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High-QQ Capacitors Implemented in a CMOS
Process for Low-Power Wireless Applications
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Abstract—n a foundry 0.8-um CMOS process, low-cost capac- I ML ST S S——
itors with a measured () factor of around 50 at 3 GHz and high | [ B
intrinsic capacitance/area 200 nF/cn?) were demonstrated. il +E”’” o +E""
When extrapolated to 900 MHz, the ) factor is greater than E ! E A S ,_||L' BT
100. The capacitors use a poly-to-n-well MOS structure which wi | ¥ l"u'lll'l.l "n"."'-.lﬂl'n"'
has been commonly dismissed for higld} applications due to the E * E.. T -
high n-well sheet resistance 41 k€2/[]). Utilizing the structure, ; F
a low-noise amplifier (LNA) with a resonant frequency of 960 = L= T
MHz, power gain of 16.2 dB, 1-dB compression point P; 4p) of mr*rd--- |—'l'\{".l.""-..—“—
—5 dBm, and noise figure of 3.5 dB was demonstrated. Using a Crat Pk G

rule of thumb, the third-order harmonic intercept point ( Pip3)
was estimated to be 5 dBm from theP; 4g data. Despite concerns
for nonlinearity of the capacitors, these results suggest that this
capacitor structure could be used in LNA’s with a large dynamic
range.

Index Terms—CMOS, high-@) capacitor, quality factor, LNA,
MOS capacitor. |. setiimililion of depletisn

“M__ n-well d_/'ll

I. INTRODUCTION popiasial Taper

' 0 paly gaie
FIN —

MOS technologies are showing promises for RF ap

plications at 900 MHz and higher frequencies. One o P ubstimic
tf}fe_ _requwed p_asswe f:omp_onents IS an |ne_xpen5|_ve, .arlgi%.- 1. A top view, cross section, and an equivalent circuit of the MOS
efficient, and high-quality (higld?) factor capacitor which is capacitor structure.
easy to implement and utilize. The capacitors should also
be linear and have low parasitic capacitance. To address this N ] ) -~
need, metal-to-metal capacitors withCafactor of 80 at 2.5 structure was utilized in a 3-V 900-MHz low-noise amplifier
GHz in a BiICMOS process [1] and polysilicon-td=rplug (LNA) similar to the LNA in [3] with excellent results.
capacitors in a bipolar process [2] have been discussed. The
former structure suffers from a low capacitance/area and a Il. APPROACH
relatively large parasitic capacitance, while the latter structure

is not available in conventional foundry CMOS processes and''9- 1 shows a top view, cross section, and an equivalent
gEé{:un model of a MOS capacitor test structure. Top and
h

requires additional processing steps. In this paper, usin ' . M
conventional foundry 0.gm CMOS process, capacitors wit ottom plates of the capacitor are formed with silicided

a  greater than 100 at 900 MHz and with a high imrinpo_lysilicon and n-well, and are separa_tt_ed by a gate oxide
sic capacitance/area-(200 nF/cnd) have been implemented. (SIO2) 1ayer. Cpaq and It,., model parasitic capacitance and
This was accomplished by optimizing layouts of a naturall _S|stance assom_ated Wlth probe pads _of the test structure.
available polysilicon-to-n-well MOS capacitor structure whictp!"Ce the gate oxide layer is very thin (thickness-df7 nm),
has been commonly dismissed for RF applications due %ecgpacngr has a high |ntr|.nS|c ca_pacnance/area, espe_(:lally if
the high n-well sheet resistance. To further demonstrate thistS Piased in the accumulation region [4]. Because of this, the

usefulness for RF and microwave applications, the capacifffucture can also have a high ratio between capacitance and
parasitic capacitance associated with the n-well-to-substrate
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Fig. 2. (a) A capacitor microphotograph. (b) A highcapacitor layout. The area excluding contacts i 3.2 x 13.5 um?.
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where N is the number of capacitor stripe&, and W are

the length and width of the stripes (see Fig. 1), dgd. o
and Ry.y,0 are the sheet resistances of the n-well and

I} 1 ] 1 1

32 33 34 35 36 37 38 39 4

. . Frequency (GHz)
silicided polysilicon gate layer. The 1/3 factor accounts for the
spreading effect while two 1/2 factors account for the double- @
sided contacts for the n-well and gate layers. For a required oo — T — T
capacitance and thus a MOS capacitor argg (V is equal to oHigh XMedium ¥Low
A/(L x W). Substituting this into (1)R; can be expressed _9f
as a function ofL and W as follows: 3 MWWWWMWW
> an b
g 80
Rs = (Ruw, 0 X L? + Ryt 0 x W), () R e
12x A 3
60} l
Since R, 0 is large compared tdR,ory, 0, the Ruw, o X 50W
L? term typically dominates the total series resistance. To 8 31 32 3'3Fr2§te:é3 (él-fz) 37 38 39 4
minimize R, the L needs to be as small as possible. Using
(2), Q factors of the capacitors can be expressed as (b)

1

T owX Cunit

12

X (Rnw, o X L2+Rp01y, oX W2)

®)

where w is the frequency and,.;; is the intrinsic capac-
itance/area. When the minimum dimensions lofand W
are used, the®) is the maximum. However, penalties aréncluded.

Fig. 3. Capacitance versus frequency (3-V top-plate bias). (a) Capacitance
versus frequency plots of the high-, medium-, and @weapacitors. The
variations are small over the 3-4-GHz frequency range. (b) Parasitic capac-
itance versus frequency plots of the high-, medium-, and dpwapacitors.

The variations are small over the frequency range between 3-4 GHz.

larger over all required area and n-well-to-substrate parasitic
capacitance because of an increased number of contacts. As
stated, the contact resistances are not included in the analysis
since they are typically small. If needed, they can easily be
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Fig. 4. (a) Capacitance versus bias voltage (average). High-frequency MBig. 5. (a) Extracted resistance versus frequency (poly-to-n-well capacitors

C-V characteristics. For dc voltages greater than 1 V, the capacitors are gaitea 3-V top-plate bias. Measured resistance versus frequency plots of the

linear. (b) Capacitance versus bias voltage (standard deviation). Standardhigh-, medium-, and low? capacitors. The variations are small over the

viation of the averaged capacitances versus bias plots for the high-, medius+4-GHz frequency range. (b) Extracted resistance versus frequency (parasitic

and low<) capacitors. These low values indicate that the measurements ea@acitors at a 0-V bias). Parasitic resistance versus frequency plots of the

reliable. high-, medium-, and low capacitors. The variations are small over the
frequency range between 3-4 GHz.

In order to experimentally examine these, capacitor test )

structures were designed and fabricated. Capacitor valf@@Ws capacitances averaged over a frequency range between
of ~140 fF which are relatively small have been chosesr4 GHz versus bias plots. The plots show the expected
to reduce impact of contact resistances between pads &¥gh-frequencyC-V characteristics. For dc voltages greater
microwave measurement probes. However, the small capacifn 1 V and lower than-0.5 V, the capacitors are quite
values introduced inconsistencies in capacitor measureméditgar. With proper biases, the capacitors can have a good
below around 2.5 GHz. Capacitor areas (excluding contditearity and a high intrinsic capacitance/area value. Standard
areas) were 3< 1.2 x 13.6 (48.9)um? (High-Q), 2.4 x 24 deviations of the averaged capacitances in percent are shown
(57.6) pum? (Medium+<Q) and 9.2x 5.6 (51.5)um? (Low-Q). in Fig. 4(b). The highest standard deviation of 2.7% indicates
Fig. 2(a) shows a microphotograph of the capacitors, whilbat the measurements are reasonable. Fig. 5(a) shows the

Fig. 2(b) shows a layout of the high-capacitor. series resistances of MOS capacitors measured at frequencies
between 3-4 GHz and a 3-V bias. The resistances, like the
IIl. RESULTS AND DISCUSSION capacitances, are essentially constant over the frequency range.

One-port S-parameter data of the capacitors and opéﬂg' 5(b) shows the resistance versus frequency plots for the
structures (pad frame) were collected using an HP851(§’é‘raSitiC capacitors. The extracted resistances decrease by
network analyzer. Thes-parameter data were converted t(Sv_lo% between 3-4 GHz. Averaged series resistances versus
admittances. To deembed effects of the pad frame, admittanBl& Voltage between the tip and bottom plates for the MOS
of the open structures are subtracted from the measured t&&facitors (c.>ver'the same frequgncy range as the capaC|taqces)
admittances since the pad parasitics are connected in parafié, plotted in Fig. 6(a). Increasing the gate (top plate) bias
Using the corrected admittance data ), resistances and Voltage decreases the depletion layer width and increases the
capacitances were then extracted from the real and imagin@§ctron concentrations of the n-well under the gate region
parts, respectively. The measured MOS capacitances ver@gsumulation), thus decreasing the n-well resistance. The
frequencies between 3—4 GHz are shown in Fig. 3(a) while thesistances decreased by 30% to 40% depending on structures
same for the parasitic n-well-to-substrate junction capacitan@ss the top-plate voltage was increased from 0.4 to 3 V.
are shown in Fig. 3(b). The capacitance values were essentid@ipndard deviations in percent are shown in Fig. 6(b). The
constant over the frequencies between 3-4 GHz. Fig. 4&andard deviations are less than 3% except for the high and
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. . . . Fig. 7. (a) 1RC versus vias voltage (average). Normalizgdactors Q)
Fig. 6. (a) Resistance versus bias plots for poly-to-n-well capacitors (av%ﬁd standard deviations versus bias plots of the high-, medium-, an€ loav-

age). Resistance versus bias voltagg plots for the high-, me_diur_n-, an@ Io‘nﬁacitors. The.() was extracted by multiplying with imag(y1 1 )/freal(y11).
capacitors. The electron concentration under the gate region increases vmg @ values at 900 MHz were extrapolated using thig. All the data were

the bias voltage, thus reduci_ng the resistance._ (b) Resistance Versus aged over frequencies between 3-4 GHz. (RClVersus vias voltage
plots for poly-to-n-well capacitors (standard deviation). Standard olevnsttnggt ndard deviation). Standard deviations of the averag@d
of the averaged resistances versus bias plots for the high-, medium-, ng

low-() capacitors. The standard deviations are less than 3%, except for the

high and low bias ranges of the high-capacitor, which indicates that the . . .
measurements are quite reasonable. were low-end values since the design values of the capacitors

were small. For larger higly capacitors, the capacitance—area

ratio should approach 70 nF/émwhich are substantially
low bias ranges of the high capacitor, which implies that higher than the metal-to-metal capacitor; [1] and comparable
the measurements are reliable. to that of the polysilicon-to-h plug capacitors [2].

Q) factors at 3 GHz were extracted usirigrag(y;)/ Fig. 8(a) shows averaged capacitances versus bias plots
real(y;;) definition and were 49, 14, and 5 for high-for the n—vyell—to-substrate parasitic capacitors. As expected,
medium-, and low® capacitors, respectively. Normalizedne capacitances decrease with the bias voltage due to an
Q factors (/RC or w@) are also extracted by multiplying increase in the deple_tion—layer width. They were reIativr_aIy
w and imag(y11 )lreal(y11). The normalized@ factors as a large due to unoptimized n-well layouts and small design
function of bias are obtained once again by averaging owglues for the capacitors resulting in parasitic capacitances
frequencies between 3—4 GHz for each bias. Thealues at dominated by the perimeter components. When optimized,
900 MHz were then extrapolated by dividing the normalized the ratios for the high-, medium-, and lo@-capacitors at
by w = 27 x 900 MHz. Fig. 7(a) shows the normalizé@land @ reverse junction voltage of 0.0 V should become around 2.4,
extrapolated? factors at 900 MHz versus bias. At a 3-V top-3, and 3, respectively. Of course, at a higher reverse junction
plate bias, the extrapolateg values for the high-, medium-, voltage, the ratios will be higher. Fig. 8(b) shows standard
and low<Q capacitors are 160, 46, and 17, respectively. If th&eviation plots. The maximum standard deviation~i4%,
contact and interconnect resistances between the capaciwpich demonstrates consistency of the data.
and microwave probes were subtracted, @hevalues would ~ Table | summarizes the measured resistances, capacitances,
have been even higher. Standard deviations are shownafid @ factors [m(y11)/Re(y11)] at 3 GHz, and extrapolated
Fig. 7(b). Because the series resistance of the bjglapacitor ¢ factor at 1 GHz for the MOS capacitors. Thefactors at
is small, data were noisier compared to those of the mediui-GHz were extrapolated by multiplying the 3-GHz data by
and low<Q capacitors. Since the high-capacitor needs more a factor of 3. The measured parasitic capacitances associated
contacts, the ratio between the capacitance and total capacitih the n-well-to-substrate junction at 0- and 3-V biases are
area was lower. The ratios for the high-, medium-, and @w-also listed in Table I. The table also lists estimated parasitic
capacitors were 53, 73, and 88 nF/gmespectively. These capacitances when the n-well layouts are optimized. The
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Fig. 8. (a) Parasitic capacitance versus bias voltage plots (average). Mea-
sured parasitic capacitances and standard deviations versus bias plots of
the high-, medium-, and low} capacitors. The capacitance decreases with
the n-well-to-substrate reverse junction voltage. (b) Parasitic capacitance
versus bias voltage plots (standard deviation). Standard deviations of the
averaged parasitic capacitances. Fhg% maximum deviation implies that

the measurements are reliable.

TABLE |
SUMMARY OF CHARACTERISTICS OFMOS AND PARASITIC CAPACITORS (b)
MOS CAP. PARASITIC CAP. Fig. 9. (a) An LNA schematic. (b) An LNA microphotograph.
Measured Opt. o .
0.5V 3V Data (Q, fF) | Cap. (fF) of two amplification stages, a capacitive transformer at the
ov | 3v lovI3v output, and bias circuitries. The transducer power gain and
oacna T rsacna Troms Tiome noise figure at the resonant frequency of 960 MHz were 16.2
High Q=2422 ® 3GHz | Q472 @ 3GHz | C=106 | C=69 | 53 | 37 and 3.5 dB, respectively. The second-stage biasing circuit is
Q=72.66 @ 1GHz | Q=141.6 @ 1GHz bypassed using a 40-pF MOS capacitog) to improve the
R=35QC=159fF | R=23QC=172F | R=154 | R=128 stability. The top-plate voltage is1.4 V and the capacitor is
Med | Q=9455 @ 3GHz | Q=13.75 @ 3GHz | C=126 | C=81 58 40 H : H : H H H
e 0<28.37 @ 1GHs | 0=4126 @ 1GHz in the accumulation reg_lon resulting in a_L high capa0|tqnce/grea
e cor | romemar Troer Trore value. An output capacitor transformer is used for dc isolation
Low | Q=4.43 @ 3GHz | Q=5.14 @3GHz | C=96 | C=57 | 38 | 27 and to improve the output matching with a negligible gain
Q=1329 @ IGHz | Q=1542 @ IGHz degradation. The values ¢f; andC; were 10.7 and 7.5 pF,

respectively, and they were formed using MOS capacitors and
associated parasitic capacitors. Top and bottom-plate dc biases

parasitic capacitances of the optimized structures are aroyidc; were ~2.7 and 0 V, respectively, while those 6%
a half of the measured values. Furthermore, if the desigfere 0 V. The 0-V dc bias on the bottom plate 6f is
values for capacitors are increased by<1@he ratio of MOS consistent with typical applications of the LNA in which it
to parasitic capacitance should increase by another factordgives a passive filter. To investigate the linearity dependence
2-3 due to the fact that as capacitor values are increased, dhethe gate bias o/, a pad forVi,i.e; is provided. A 20-pF
parasitic capacitance becomes dominated by the area ratfegsacitor () is included to bypass parasitic inductances and
than perimeter component.
Fig. 9(a) and (b) are a schematic and a microphotograffi;) is used to bypass parasitic inductances associated with the
of a 3-V LNA utilizing the capacitors. The circuit consistssupply and ground. Connecting the top plate to the supply and

also to ac ground the gate défl». Lastly, a 20-pF capacitor
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structure, care must be exercised to properly bias and reduce
the substrate resistance.
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