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Capacity Limits and Matching Properties of
Integrated Capacitors
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Abstract—Theoretical limits for the capacitance density of
integrated capacitors with combined lateral and vertical field
components are derived. These limits are used to investigate the
efficiency of various capacitive structures such as lateral flux and
quasifractal capacitors. This study leads to two new capacitor
structures with high lateral-field efficiencies. These new capaci-
tors demonstrate larger capacities, superior matching properties,
tighter tolerances, and higher self-resonance frequencies than
the standard horizontal parallel plate and previously reported
lateral-field capacitors, while maintaining comparable quality
factors. These superior qualities are verified by simulation and
experimental results.

Index Terms—Analog—digital conversion, calibration, capaci- |
tance measurement, capacitors, digital-analog conversion, fractals,
integrated circuits, LC tank, passive circuits, resonators, sampled Fig. 1. Parallel plate capacitor.
data circuits.

determines the capacitance in the multiple parallel plate struc-

|. INTRODUCTION ture of Fig. 1. Unfortunately, in today’s process technologies,
p_is vertical spacing does not shrink as fast as the lateral separa-
on to avoid excessive crosstalk between the digital metal lines
1 different layers. Thus, the parallel plate capacitors consume
larger fractional die area. Although an extra processing step

éieposit a thin layer of insulator between two metal or poly

fraction ofthe chip area. Therefore, capacitors with higher cap ers can mitigate this prOb'e”T[”' this extra step is n_ot avail-
Ile in many of the standard silicon-based technologies. Even

itance density are very desirable. In analog applications the otf h - or | able. th liel ol
desired properties for capacitors are close matching of adjac gich special capacitor ayers were avalabe, the para e'p ate
ructure does not necessarily result in the highest possible ca-

capacitors, linearity, small bottom-plate capacitor, and the abS _ . . S

lute accuracy of the value (i.e., tolerance). In RF applications,'cﬁic'tanCe de_nS|ty, as W'"_ be shown_ later in this paper.

is essential for the capacitors to have self-resonance frequen ie-ghe capaC|tar_1ce densﬂy can be improved by exploiting both

well in excess of the frequency of interest and large quality fa%‘-teral and vertical electric _f'eld c_ompo_ne_nts. A well-_known

tors@@. Good linearity and large breakdown voltage are the oth )r(ample of such struct_ures is the interdigitajparalle| wires

two desired properties for a good RF capacitor. PW) structure shown_ln Fig. 2 [2]-[6]. Recently, several new
Several approaches have been taken to improve the area gffuctures, such amasﬁrac_ta_land\{vovenstructgres were sug-

ciency of capacitors. Nonlinear capacitors with high capacitanEEiSted as methods of obtaln_mg higher capacitance per u_n|t area

density such as junction or gate oxide capacitors have been u These structures essentially demonstrate the same linearity

in applications where the linearity, breakdown voltage, and t{& pgr;’:\xllﬁl Elate met_al-to-mgtal f':l_nd r_nrﬁtal-t?-poly c%palcltors
quality factor@ are not important. Unfortunately, these capa ut with higher cape_lcnance_ ensities. Ney also provide lower
itors need a dc bias and are strongly process and tempera Eo”?'p'ate capac!tance since more field lines terminate an
dependent. Thus, in high precision circuits, such as data coi adiacent metal lines as opposed to the substrate.

verters, their use is limited to bypass and coupling capacitors,D.eSp'te these advanta_tges, Iaterz_il—flux a_nd quasiiractal ca-
or varactors in RE circuits. pacitors have not been widely used in the signal path of analog

On the other hand, metal-to-metal and metal-to-poly Capagj_rcuits, as predicting their absolute value can be complicated and

tors have very good linearity and quality factors. However, thd{T€-consuming. Also, itis not clear if they are always advanta-

suffer from a low capacitance density which mainly arises fro ous over the more regular_structures such as the parallel wirt_es
the large metal-to-metal or metal-to-poly vertical spacing thafructure sh0\_/vn in Fig. 2. This paper addres_ses some of th‘?se IS-
sues byfocusing onthe fundamental properties of the capacitance

densities of integrated capacitors. Section Il illustrates some of

APACITORS are essential components in many integrated d
cuits, such as sample and holds, analog-to-digital (A/D) and d
ital-to-analog (D/A) converters, switched-capacitor and conti
uous-time filters, as well as many radio frequency (RF) buildi
blocks. In many ofthese applications, capacitors consume al
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Lmin

Fop View Fig. 3. Dimensions of the metal lines.

Lateral View
Increasing the periphery of a lateral field capacitor has been
Fig. 2. Parallel wires configuration. suggested as a means to enhance the capacitance density [5].
Quasifractal structures have been considered as one such alter-

sum of the individual capacitance contributions of the lateral af@tive. Unfortunately, these structures are time consuming to
vertical electric field components. This decomposition will bgenerate. Furthermore, they are difficult to predict and simu-
used to derive new theoretical limits for the capacitance densi@je in a time-efficient manner. They also suffer from the same
of integrated capacitors. These theoretical limits lead to tviéong coupling between the vertical and lateral field compo-
new capacitor structures introduced in Section IV. These né&@nts which can degrade their matching and tolerance, as will
capacitors demonstrate superior densities, matching, toleran&sdiscussed later.
and self-resonance frequencies when compared to previouslyyrom these different approaches to capacitance optimization,
reported lateral-field and quasifractal capacitors, while maift-1s not clear which structure results in the best capacitors.
taining a comparable quality factor. The superior capacitantgerefore, it is essential to form a deeper understanding of the
density of the new structures will be corroborated in Section ynderlying capacity limits for integrated capacitors to be able to
Finally, in Section VI, experimental results verify the superidglentify the best capacitive structure for any given application.
area efficiency, higher self-resonance frequency, tighter toldie study these limits in the following section.
ance, and better matching properties of these new capacitors.

lll. CAPACITY LIMITS

II. EFFECT OFDENSITY ON OTHER CAPACITOR PROPERTIES To gain more insight into the tradeoffs in using the lateral and

A higher capacitance density and hence a smaller physivgrtical field components, we now set the basis for the capac-
size for a given capacitance will automatically result in a feif@ance decomposition, starting from the relationships between
importantimprovementsin other properties of the capacitor. Tt capacitance and the electric field in three dimensions. This
higher capacitance density can be achieved in many differgi®tcomposition leads to theoretical upper bounds on the max-
ways, such as using a material with higher dielectric constant jijum capacitance of rectangulavignhattar) structures. This
or usingthe lateralfield components [2]-[8]. For agiven capacitoan be done by noting that the total electrostatic enétgyn a
value, smaller physical dimensions will result in a smaller seriegpacitorC is given by
inductance, since the average ac current path is shorter. Hence, a . AV?
higher self-resonance frequency can be obtained. Also, a smaller Up=—""— 1)
areausuallytranslatesto shorter metal lengthswhichinturnresult 2
inasmaller series resistance and therefore, a higher quality fasiiereAV isthe voltage drop acrossiits two terminals. The capac-
Q). The bottom-plate capacitance also shrinks automaticaltgnce ofanarbitrary structure can be calculated by integrating the
in a capacitor with a smaller area due to the smaller area of #lectrostatic energy densityover the entire dielectric volume to
bottom plate itself. Onthe other hand, itis generally believed thelptain the total stored electrostatic enetgyfor a given voltage
acapacitor with a smaller size usually resultsin alarger fractiorgtiop AV between the two terminals of the capacitor, i.e.
variations in the exact value of the capacitor. We will investigate 2. U 9

I
[ utryde @
Vol

the validity of these statements experimentally in Section VI. C= 5 = 5
) AV AV
It has been proposed to use lateral field components to en-
hance the capacity of the standard parallel plate structure showerer is the position vector andv is the differential unit
in Fig. 1 [2]-[8]. Lateral electric fields are particularly useful a®f volume. For an isotropic dielectric material, the electrostatic
the minimum lateral spacing of metal layers shrinks quickly witanergy density is given by

process scaling, while the vertical spacing does not scale down E(r) - D(r)
as fast. Interdigitated structures similar to those shown in Fig. 2 u(r) = EEr—
have been proposed to enhance the density and lower the bottom £rE0 o
plate capacitance [2]-[6]. These structures combine the lateral =73 E*(r)
and vertical field components very tightly. This has an undesir- _ ErEQ

2 2 2
able effect on the matching properties of the capacitor, as will T [Ea(r) + By(r) + EX(r)]
be demonstrated later in this paper, and thus should be avoided. =y (1) + wy(r) + u.(r) (3)
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Fig. 4. Parallel plate structures normal to the Cartesian axis.

whereFE andD are the electric and displacement vectegsis by adding the individual maximums of the capacitance density
the permittivity of free space,. is the relative permittivity of the components, i.e.

dielectric, andu,, u,, andu, are the electrostatic energy den-

sities due to the electric field components along the three Cartémax = €z, max + €y, max + €z, max

sian axes, namely,,, £, andE., respectively. Therefore, the e 1
density (capacitance per unit volume) can be calculated by in- Ly, min(Le, min + Wz, min)
tegrating the sum of the three electrostatic field energy density 1 1
components over the dielectric volume, i.e. +Ly min( Ly, min + Wy min) * tox (tox + tmetal)
c 12 [ / )
=Y v Avz um(T)dU+/ wy (1) dv
Vol ~ Vol AVZ?| /vy Vol whereL,. min, Ly, min» Wa, min, @0dW,, i, represent the min-

imum lateral spacing and metal width along thandy axis
z = Cp a, > 4 . A ’
+ /Volu ) dv} ot oyt (4) respectively. Equation (5) reduces to

2 1

wherec is the capacitance density of the structure (in Farads per n } ©)
Lmin(Lmin +Wmin) tox (tox+tmeta1)

cubic meter) and,, ¢,, andc.. are the capacitance densities dugmax

to the electric field components,, E,, andE., respectively. . .
As mentioned earlier, we are interested in maximizing Q" Lx\lxmcr]sj:gftlg;l th:e ggls‘g a_Pr?ISWI/; Ziga_acli/gﬁzlg :r unit
capacitance densityfor integrated capacitor structures. Let us’ ™’ . ' pacit P .
vglume, and can be easily translated to capacitance per unit

consider a process technology with a minimum lateral spacig ea for a known number of metal layers. This maximum in the
of Lin, minimum metal width ofW,,;;,,, a vertical spacing YErs.

between two adjacent metal layegs, and a metal thickness capacitance density will be referred to &iseoretical Limit 1
tmetal, &S Shown in Fig. 3. We wonyjld like to determine th TL1). A tighter upper pound on the capqcitange density, re-
maximum achievable capacitance densitfor such process erred to asSemi-Empirical Upper Boundvill be introduced
in the Appendix.
technology. e . .
The to%zl capacitance densitycannot exceed the sum of These theoretical limits can be very helpful for integrated cir-

the maximums of its individual components, namely, .., cwt_de5|gne_rs, as they se_t an upper bound f(_)r the minimum
: attainable die area for a given value of capacitance and for a

Cy, max, @NAc; max. IN Other words, we have to maximize the ot . . "
capacitance density due to each component of the electric ﬁg[%]ecmc process technology. In practice, for a given capac ftive
separately, to obtain an upper bound on the density. structureg,, ¢y, gndcz are correlated qnd cannot be mgX|m|zed
We can maximize the capacitance contribution of the electt’allJ:I atthe same time, therefore, the ratios Of. the papacnance den-
sity of any given structure to these theoretical limits can be de-

field along thex axis, c., (with no constraint on the contribu- fined as figures of merit for the capacitor of interest and used
tions of other field components) by using a parallel plate strugc- 9 P

ture with minimum plate width¥,, i, and minimum spacing Or comparison of various structures.
L. min, perpendicular to the axis. The capacitive components
along they and > axes can be maximized in a similar fashion
by using minimum spacing and minimum width parallel plate The theoretical limit shown in (6) demonstrates an inverse
structures normal to these axes, as shown in Fig. 4. Therefaguare law dependence on the minimum lateral and vertical di-
an upper bound on the total capacitance density can be obtaimashsions of the process technology. In today’s standard process

= {—:,,{—:0|:

IV. PURELY LATERAL FIELD CAPACITIVE STRUCTURES
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Fig. 7. Modified vertical bars structure.

Top View

Fig. 6. Vertical bars structure.

technologies, the minimum lateral dimensiohg,, andW,;n,
are smaller than the vertical dimensiofs, and¢,eta1. There-
fore, in prgperly desgned capacitors the Iat.eral compqnent OfWe can take this maximization one step further by using both
the capacitance density should be the dominant contributor, t? . : . X

. ) R aferal dimensions in the vertical bars structure (VB) shown
the overall density. Furthermore, this maximization of the Iai

: . . in Fig. 6 [7], [8]. It consists of vertical bars made out of metal
e_ral f'?ld component leads to further Improvements in the degc']uares and vias. The length of the bars is limited by the number
sity with procezs_ tet(r:]hng Io?(y a%vancterlpentt.s. Ac:|d|t|otnhall3l/, tﬂ}:ﬁw thickness of metal layers. This structure utilizes the electric
processes used In the back-end metallization allow the 1ategaly i, joth |ateral dimensions and has even higher capacitance

dimensions to be controlled more accurate and repeatable (edgnsitythan the VPP structure. In practice, the interconnection of

Ithography and etphlng) when compared to the vertical d'meﬂie bars to the terminals of the capacitor require the use of at least
sions (e.g., deposition).

one metal layer, reducing the effective volume of the capacitor.

Therefore, (6) d'r?CtS us in the direction of strugtures WIﬂi‘herefore,in certain processtechnologiesthe overall capacitance
purely lateral capacitance component and no vertical COMRGhe \/B structure will be smaller than that of the VPP.

nent. Fig. 5 shows the first of these structures, called vertical parrphe B structure can show a larger series resistance com-

allel plates (VPP) [7], [8]. It consists of metal slabs connecteg, o 1o the VPP capacitor. However, the series resistance of the
vertically using multiple vias to form vert|_cal pla_ltes. Thl_s strucyg structure is mainly determined by the via resistance. Again,
ture takes full advantage of the lateral dimension scaling. Noi§arge number of small capacitors in parallel form the total ca-
that different shadings are used to distinguish the two terminglgcitance and hence the overall series resistance is the parallel
of the capacitor throughout this paper. combination of these resistors, which will be much smaller than
Itis noteworthy that while each via may present a reasonakiy individual via. The choice between VPP and VB will depend
large series resistance, a large number of them are connegigdhe application. A compromise between the higher quality
in parallel in each plate. This large number of parallel smafictor of the VPP and the larger capacitance density of the VB
capacitors will reduce the series resistance significantly, whigkructures can be achieved by extending the widths of the ver-
in turn, will reduce the loss of the structure. In other words, vefital bars in one dimension, as shown in Fig. 7. In the limiting
little ac current flows through each via, reducing the effectivgase, this intermediate structure will become the VPP capacitor.
series resistance of the capacitor. This statement will be verifiedn some process technologies, the minimum lateral spacing
experimentally in Section VI. between different metal layers may vary significantly. To
Although the fabrication of the VPP structure relies oachieve the highest capacitance density in such processes,
stacked vias which may not be available in all process technolge can use a modified version of the VPP structure, shown
gies, close approximations to this structure can be fabricatiedFig. 8. This structure consists of multiple vertical parallel
by interleaving vias. Also, long electromagnetic capacitanggate capacitors placed orthogonally and connected through
simulations are rather unnecessary as the capacitance ofitherleaved vias. In the limiting case, it reduces to Wmven
VPP structure can be predicted using simple expressions $tructure [5] discussed in the next section. This configuration
parallel plate structures with fringing [9]. takes advantage of all the available metal layers and hence

Fig. 8. Modified vertical parallel plates structure.
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(c)

Fig. 9. Manhattan capacitor structures. (a) Parallel wires (PW). (b) Woven. (c) Woven no via. (d) Cubes 3D.

Capacitance Simulator Results

fox = tmetar = 0.8um

T
i VB (Fig. 8)

s> VPP (Fig. 5)
> Woven (Fig. 9b)
Faeemf Cubes 3D {Fig. Sd}
A——i-PW (Fig. 9a)
(A== 1Waven ne Vias (Fig. 9¢)
[omemsirFractal € (Fig, 10c)
<«G——<Fractal b (Fig. 10b)
W—=/Fractal a (Fig. 10a)

- OHPP (Fig. 1) -
oo TL 1 (Eq. 6)

s Semi-Empirical
Upper Bound (Eq.7)

100 -

Capacitance per Unit Volume [aF/;lma]

i
0.2 0.3 04 05 086 08 1.0 20  Lminium]

Minimum lateral dimensions
Lpnin = Winin

Fig. 11. Capacitance density versus minimum lateral dimensions, foe=
tmetal = 0.8 ppm.

V. CAPACITANCE COMPARISON

In this section, we will demonstrate the superior capacitance
density of the new proposed structures through capacitance sim-
] ] ) ] ulations. Several previously known structures which exploit lat-
achieves higher capacitance density, at the extra cost (f; anqg vertical fields will be compared to the VPP and VB
combln_mg vertical fields whmh_ will degrade the matCh'n%tructures under different conditions.
properties of the structre, as will be seen next. . . ._Some of the more uniform structures, which we will refer to

The value of the standard parallel plate capacitor of Fig. 1 is . IR

L : ; . as lateral flux capacitors, are shown in Fig. 9. Three examples
primarily determined by the oxide thickness. On the other hancf, . S
the exact values of the VPP and VB capacitors are determi %dstructures using more random patterns mostly inspired by
by lithography and etching. These two processes are quitert{ ctal geometries thaf[ will t_)e r_eferred to as quasﬁractz_;ll struc-
curate in today’s process technologies. It is therefore reasonaiffes after [5] are depicted in Fig. 10. While not exclusive, the
to suspect that the lateral component of the capacitor shouldSJ&!Ctures in Figs. 9 and 10 are chosen to reflect a wide range of
more repeatable and have a smaller variation across the wafeP@SiPle rectangular (Manhattan) geometries alternatives to the
this case, it is clear that any structure combining the lateral a@rizontal parallel plate of Fig. 1.
vertical field components will suffer from the worse accuracy of Fig. 9(a) shows the interdigitated metal slabs or parallel wires
the vertical capacitance component, which will lead to inferistsed for high-frequency bypassing and coupling in integrated
matching and tolerance properties. Practically, all of the existiggcuits [10]-[14]. Fig. 9(b) shows the top view and the three-di-
integrated capacitive structures use the vertical fields and hemeensional (3D) perspective of t@venstructure mentioned in
cannot achieve the best possible accuracy. This hypothesis ]l A no-via variation of this structure is illustrated in Fig. 9(c)
be verified in Section VI. for comparison purposes. This structure will be mainly used

Fig. 10. Quasifractal capacitor structures.
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ox i me »1
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Fig. 12. Field usage efficiencies f@fin/tox <€ 1, Lmin/tox = 1 andLyin/tox > 1.

to determine the effect of vias in the regul@ovenstructure. It is instructive to investigate the behavior of the capacitance
Fig. 9(d) depicts minimum-sized cubes spaced at minimum latensity for very small and very large lateral spacings in Fig. 11.
eral spacing and cross-connected three-dimensionally to m&or large lateral spacings (right-hand side of the graph), the ca-
mize the fringe fields. It is noteworthy that this structure is onlpacitance densities reach plateaux as the lateral fields become
used for comparison and cannot be fabricated in reality dueit@onsequential and the capacitance is dominated by the vertical
lack of means to maintain every other cube at the same potéalds. The horizontal parallel plate structure of Fig. 1, has the
tial. best performance in this region due to its optimal usage of ver-
As mentioned before, the structures in Fig. 10 are intendgdal fields. Also note that the capacitance densities of the VPP
to imitate segments of quasifractal structures. The structureand VB structures continuously diminish due to the lack of any
Fig. 10(a) is aimed at maximizing the vertical field usage, erertical field component. Other structures fall in between these
hanced by moderate lateral fields. On the other hand, the cap&eib extremes and reach a capacity limit controlled by their ver-
tive structures of Fig. 10(b) and (c) are more aggressive with ttieal-to-lateral field usage efficiency.
lateral field and try to use both vertical and lateral fields more At the other extreme, when the minimum lateral spacing be-
equally. comes much smaller than the vertical separation (left-hand side
To simulate the capacitance densities of the capacitive metélthe graph), the capacitance density becomes inversely pro-
configurations of Figs. 9 and 10, as well as the two new proposgdrtional toL2,;  because the lateral plate spacing decreases lin-
structures, we have developed a special purpose field solearly with L,,,;,, resulting in a linear increase in the capacitance
working based on an enhanced relaxation algorithm [15].  per plate. Also, the number of plates per unit volume grows
In the first set of simulations, both,, and¢,..;, are kept linearly with decreasind.,,,;, due to smaller metal width and
constant at 0.§:m. It is also assumed thdt,;, = Wuia. Spacing. This dual dependence results in an invédse de-
The equality ofL,;,, and W,,;;, is common in contemporary pendence, as predicted by (6). In this region, the VB structure
process technologies and hence will be used in this comparissimows the maximum capacitance density followed by the VPP
The simulation results showing the capacitance density per ustitucture due to their optimum usage of lateral fields. The later
volume versus the minimum lateral spacig,i,,, for the struc- structure benefits from shrinking in one lateral-dimension only,
tures of Figs. 1, 5, 6, 9, and 10 are depicted in Fig. 11. Althougthile the former makes the most of the two lateral-dimensions
this graph is for &, andt, ... 0f 0.8 um, it can be easily used shrinkage. On the other hand, the horizontal parallel plate struc-
for other vertical spacings through a simple scaling, as long e has the worst performance in this region, due to lack of any
tox = tmetar aNd Lyin = Wi This property can be tracedlateral-field components. It is also noted that the vias enhance
back to the scale invariance of electrostatic equations [16]. the lateral-flux density in the dielectric/oxide inter-layer separa-
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TABLE |
e CAPACITANCE COMPARISON
_ Structure Ratio to 7] | X240 0 Semi-Emp irical
E - =5 Upper Bound
3 - - [ VB 4% 51%
HE I ! VPP 50% 71%
= — Woven 38% 54%
o ' - Cubes 3-D 5% 5%
5 0™ "; Parallel Wires 8% 0%
& Woven no vias 28% 40%
£ Quasifractal ¢ 25% 36%
% Quasifractal b 23% 33%
2 - - Quasifractal a 18% 25%
5 HPP 0.5% 0.7%
C 1
* i)
VB 10pF
- -
v W Woreern Cubes Pacalld  Fractal PP 1
= Ll &

Fig. 13. Capacitance densities hin/tox € 1 andLoin/tox > 1.

tion. As an example, th@ovenstructure of Fig. 9(b) shows an
advantage over that of Fig. 9(c), due to the lateral field enhant
ment caused by the vias. This is another very important char
teristic of the two new proposed structures, as they use vias t
maximize the lateral field usage in the vertical inter-layer d
electric separation between different metal layers. HPP 10pF

To gain more insight into the contributions of the capacitanc _ (a) (b)
cpmponents to the overall dens_lty’ theld L_Jsage efﬂm_encpf Fig. 14. Die micrographs of the test capacitors. (a) First setZfgr, =
different structures are plotted in three different regions of the .. = 0.5 um. (b) Second set faEin = Winin = 0.24 gm.
Lin/tox ratios in Fig. 12. Field usage efficiency can be defined
as the ratio of each aof,, ¢,, ande. to the total capacitance VI. MEASUREMENTRESULTS

density, which represent the percentage of energy stored in each , , , )
component of the electric field. For the, ;. /t.. < 1 region, Two sets of test capacitors were fabricated in two different

the lateral components are the main contributor to the total éﬁpiezs_ tech;oloi]lelsl,. The first set Oftfst‘_t catp;]gcnorst v:/el,-re fab-
pacitance. In contrast, for thB.,;,/t.x > 1 region, the ver- ricated in a s-meta fayer process with two thin metal layers

tical component forms the main portion of the total capamtanc%?d an ad_dltpna_l .th'Ck ”_‘etf"" layer. For this process,_the_ dielec
. . . . . tric material is silicon dioxide and the metal material is alu-
To visualize this tradeoff further, the capacitance density of dif-.
- minum. The two lower metal layers havg,;, = Wy, =
ferent structures are plotted in Fig. 13 for thg,/tex < 1 . .
. : 0.5 pm, tox = 0.95 pm, andtyeia1 = 0.63 um. The fab-
andlLin/tex >> 1 regions. Interestingly, the order almost com.. . . ° . .
. ricated structures in this process include the VPP (Fig. 5), in-
pletely reverses when going from small to larfgi, /tox ra-

S ; terdigitated or parallel wires (Fig. 2) and horizontal parallel
tios, i.e., the best structures become wWwrst and vise versa. late (HPP) (Fig. 1) capacitors that occupy 0.12 .33

This can be explained by the inherent tradeoff between Iateﬁqiﬁ and 0.19 mrh, respectively, as shown in Fig. 14(a). The
and vertical field utilization, as lateral field usage can only bﬁerformance numbers for these structures are summarized in
increased by introducing dielectric regions between metal "”‘Fﬁble IIl. The VPP capacitor achieves a factor of 4.4 capaci-
in the same layer, which in turn results in loss of some verticg|,,ce density improvement over the standard HPP using only
component. _ _ two metal layers, but alsior equal capacitance valueemon-

_ Finally, Table | compares the simulated capacitance dengjrate a higher self-resonance frequency than the HPP structure.
ties of all the structures discussed so far. These results are Rt is based on the size-normalized self-resonance frequencies
malized to the Theoretical Limit 1 and semi-empirical UpPesf the structures listed in Table II. In terms of series resistance,
bound, and are considered f0f,in = Wiin = 0.1 pm and  the VPP capacitor has a series resistancef 0.57 2 compa-

tox = tmetar = 1 pm (or for any other case where the minyaple tor, of 1.1 and 0.532 for the HPP and PW capacitors,
imum lateral dimensions are ten times smaller than the vertigakpectively. It is noteworthy that the commonly used interdig-
dimensions). As can be seen, the two new proposed structutgged (or PW) structure of Fig. 2 is inferior to the newly intro-
attain the highest capacitance density among these structugeged VPP capacitor, in capacitance density, quality factor, and
The VB and VPP achieve a capacitance density of 91% agélf-resonance frequency.

71% when compared to the semi-empirical upper bound, respecTo investigate the tolerance properties of the VPP capacitor,
tively, while thewoven andquasifractal structures attain 54%the capacitance of these three structures were measured across
and 25%, respectively. 22 different sites at different locations on two quarters of
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TABLE I
MEASUREMENT RESULTS—FIRST SET

Structure Cap. Densi;y Ave. (C,y,)| Std. Dev.| O Fres 1) ];rgg;xgej lﬁ)a f’(esc (izaézd I;;b Rs llg)r;‘:)l:
© laFpm?)|  [pF] | GO UFI| C, | (GH | @ 1GH: [GH zf [ CH ZI]” | voirs]
VPP 158.3 18.99 103 0.0054| 3.65 145 6.04 9.99 0.571 355
PW 101.5 335 315 0.0094] 1.1 8.6 242 5.31 0.55| 380
HPP 35.8 6.94 427 0.0615| 6.0 21 6.0 6.0 1.1 690
a. Normalized self frequency calculated for a capacitance of 6.94pF (the value of the HPP) assuming that only the capacitor changes and that the inductor does not scale.

b. Normalized self-resonance frequency calculated for a capacitance of 6.94pF (the value of the HPP) scaling both the capacitor and the inductor with size.

TABLE Il
MEASUREMENT RESULTS—SECOND SET (1 pF)

Structure Cap. Density| Ave. (C,,,)| Area Cap. Std. Dev.| O fres | Measured Q lgjﬁ’:
ruciu
(© [aFfum?)|  [pF] | [un?) | Enhancement| (G0 F)} C,, | [GHz] | @ IGHz | 1,0
VPP 3122 101 669.9 74 5.06 | 00050] >40 832 128
VB 12813 1.7 §39.7 63 1419 | 00132{ 37.1 487 124
HPP 203.6 109 | 53782 10 2611 |0.0239] 21 6338 500
MIM 1100 1.05 960.9 54 11 95
Mumber ricated in the same die to provide an unbiased comparison of
of dica [ Niaal 12l PP

the structures’ capacitance density, self-resonant frequency, tol-
erance and matching properties. Fig. 14(b) shows the capacitor
test chip photograph.

The summary of the measurements for the 1-pF capacitors is
| presented in Table Ill. For the sake of comparison, the perfor-
) { | | mance measures of a 1-pF MIM capacitor is also included in this
] | | 0 table. Due to the lack of any MIM capacitor in the purely digital

4%  BE% 98% 100% 10@% 104% 106% 1 CMOS technology used, these performance measures are ob-
tained from the design manual information for an MIM capac-
Fig. 15. Capacitance distribution of the VPP, PW, and HPP structures.  jtor of a very similar process technology with,;, = 0.28 ym
and mixed signal capabilities.
two different 8-in wafers. A histogram showing the relative Due to the high lateral field efficiency of the new proposed
capacitance value distribution across one of the quarter-wafstaictures, the VPP and VB capacitors show 7.43 and 6.29 times
is shown in Fig. 15. The standard deviations of the capacitanoere capacitance density than the standard multiplate HPP of
normalized to the average value for these three structures Big 1, respectively, which are the highest reported to date. This
also shown in Table Il. It can be easily seen that the absol@rresponds to a capacitance density of 1.54f#/. Moreover,
capacitance accuracy of the VPP capacitor is approximatéhe capacitance density of the VPP capacitor is even 37% higher
an order of magnitude better than the conventional HPtRan the capacitance density of the MIM capacitor.
Comparison of the measurements on two different wafers alsdBecause of the multiple via connections and the large
shows that wafer-to-wafer capacitance variation of the puraiypmber of vertical plates connected in parallel, the VPP struc-
lateral structures is also improved significantly due to thiire presents a quality factor higher than the HPP, whereas the
higher repeatability of the lithography. Finally, due to the highuality factor of the VB structure is relatively lower because
breakdown voltage of the dielectric, the measured breakdowhthe rather high via resistance of the process technology, as
voltage of the implemented capacitors are in excess of 350symmarized in Table IIl.

1

O K &= @ @S
|

as shown in Table II. As the proposed structures attain higher capacitance den-
The second set of test capacitors were fabricated in a pursiies, their physical dimensions are smaller and hence show
digital CMOS 7-metal layer process technology with;, = higher self-resonance frequencies. The admittance versus

Wain = 0.24 pm, ¢, = 0.7 pm, andt .1 = 0.53 um for  frequency measurement of Fig. 16 shows a self-resonance
the bottom five layers. For this process, the dielectric materialfrequency in excess of 40 GHz for the 1-pF VPP capacitor. This
silicon dioxide and the metal material is aluminum. The implas twice the self-resonance frequency of the HPP capacitor, and
mented capacitors include a 5-metal layer HPP, a 5-metal layietimes higher than that of the MIM capacitor.

VPP, and a 4-metal layer modified VB structures as shown inTo verify our earlier hypothesis of better tolerance and
Figs. 1, 5, and 7, respectively. To perform a fair comparison, theatching properties of the purely lateral structures, the capaci-
value of the three different capacitor types are designed to ta@ce of capacitors of same values implemented using different
equal. A 1-pF and a 10-pF version of each structure were fadiructures were measured across 37 usable sites of an 8-in
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TABLE IV
MEASUREMENT RESULTS—SECOND SET (10 pF)

Cap. Density| Ave. (C,,.)| Area Cap. Std. Dev.| O fros | Measured 0 Break-
Structure 5 2 | B | )| © GH @ IGH. Down
(©) laFpun?)|  [pFI | um®] | Enhancement| (G ave | [GHz] 2 | [volss]
VPP 1430.0 T1.46 7749 ) 7343 | 00064 113 26.6 125
VB 12232 10.60 8666 6.6 7321 | 0.0069] 1L.1 17.8 121
HPP 183.6 1021 | 55615 1.0 182.14 | 0.0178| 6.17 235 495
MIM 1100 10.13 9216 6.0 4.05 256
04 A VPP PN VB e and VB capacitors present almost 3 times better capacitance tol-
i Data HPP—=F ¥ o 7
Points | 12 AN erance than the HPP structure across the wafer.
‘%; A
0.2 B
VII. CONCLUSIONS
s RLC " A new theoretical framework which shows the capacity limits

oLk Fit
Circuit

ﬁ of integrated capacitors were presented. This new framework
can be used to evaluate the performance of the existing ca-
pacitive structures and leads to two purely lateral capacitors.
These structures demonstrate: higher capacitance density, better
tolerance and matching properties, and higher self-resonance

0.06

0.04
0.03

Admittance - Magnitude [Siemens]

0m T R frequency than previously reported capacitor structures, MIM
T | — and standard HPP capacitors, while maintaining a comparable
3 5 7 10 20 0 40 [GH  quality factor. These two new structures are standard CMOS

compatible and do not need an extra processing step, as is the
Fig. 16. High frequency admittance measurement results for the HPP, VB, a&gse with special MIM capacitors
VPP structures. '

APPENDIX
wafer. The standard deviation normalized to the average value TIGHTER UPPERBOUND ON THE CAPACITANCE DENSITY
of each 1-pF structure is shown in Table IIl. As can be seen

the VPP structure presents almost 5 times better capacitanfélthough thg horizontal and verfucal para.llel plate capac[tor
strlctures of Fig. 4 have the maximum horizontal and vertical
tolerance than the HPP structure across the wafer.

field usage, respectively, they cannot be implemented in the

Although the tolerance of capacitors is an important pro%-?me spatial location simultaneously. This makes it impossible

erty to _qugr_1t|fy, in many an_alog applications, _the parametgr% achieve the maximum electric field usage in they, and
more significance is the ratio between two adjacent capacitors

; . . = dimensions at the same time, and therefore (5), while being
To confirm the better maiching properties of the new Structurec%rrect is too conservative. The orthogonality of the electric
the ratio of adjacent 10-pF and 1-pF capacitors of the same t '

fd components implies that the horizontal and vertical par-
on the same site were compared across the wafer. The variatiglrl] P P P

f this rati lized to it - isa bett S plate capacitance densities, ¢,, andc. mayform an or-
of this ratio normalized to its average, /7av., is a better mea- thogonal basis for decomposition of capacitance densities as vi-

sEre to qua}ntlfy Tgté:;lnglb/The \éPng(}//B and H{Ppl CaDpaC'ttoéﬁalized in Fig. 17. This orthogonal decomposition can be used
tSh O\r’]v. ahar/uve oro. f(t)h I(t]h an - o respectrllvety. ue 10 obtain a new tighter upper bound for the capacitance density
€ higher accuracy ot the fithography process, the two new ﬁ"structures with rectangular (Manhattan) boundaries. Noting

eral field structures present better matqhing properties than ‘ &t the maximum capacitance is given by the magnitude of the
standard horizontal parallel plate capacitor, as suggested earliet o sum Oz, maxs €y, mas ANAC. max (Fig. 17), the max-

It |s_noteworthy_ that in P ractice, an accur_ately defined rat'O_Fnum capacitance density for any given process technology will
achieved by using multiple parallel capacitors of the same Sigg given by

and shape.
F!nally, the summary of the measurements for the 10?pF Ca .y = \/03207 max F 2 max + 2 max
pacitors are shown in Table IV. For the sake of comparison, it

also includes the estimated performance measures of a 10-pF 2 1

MIM capacitor. The VPP and VB capacitors show 8.0 and 6.6 :505”\/Lﬁlm(me + Winin )2 + 12, (tox + tmeta1)?
times more capacitance density than the 10-pF standard multi- @
plate HPP of Fig. 1. This corresponds to a 34% higher capaci-

tance density of the VPP capacitor when compared to the MIKbr L. 1in = Ly min = Lmin aN0W4, min = Wy min = Wiin.

The self-resonance frequencies of the proposed structures argainerify the validity of this hypothesis, (7) is plotted along with
excess of 11 GHz, which is almost twice the self-resonance fthe simulated results in Fig. 11 as semi-empirical upper bound.
guency of the HPP capacitor, and approximately 3 times higHecan easily be seen that none of the simulated structures shows
than that of the MIM of the same value. Finally, the 10-pF VPR capacitance density above that of (7) for any valug,gf, .
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