the definition of θm . Cell pairs can be arranged in four different configurations [see Fig. 7(b)] because each cell can be flipped in the y axis; cell pair configuration will simply be called cell pair whenever the context implies it. Each cell pair may contain more than one adjacent contact pair at the cell boundary, e.g., c1 and c2, and c3 and c4 in Fig. 4(a). We evaluate (2) of the adjacent contact pairs at the cell boundary, and take only the largest one as the defect probability since it determines the patterning yield. Defect probability is computed at both the contact and metal 1 layers, which are the most critical layers for lithography defect, and a larger value represents the defect probability of the cell pair. Defect probability has been calculated for all possible cell pairs of the 28-nm industrial library (after all the margins



C. Layout Optimization for Lower Defect Probability We investigate how we modify the cell layout to lower the overall defect probability. Layout modification is mainly performed in the metal 1 layer because of two reasons: defect probability is governed by the metal 1 layer (i.e., it yields a larger D value) in about 70% of cell pairs; design rule allows nearby contacts [e.g., c1 and c2 in Fig. 4(a)] to be moved away for a lower defect probability only in the vertical direction, which often causes relocated contacts to be made closer to some other contacts (in the abutted cells). Fig. 7(a) shows the layout of INV and NOR2 cells after their margins are removed. They can be arranged in four different ways as shown in Fig. 7(b), in which superscript F indicates that the cell is flipped; defect probability and the location where the defect arises are shown for each configuration. When metal 1 is used as a signal wire, it runs a long distance vertically along the cell boundary, because it connects two contacts on different diffusion layers [see Fig. 7(a)]. When it is used as a power wire, on the other hand, its length is short because it connects a contact to a nearby power rail.
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Fig. 9. Range of OPC region. (a) Ideal optical influence range includes the cell pair and some of their neighboring cells. (b) Reducing the range to cell pair, 3-pitch from cell boundary, 2-pitch from cell boundary, and 1-pitch from cell boundary.



High defect probability is expected in cell pair configurations, in which two signal wires face each other (INV F , NOR2) or a signal wire faces a power wire [(INV, NOR2) and (INV F , NOR2 F )]. The ideal configuration is when two power wires face each other (INV, NOR2 F ), because even a metal short between power wires (due to lithography defect) does not lead to an electrical problem. Some cells contain signal wires on both sides (e.g., 11 × BUF and 2 × AND2), and they mostly cause high defect probability on whichever cells they are abutted to. The opposite is true in the cells with power wires located on both sides (e.g., 3 × XOR 3). The layout modification is performed as follows [see Fig. 7(c)]. 1) Signal wires are first pushed inward as much as possible, so that the wire can be apart from the cell boundary, which increases the intercell distance of the wires when two cells are abutted. To avoid the intracell defect, the distance between the moving signal wire and the adjacent internal wire (or wires) is larger than the recommended design rules [8], [19], which guarantees a 0% defect probability. 2) The vertical segment of the signal- and power-wires (on the opposite side of the cell) is then made shorter as long as the design rules are not violated, which increases the distance between the adjacent signal- and powerwires when two cells are abutted. 3) Finally, some contacts are relocated to maintain the metal-contact overlap and to respect the relevant design rules. This procedure is automatically performed through a Perl script, which returns how much each edge in the layout should move. We manually modify the cell layout, accordingly. The result of this layout optimization is shown in Fig. 7(d). Substantial benefits are observed in (INV, NOR2) and (INV F , NOR2 F ), which are the configurations with a signal wire facing a power wire. On the other hand, the defect probability increases rather than decreases in (INV, NOR2 F ) since some two contacts along the cell boundary are made closer, while the layout is modified and defect probability is determined at the contact layer this time [which is why we show contact PVBs; the same is true in (INV, NOR2) even though its defect probability decreases]. We optimize all cells in the library and the new defect probability distribution is shown in Fig. 8 as white bars. Overall the defect probability is clearly reduced. Specifically, the



cell pairs whose defect probabilities are larger than 5% and smaller than 10% increase by 8.7%; the cell pairs whose defect probabilities lie between 70% and 75% decreases by 5.2%. The space between the wires decreases, which may cause change in the electrical parameters, including propagation delay and input capacitance; we observed, however, that the maximum increase in the load capacitance is just 1%, and this makes the cell slower by less than 0.1%, which is negligibly small. Note that if some new cells are introduced, the same procedure is applied to them since this process is performed for each individual cell. III. D EFECT P ROBABILITY C OMPUTATION Defect probability of one cell pair configuration is obtained through making OPC target, OPC, and repeated lithography simulations, so computation of the defect probability for all cell pairs of a practical library is impractical. We instead approximate the defect probability using two methods. 1) Reduce the range of the layout where OPC is performed (Section III-A). 2) Group cell pairs that have similar patterns along the cell boundary, and compute defect probability once for each group (Section III-B). A. Reducing Range of OPC Region Suppose that the defect probability of a cell pair, A and B, is to be obtained. Assuming 193 nm ArF as an illumination source with 1.2 NA immersion lithography, the optical influence range is about 1 μm, which is, for example, the width of about 9 cells in the 28-nm technology. An exact OPC therefore should be performed in the region that includes the cell pairs and also some of their neighboring cells, as shown in Fig. 9(a). We gradually reduce the range of OPC to just cell pairs; and further within 3-pitch (3 times of minimum pitch), 2-pitch, and 1-pitch from the cell boundary as shown in Fig. 9(b). Note that OPC is not applied to layout out of the range, in which the OPC target itself is used as mask image for subsequent lithography simulations. We then perform lithography simulations for the whole mask image within and out of the range, and assess the accuracy of the resulting defect probability and simulation time. This is performed on 3364 cell pairs, which are made of 29 cells (29 × 29 × 4 = 3364), each of which is picked from each gate family, in which the cells have similar layouts at the cell boundary (e.g., 1X INV, 2X INV, etc.). The result
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Fig. 10. Average time for defect probability computation and error for defect probability computation in (a) contact layer and (b) metal 1 layer: minimum and maximum errors are shown as bars.



(as average value) is shown in Fig. 10, in which the values are normalized with the simulation in full optical influence range [Fig. 9(a)] as a reference. If the simulation is confined to the cell pair, the error is below 5% both in the contact and metal 1 layers, but the simulation time is still 80%. Simulation in 1-pitch range causes unacceptably large errors, so it is not appropriate. We eventually choose the 2-pitch range, which offers the best compromise of error and simulation time; it is also very efficient in grouping cell pairs in Section III-B. B. Grouping Cell Pairs



Fig. 11. (a) Cell pairs that have the same contact patterns in 2-pitch range from the cell boundary. (b) Extracting boundary patterns. (c) Grouping identical boundary patterns. (d) Generating unique pairs of boundary patterns.



Even if the simulation range is reduced to 2-pitch from the cell boundary, a huge number of cell pairs still make the computation intractable. Fortunately, there are many cell pairs whose boundary layout patterns (in contact or metal 1) in the 2-pitch range are identical as shown in Fig. 11(a). These cell pairs can be grouped [21] and require just one defect probability computation. Comparing cell pairs one by one is exhaustive and slow; its complexity is O(N 4 ), where N is the number of cells in a library. So, grouping cell pairs is in fact performed as follows: 1) we extract boundary patterns (in 2-pitch range) on both sides of each cell [Fig. 11(b)]; 2) we group identical boundary patterns [Fig. 11(c)]; and 3) we then generate unique pairs of boundary patterns using the representative boundary patterns from each group, and each pair corresponds to one group for one defect probability computation [Fig. 11(d)]. The grouping complexity in this process is reduced to O(N 2 ). Our 28-nm library contains 1043 cells, which result in about 4 million (=4 × 10432) cell pair configurations. They are grouped in 0.47 million on contact layer and 0.6 million in metal 1 layer. The number of defect probability computation is thus reduced to about 13% (= (0.47/4 + 0.6/4)/2). Fig. 10 indicates that simulation time is reduced to 18% if the 2-pitch range is considered. Therefore, the total computation time is reduced to 2.3% (=0.13 × 0.18). If we choose the 3-pitch range instead, the total computation time is reduced to 26% (=(1.8/4 + 2.3/4)/2 × 0.5), which is still too high. 1) Grouping Cell Pairs of Similar Boundary Patterns: The reduced time of defect probability computation (2.3%) still represents a quite substantial actual time, i.e., 472 h in contact layer and 589 h in metal 1 layer. The number of cell pair



groups can be reduced if we group the pairs of similar (in addition to same) boundary patterns. The similarity between two pairs of boundary patterns is quantified as follows: geometricAND and - OR of the two pairs is obtained; the percentage area of geometric-OR occupied by geometric-AND is defined as similarity. The result of this new grouping is given in Table I, where 100% similarity corresponds to the original grouping. If we group cell pairs whose similarity is 90% or greater, the number of groups is greatly reduced from 472 000 to 91 000 in the contact layer; there is a corresponding reduction in computation time from 89 h to 18 h. This comes at the cost of increased error in the defect probability, which we need to assess. The maximum error of the original grouping is 6.8% in contact and 8.2% in metal 1 as Fig. 10 shows [recall that 2-pitch simulation range is adopted and so the error is with respect to the simulation in full optical influence range of Fig. 9(a)]. For each group i in the new grouping, we pick a cell pair pi that has the largest average similarity to all the other pairs in i ; the defect probability of pi shall be shared by all the other pairs. To assess the error of i , we sample some cell pairs, such as the least similar one to pi and five with different pattern densities, which affect light interference and the errors of their defect probabilities with respect to pi (in full simulation range) is calculated. The maximum value of this error in all groups is shown in the last column of Table I. Fortunately, there is only a marginal increase in error from 6.8% to 8.1% in contact and from 8.4% to 10.3% in metal 1. If we group cell pairs whose
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TABLE I F URTHER C ELL PAIR G ROUPING



Fig. 13. Fig. 12.



Coefficient values of (a) tv80 and (b) b21.



Defect probability table.



similarity is 80% or greater (or 70% or greater), the number of groups and computation time is further reduced but the errors are not acceptable any more. We arrange the resulting defect probabilities of all the cell pairs without an intercell margin as a table, called the defect probability table, as shown in Fig. 12. The table contains 2086 rows and 2086 columns in our experiments, which present defect probabilities of all possible cell pairs. Once we generate the table in advance, the defect probability of any cell pair can be identified by simply looking up the table instead of lengthy computations during placement or post-placement optimization, which will be introduced in the following sections. IV. A PPLICATION OF D EFECT P ROBABILITY I: AUTOMATIC P LACEMENT We assume that all standard cells are without intercell margins, which we call margin-less cells. The problem we address in this section is automatic placement, in which the proposed placer receives a netlist and a new library with the marginless cells, and the goal is minimizing the average defect probability of all the adjacent cells as well as the total wirelength during a placement. The maximum defect probability, which affects the yield, is also taken care of. A. Implementation of Placer A prototype placer was implemented based on simulated annealing [22]. Our placer receives a netlist and then generates an initial random placement (without any cell overlap). That initial placement is gradually refined (while legality is maintained) in simulated annealing (SA) loop. The cost of each placement instance is given by  = αCd + βCw + γ Cr



(3)



where Cd corresponds to the average defect probability of all the adjacent cells and Cw is the total wirelength estimated through the half-parameter of a bounding box. Cr is given by  [WS(i ) + RL(i ) − RL 0 ]2 (4) Cr = ∀row i



where WS(i ) is the total whitespace required between adjacent cells whose defect probability is larger than the given threshold, RL(i ) denotes the sum of the cell width, and RL 0 is the minimum RL(i ). Note that WS(i ) + RL(i ) is the width that we require on row i and thus Cr as defined by (4) guides all rows to receive the necessary amount of whitespace. 1) Preplacement: Coefficients α, β, and γ are employed to let three terms be equally treated in cost evaluation. Their values are determined before simulated annealing loop begins and are given by ∂P ∂P ∂P , β= , γ = (5) ∂Cd ∂Cw ∂Cr where P denotes a series of placement instances. To obtain the values of coefficients, we perturb the placement (∂ P) by operations that we will use in the SA loop, and measure how much each cost term changes (i.e., the values of ∂Cd /∂ P, ∂Cw /∂ P, and ∂Cr /∂ P), which are the inverse numbers of our coefficient values; this is repeatedly performed when the values converge. Our experiments indicate that the coefficients converge very quickly as shown in Fig. 13, so the runtime for this step is insignificant. A circuit tv80 consists of about half the number of cells than b21, so its Cd is twice more sensitive to placement implying that α is half of that in b21 as Fig. 13 indicates. The values of β and γ should be inversely proportional to the width (or height) of the placement region; tv80√occupies about half the area of b21, so its β and γ are about 2 times larger, respectively. α=
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Fig. 15. (a) Three nearby cells. (b) Bell-shaped smoothing function D x and D y .



Fig. 14. (c) Flip.



Operations to generate a new placement. (a) Displace. (b) Swap.



2) SA-Based Placement: Three operations are prepared to generate a new placement. 1) Displace shown in Fig. 14(a) displaces a randomly picked cell to a randomly chosen new location. 2) Swap in Fig. 14(b) randomly picks two cells and swaps their locations. 3) Flip in Fig. 14(c) flips randomly picked cell along its y-axis. Cell overlap is removed and the cells are packed from left to right after each operation. The three operations are chosen with equal probability at the beginning of the SA loop, but displace and swap are chosen less frequently as the temperature decreases since they may affect Cw substantially. 3) Whitespace Distribution: During SA loop, cells are packed from left to right and so whitespace is assumed at the right end of each row. Once SA completes, we scan each row and insert whitespace of the single poly pitch between adjacent cells whose defect probability is larger than the given threshold. This is equivalent to assuming intercell margins between those cells, and polys can be regularly placed for better lithography. If there are still some adjacent cells whose defect probability is larger than the given threshold at the end of the SA loop, we declare the placement as failed and restart the placement with a smaller placement density (or more whitespace) as is often done when routing fails in standard placement and routing. 4) Considerations on Analytical Placer: We choose simulated annealing for the simplicity of implementation. However, the same idea may be realized in a more sophisticated yet popular analytical placer. In the cost function (3), Cw can be modeled by a differentiable function, e.g., logarithm-sum-exponential (LSE) approximation method [23]–[25]. Cd is not quadratic and is not differentiable, but it can be made so. Imagine three cells A, B, and C, as shown in Fig. 15(a). The right side of cell A can be paired with the left side of the other cells B and C during a placement. For each pair, the exact defect probability is given by D(i, j )Dx (dx )D y (d y ), where D(i, j ) is the defect probability when the i th and j th boundaries are abutted, d x and d y are, respectively, horizontal and vertical distances between the two boundaries, and Dx and D y are functions whose values are 1 if dx = 0 and d y = 0, 0



otherwise [see Fig. 15(b)]. However, these functions are not differentiable, so they are smoothed using bell-shaped functions [23], [25] Dx and D y [see Fig. 15(b)], which can be given by ⎧ 2 ⎪ 0 ≤ |dx | ≤ p/2 ⎨1 − adx , 2 (6) Dx = b(dx − p) , p/2 ≤ |dx | ≤ p ⎪ ⎩ 0, p ≤ |dx | where a = b = 2/ p2 and p is one poly pitch; d y and h are substituted for dx and p in D y , where h is the cell height. If two boundaries are placed within a horizontal distance of one poly pitch and within a vertical distance of a cell height [see cell A and B in Fig. 15(a)], they are likely to be abutted after legalization; otherwise, they are likely to be placed apart, and the defect probability is zero (see cells A and C). Therefore, the first term (Cd ) of our cost function (3) can be expressed as the sum of D(i, j )Dx (dx )D y (d y ) for all i and j , which is called the relaxed Cd and is still a quadratic and differentiable function. The last term Cr is in fact not required in this analytical placer, since whitespace is automatically distributed due to the first cost term. Consequently, the cost function in our placer can be integrated into the analytical objective function. The relaxed Cd can equal the exact Cd when two cells are exactly abutted or they are apart enough to have zero defect probability. So, during a global placement before legalization, they may be quite different due to many overlapped and very close cells, whose exact Cd is 0 but relaxed Cd is larger than 0. To evaluate the error rate of the relaxed Cd , we compared it with the exact Cd for four test circuits (tv80, usb_func, aes_cipher, and vga_lcd). Experiments indicated that for a placement before legalization, the relaxed Cd is 8.1%, while the exact Cd is only 0.3% on average as we expected. However, both of them equally become 6.7% after legalization, and it is only 1.4% smaller than the relaxed Cd for unlegalized placement. This implies that the relaxed Cd is good to represent Cd of a legalized placement and so is good to use as a cost function during a global placement. B. Experiments The proposed placer was implemented in C++ and evaluated using test circuits extracted from OpenCores [26] and ITC99 [27], which are listed in Table II. A square placement region was assumed and 25% of the total region was dedicated
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TABLE II T EST C IRCUITS



Fig. 17.



Fig. 16.



(a) Marginless cell. (b) Abutment of two marginless cells.



to whitespace. All the experiments are based on commercial 28-nm technology. Two other placers were implemented to assess the proposed placer. Placer A represents a standard placement, which places the cells having intercell margins and minimizes only total wirelength (i.e., α is set to 0 in (3) and WS(i ) is dropped from (4)); defect probability is always 0 in this case thanks to intercell margins. Placer B is the same as Placer A, but it places marginless cells, as shown in Fig. 16. The proposed placer is named Placer C. 1) Assessment of Placer: The wirelength and the placement area from the three placers are summarized in Table III. The defect probability threshold is varied between 0%, 5%, and 10% in Placer C, which affects the amount of whitespace inserted between adjacent cells with the defect probability beyond the threshold, and the final placement density; note that the placement density is always 85% in Placers A and B. The area is reduced by 15% on average in Placer B with an 8% reduction of the total wirelength, which is the main advantage of marginless cells; however, the layout does not have a practical value since the defect probability is not taken care of. More area is required in Placer C than in Placer B to respect the defect probability threshold, but there is still some area saving compared with Placer A, i.e., 8% when the threshold is 0%, 11% when the threshold is 5%, and 14% for a 10% threshold. In such circuits as b21, Ethernet, and b22, large area saving from Placer C is observed if the threshold is increased from 0% to 5%; these circuits contain many



PVB thickness histogram of contact and metal 1 layers.



Fig. 18. Comparison of placement area before and after layout optimization of standard cells (Section II-C); a percentage number of area reduction is presented for different defect probability thresholds.



adjacent cells whose defect probability is nonzero but smaller than 5%. PVB thickness is a measure of sensitivity of the layout geometry to lithography process variations (refer to Section II-A). We measure the PVB thickness at the center of every edge (or a few positions along the long edge) in a test circuit layout, and arrange them as a histogram. Fig. 17 shows the result of one sample circuit (usb_func), where about 65 000 and 150 000 PVB thicknesses are measured in the contact and metal 1 layers, respectively. Many PVBs become thicker in Placer B than in Placer A since the defect probability is not taken care of, but Placer C achieves an almost identical PVB thickness distribution even though it places marginless cells. 2) Assessment of Cell Layout Optimization: The layout optimization method presented in Section II-C is assessed. The placement area from Placer C after layout optimization is compared with that before layout optimization, as shown in Fig. 18; the area reduction due to the optimization is shown in percents. The comparison indicates that the placement area is reduced by 2.5% (on average of all circuits and all three threshold values) after layout optimization with a 0.7% reduction in the total wirelength. When the threshold increases from 5% to 10%, the layout modification leads to more area saving (4.2%) because the cell pairs whose defect probability falls between 5% and 10% benefit the most from the layout modification [see Fig. 8]. 3) Defect Probability Friendly Logic Synthesis: Fig. 8 shows that there are many good cells in terms of defect
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TABLE III C OMPARISON OF T HREE P LACEMENT M ETHODS



Fig. 19. Placement area of Placer C when circuits are synthesized using original library and new library. (a) aes_cipher and (b) b17.



probability but there are also many bad cells. We may try to avoid these bad cells right from the logic synthesis stage. We excluded cells whose average defect probability (over all cell pair combinations that include those cells) exceeds 50% from a library; 427 out of 1043 cells fell in that category, in which 2 × AND2 and 11 × BUF were examples. We took the same circuits in Table II, reperformed logic synthesis, and repeated the same experiment as in Fig. 18(a). The results of two sample circuits are shown in Fig. 19. The placement area is reduced by 1.1% and 3.4% (on average over all threshold values) in aes_cipher and b17, respectively. Note that due to less freedom of logic synthesis, the number of cells in a placement slightly increases (by about 3%), which reduces the advantage of the new library and sometimes even increases the placement area [see aes_cipher with 0% threshold in Fig. 19(a)]. V. A PPLICATION OF D EFECT P ROBABILITY II: ROUTING C ONGESTION R EDUCTION In this application of defect probability, we assume that conventional placement (e.g., Placer A) has been performed; note that all intercell margins are present. We then identify adjacent cells whose in-between margins can be removed (such margins will be called redundant) while their defect probability is still zero (or negligible). We take a step forward and perturb



Fig. 20.



Overall flow to reduce routing congestion.



the location of a few consecutive cells in the same row so that the number of redundant margins is maximized. Once all the redundant margins are removed, newly created whitespace is distributed in a way that routing congestion in the highly congested region is reduced. A. Overall Flow The overall flow to reduce congestion is shown in Fig. 20. Standard steps of placement, clock tree synthesis, and routing are first performed using conventional cells having intercell margins. The layout is divided into a set of square grids (see Fig. 21); congestion is the number of occupied routing tracks divided by the number of available tracks, and is calculated for each grid; grids whose congestion exceeds 100% are called overflow grids. Reducing congestion should be done for the high-congestion region, which is made up of grids that are neighbors of overflow grids as well as overflow grids themselves. The cells inside the high-congestion region are spread out, which is named whitespace redistribution, after removing all the redundant margins inside the grids with low congestion. To generate enough whitespace, a few consecutive cells in the same row are grouped; their locations are swapped and their orientations
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Fig. 21.



Overflow grids, high congestion region, and low congestion grids.
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are then taken out so that the cells in the high-congestion region can now be spread out as shown in Fig. 22(b). The total number of redundant margins in the low-congestion grids corresponds to how much spread out the cells in the highcongestion region are. However, substantially different amount of spread out in different rows may lead to a large increase in the wirelength. We thus distribute whitespace evenly, in a way that the cells in the high-congestion region can be spread out uniformly. In some cell rows, redundant margins in low-congestion grids are not enough, and some cell rows have surplus redundant margins. We pick a few cells in a cell row that has not enough redundant margin, and move them to adjacent (lower or upper) rows having surplus redundant margins; the cell row that a cell is taken away now has more margins corresponding to the width of the cell, and in the cell row that a cell moves into, more redundant margins should be removed to compensate the increase in row length; cells containing a small number of pins are picked for small disturbance of routing. C. Local Placement Perturbation



Fig. 22. Cell placement in a cell row (a) before and (b) after whitespace redistribution.



are flipped along the y-axis so that more redundant margins can be identified within the cell group; in addition to this, some cells may move across different (adjacent) cell rows; this process is named local placement perturbation. Some cells may have been displaced after these processes, so the clock tree is rebuilt through CTS optimization. ECO routing is finally performed to reconnect disconnected wires. The details of the local placement perturbation and the whitespace redistribution will be discussed in the following sections. B. Whitespace Redistribution To reduce the congestion of overflow grids as well as their neighboring grids, we calculate the average congestion of the grids that are within a circle with each overflow grid at a center (see two circles in Fig. 21); we gradually increase the size of the circle until the average congestion decreases; the corresponding set of grids are treated as a high-congestion region as shown in Fig. 21. The cells in the high-congestion region are then spread out, in a way that whitespaces are inserted in between the cells. The whitespace comes from removing redundant margins in the low-congestion regions, which are a set of grids with low congestion being smaller than some threshold (70% in our experiment) and lie out of the high-congestion region, as shown in Fig. 21. We scan the cells that belong to the grids with low congestion, from left to right within a cell row, and identify all redundant margins as shown in Fig. 22(a) after local placement perturbation for more redundant margins (will be described in the following section). The redundant margins



To generate more redundant margins, a few consecutive cells in the same row are grouped as shown in Fig. 23(a). The goal is to shuffle their locations and orientations so that all the margins are declared as redundant. For given n consecutive cells, there are n!2n combinations we need to examine, but we introduce a matrix to simplify the process. Let n = 3 and A, B, and C be the name of cells as shown in Fig. 23(a). The redundancy of margins between all cell pairs is arranged as a matrix shown in Fig. 23(b). The margin on the right and left of each cell is denoted by superscript R and L, respectively. If margins between X and Y are redundant, the entry (X, Y ) takes Y as a value; otherwise it takes 0. Note that the entry ( A R , B R ) implies B flipped along the y-axis; note also that the row and column of matrix are indexed in a different order, i.e., the column starts with A L while the row starts with A R . To obtain the best placement of three cells, we square the matrix as shown in Fig. 23(c). The entry (X, Y ) now takes ZY, where X indicates the right side of the first cell, Z indicates the left side of the second cell, and Y indicates the left side of the last cell, if both the margins between X and Z and between the opposite sides of Z and Y are redundant; otherwise it takes 0. Therefore, all the entries with a nonzero value correspond to the best placement. Note that some entries have two values added up, e.g., the entry (A R , B L ) and (B L , A R ), which implies that there are two solutions. If the best placement for the three cells is determined, we include the next cell to the cell group and continue this process for the four cells. When the fourth cell is not available, i.e., the corresponding matrix does not have a nonzero element, we restart this process for the next cell group. Before proceeding to the next group, we select one among the best solutions, which is the most similar to the original placement as shown in Fig. 23(d). This can be done with the aid of the cost, the sum of the squares of each pin’s displacement distance; the solution with the minimum cost is elected.
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Fig. 23. (a) Group of consecutive cells. (b) Matrix to denote redundancy of margins. (c) Taking a square of matrix yields some best placements. (d) Optimum placement. TABLE IV C OMPARISON OF S TANDARD P LACEMENT AND ROUTING , AND O UR M ETHOD TO R EDUCE ROUTING C ONGESTION



In general, 2n-by-2n matrix is set up for n cells. Multiplying the matrix by itself n − 1 times yields a few nonzero entries that correspond to the best placement of the n cells. In our experiment, n is restricted to 4, which is empirically determined for the sake of runtime and minimizing the extent of cell displacement. D. Experiments



Fig. 24.



High congestion regions. (a) ac97. (b) b15. (c) mem_ctrl.



The proposed flow shown in Fig. 20 was implemented in the Tcl script, which runs on the commercial physical synthesis tool [28]. The same test circuits of Table II were used for the experiments. For each circuit, a square placement region was assumed, and a few iterations of placement were tried to determine the minimum amount of whitespace while the circuit timing constraints are satisfied. Routing layers up to metal 4 were used; this was intended to cause a nonnegligible amount of routing congestion, which we then try to reduce using our method, in which the defect probability threshold was set to 0%. 1) Congestion Reduction: The experimental results are summarized in Table IV. The number of overflow grids is



reduced to 52% on average (see the fourth column). The total wirelength is reduced to 97% on average, which is an understandable consequence of reduced congestion. Runtime increases by 17% on average compared with that of standard placement and routing; CTS optimization and ECO routing are responsible for 13%; local placement perturbation and whitespace redistribution take only 4%. Circuit ac97 benefits the most. As shown in Fig. 24(a), its high-congestion region is localized in a small area with enough number of low-congestion grids nearby. Circuit b15 benefits secondmost, although a substantial area corresponds to a highcongestion region as shown in Fig. 24(b). Fortunately, the
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Fig. 25. Impact of the maximum size of a matrix in local placement perturbation.



region is tall in the vertical direction, and since cell rows containing the high-congestion grids could have a large area of low-congestion grids, enough amount of whitespace can be generated, which explains the great reduction in congestion. Fig. 24(c) corresponds to the high-congestion region of mem_ctrl, which is widespread in the horizontal direction. Since the rows with a high-congestion region could have a small area of low-congestion grids, the amount of whitespace is not enough, so many cells should move across different cell rows, which causes large cell displacement and explains why the circuit benefits the least. 2) Defect Probability Threshold: We have also demonstrated the proposed method with a few different threshold values (see columns 7–12 in Table IV). The number of overflow grids decreases as the threshold increases because of more redundant margins; it is reduced from 52% to 44% when the threshold increases from 0% to 5% on average and further reduced to 34% when the threshold is 10%. In ac97 and pci, the number of overflow grids decreases the least, because there are a small number of cell pairs whose defect probabilities are between 0% and 10%; on the other hand, mem_ctrl and b14 contain a large number of these cell pairs, so the number of overflow grids decreases the most. 3) Size of Matrix in Local Placement Perturbation: We empirically determined the maximum size of a matrix (n) to 4 for the sake of runtime and minimizing the extent of cell displacement, as presented in Section V-C. We have demonstrated the impact of n on our method in a way that we repeat our method for all test circuits with different n and compare the average values of the number of remaining overflow grids, total wirelength, and runtime as shown in Fig. 25. As n increases, the number of overflow grids decreases, because more whitespaces can be generated by more aggressive local placement perturbation. The total wirelength decreases as n increases for n ≤ 4, but it increases when n ≥ 5 due to large cell displacement. So, the number of overflow grids does not decrease much when n is larger than 4 due to the increase in wirelength. The runtime substantially increases when n is larger than 4. Therefore, it is a reasonable choice to restrict n to 4. 4) Timing Closure: Our method makes routing easier due to lower congestion, which implies that our method may positively affect the timing closure process. After the proposed flow in Fig. 20, routing optimization was performed
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Fig. 26. Chip area after timing closure with different defect probability thresholds.



Fig. 27. Congestion reduction in usb_func and aes_cipher with varying aspect ratio of placement region; defect probability threshold was set to 0%.



Fig. 28. Number of overflow grids after the proposed method when circuits are synthesized using original library and new library.



for the timing closure; if the circuit timing constraints were satisfied, the proposed flow and the routing optimization were reperformed with a higher placement density (smaller chip area); this process was repeated while the timing constraints are satisfied. Resulting chip area is shown in Fig. 26. The chip area is reduced by 7.7% on average (up to 12.1% in ac97) when the defect probability threshold is 0%, and it is further reduced as the threshold increases due to decrease of congestion. Some circuits that benefit most in routing congestion also have good benefits in timing closure, e.g., ac97 and aes_cipher. 5) Aspect Ratio: In our method, whitespace is redistributed across the cell rows (in fact, cells move across the rows) as well as along the same row. Therefore, our method is consistently effective regardless of the aspect ratio of the placement region. This is experimentally verified with usb_func and aes_cipher as shown in Fig. 27 (Table IV is based on the aspect ratio of 1.0). The number of remaining overflow grids is shown in percents of the standard placement and
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routing. Note that the benefit of our method slightly decreases as the placement region becomes taller, because the number of overflow grids increases as the aspect ratio increases, which is because only M3 is used for vertical routing. 6) Logic Synthesis for More Redundant Margins: A gate 1 × NAND2 is involved in 4172 cell pairs; the margins in 74% of cell pairs are redundant. A gate 11 × BUF is involved in another 4172 cell pairs but only 11% pairs have redundant margins. We dropped such gate as 11 × BUF from the library if the percentage of cell pairs (containing the gate) whose margins are redundant is less than 40%; 589 cells (out of 1043) were dropped. A design was resynthesized with the new library, followed by our routing congestion reduction, in which 0% defect probability threshold was assumed. The resulting number of overflow grids (white bars) are shown in Fig. 28 for 4 sample circuits, and compared with the corresponding result from the proposed method with the original library (black bars). Further reduction in overflow grids has been expected since the circuits are newly synthesized using only cells that are likely to have redundant margins and thus are more likely to benefit from our method of reducing routing congestion. The circuit area increases due to the less choice of gates during synthesis, but only marginally (about 1.3%). VI. C ONCLUSION We have argued that some intercell margins can be safely removed. The concept of (lithography) defect probability has been introduced to indicate which margins can be considered redundant. Two approximate methods have been applied to calculate the defect probability of all cell pair combinations. We have then addressed two physical design optimization problems: automatic placement and post-placement routing congestion reduction. The defect probability may also be defined for other defect mechanisms, e.g., metal-contact overlap defect, and applied to other open problems, e.g., timing optimization or power optimization. R EFERENCES [1] S. Shim, Y. Lee, and Y. Shin, “Lithographic defect aware placement using compact standard cells without inter-cell margin,” in Proc. 19th Asia South Pac. Design Autom. Conf. (ASPDAC), Jan. 2014, pp. 47–52. [2] W. Chung, S. Shim, and Y. Shin, “Identifying redundant inter-cell margins and its application to reducing routing congestion,” in Proc. Design Autom. Test Eur. Conf. Exhibit. (DATE), Mar. 2015, pp. 1659–1664. [3] L. Liebmann, “DFM, the teenage years,” Proc. SPIE, vol. 6925, pp. 1–14, Mar. 2008. [4] D. Jang, N. Ha, J.-H. Park, S.-W. Paek, H.-S. Won, and K.-M. Choi, “DFM optimization of standard cells considering random and systematic defect,” in Proc. Int. SoC Design Conf. (ISOCC), Nov. 2008, pp. I-70–I-73. [5] C. Andrus and M. R. Guthaus, “Lithography-aware layout compaction,” in Proc. Great Lakes Symp. VLSI, May 2012, pp. 147–152. [6] O. M. K. Law, M. A. Joshi, K.-B. Thei, and H. Chuang, “Standard cell architecture and methods with variable design rules,” U.S. Patent 0 155 783 A1, Jun. 24, 2010. [7] R. Aitken, D. Pietromonaco, and B. Cline, “DFM is dead—Long live DFM,” in Proc. 32nd Int. Conf. Comput. Design (ICCD), Oct. 2014, pp. 300–307. [8] DFM Principal Engineer, Personal Communication, Samsung Electronics Corp., May 2013. [9] J. Wang, A. K. K. Wong, and E. Y. Lam, “Standard cell design with regularly placed contacts and gates,” Proc. SPIE, vol. 5379, pp. 55–66, May 2004.
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