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(57) ABSTRACT 

In a ?rst aspect, a ?rst method of adjusting capacitance of a 
semiconductor device is provided. The ?rst method includes 
the steps of (1) providing a transistor including a dielectric 
material having a dielectric constant of about 3.9 to about 25, 
Wherein the transistor is adapted to operate in a ?rst mode to 
provide a capacitance and further adapted to operate in a 
second mode to change a threshold voltage of the transistor 
from an original threshold voltage to a changed threshold 
voltage such that the changed threshold voltage affects a 
capacitance provided by the transistor When operated in the 
?rst mode; and (2) employing the transistor in a circuit. 
Numerous other aspects are provided. 

/ 400 

404 

402 

406 

24 

22 

426 
Control Voltage 

of PLL 

458 

/446 
Functional 
Voltage 

454 

\ 450 

Programming 
Voltage 
452 

>< /42a 44a 
8 440 |\ I36 



US 2008/0144252 A1 Jun. 19, 2008 Sheet 1 0f 5 

a}. Loch; O N QE 3 m> 

T ~> O i m> 

_ o 

csouxoo? | LBgvcQQEQw 

| Nd 

kWEEQ 

| To 

/ O 

m n m | . / 

ma u a x w o 00 

x 

Aoocutooqoo 
Alvconlyocv em I m6 

N2 

0 o; 

x Quu 

Patent Application Publication 





Patent Application Publication Jun. 19, 2008 Sheet 3 0f 5 US 2008/0144252 A1 

VDD J00 
// / 

304 318 

302 316 

310 222 348 

% 3.36 305 324 320 / 
‘346 Control Voltage 

Y of PLL 

340 

344/ _ 
Progrommlng 

Voltage 
342 

338 

312\ /J26 
308\;| L/JZZ 
314/ 3.30 332 328 

FIG. 3 



Patent Application Publication Jun. 19, 2008 Sheet 4 0f 5 US 2008/0144252 A1 

400 

/ / 

404 24 

402 22 

414 408 

\4? 
406 444 \4‘30 \426 

Control Voltage 
of PLL 

458 

445 

416\6470 / 
4) \ Functional 

432 454 Voltage 

456 \ 450 

Programming 
Voltage 

415\ /4J4 452 
412\_(:—l| X I /42a 448 

438 440 [NJ 

FIG. 4 





US 2008/0144252 A1 

PROGRAMMABLE CAPACITORS AND 
METHODS OF USING THE SAME 

[0001] The present application is a continuation of and 
claims priority to US. patent application Ser. No. 11/353, 
516, ?led Feb. 14, 2006, Which is hereby incorporated by 
reference herein its entirety. 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0002] The present application is related to US. patent 
application Ser. No. 11/353,493, ?led Feb. 14, 2006 and titled 
“MEMORY ELEMENTS AND METHODS OF USING 
THE SAME” (Attorney Docket No. ROC920050313), Which 
is hereby incorporated by reference herein in its entirety. 

FIELD OF THE INVENTION 

[0003] The present invention relates generally to semicon 
ductor devices, and more particularly to programmable 
capacitors and methods of using the same. 

BACKGROUND 

[0004] A conventional transistor may be employed as a 
capacitor. A plurality of such transistors may be coupled to 
form an array of capacitors. HoWever, a large amount of 
circuitry and additional process complexity are required to 
maintain a state of the capacitor array. Further, such a con 
ventional transistor may not provide loW leakage (e.g., volt 
age or capacitance leakage), a Wide tuning range and be 
adapted to integrate easily into existing complementary 
metal-oxide-semiconductor ?eld effect transistor (CMOS) 
processing. Accordingly, an improved capacitor and circuitry 
formed thereby, and methods of using the same are desired. 

SUMMARY OF THE INVENTION 

[0005] In a ?rst aspect of the invention, a ?rst method of 
adjusting capacitance of a semiconductor device is provided. 
The ?rst method includes the step of providing a transistor 
including a dielectric material having a dielectric constant of 
about 3.9 to about 25. The transistor is adapted to operate in 
a ?rst mode to provide a capacitance and further adapted to 
operate in a second mode to change a threshold voltage of the 
transistor from an original threshold voltage to a changed 
threshold voltage. The changed threshold voltage affects a 
capacitance provided by the transistor When operated in the 
?rst mode. The ?rst method also includes the step of employ 
ing the transistor in a circuit. 
[0006] In a second aspect of the invention, a ?rst apparatus 
is provided. The ?rst apparatus is a semiconductor device 
having an adjustable capacitance that includes a transistor 
formed on a substrate having a gate region including a dielec 
tric material having a dielectric constant of about 3 .9 to about 
25. The transistor is adapted to (1) operate in a ?rst mode to 
provide a capacitance; and (2) operate in a second mode to 
change a threshold voltage of the transistor from an original 
threshold voltage to a changed threshold voltage such that the 
changed threshold voltage affects a capacitance provided by 
the transistor When operated in the ?rst mode. 
[0007] In a third aspect of the invention, a ?rst system is 
adapted to provide a variable capacitance. The ?rst system is 
a circuit that includes at least one transistor including a dielec 
tric material having a dielectric constant of about 3 .9 to about 
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25. Each transistor is adapted to operate in a ?rst mode to 
provide a capacitance. Further, each transistor is adapted to 
operate in a second mode to change a threshold voltage of the 
transistor from an original threshold voltage to a changed 
threshold voltage such that the changed threshold voltage 
affects a capacitance provided by the transistor When oper 
ated in the ?rst mode. A capacitance provided by the circuit is 
based on the capacitance provided by each transistor. Numer 
ous other aspects are provided in accordance With these and 
other aspects of the invention. 
[0008] Other features and aspects of the present invention 
Will become more fully apparent from the folloWing detailed 
description, the appended claims and the accompanying 
draWings. 

BRIEF DESCRIPTION OF THE FIGURES 

[0009] FIG. 1 is a graph illustrating a relationship betWeen 
capacitance ratio and voltage. 
[0010] FIG. 2 is a schematic diagram of a phase-locked 
loop (PLL) including a programmable capacitor in accor 
dance With an embodiment of the present invention. 

[0011] FIG. 3 is a schematic diagram of a ?rst exemplary 
voltage-controlled oscillator (VCO) included in the PLL in 
accordance With an embodiment of the present invention. 

[0012] FIG. 4 is a schematic diagram of a second exem 
plary VCO included in a modi?ed version of the PLL in 
accordance With an embodiment of the present invention. 

[0013] FIG. 5 is a schematic diagram of a capacitor array 
including at least one programmable capacitor in accordance 
With an embodiment of the present invention. 

DETAILED DESCRIPTION 

[0014] The present invention provides an improved capaci 
tor and circuitry formed thereby, and methods of using the 
same. More speci?cally, the present invention may employ a 
transistor including a dielectric material having a dielectric 
constant of about 3.9 to about 25 as a capacitor. A threshold 
voltage of the transistor may be adjusted by applying a bias 
voltage to a gate of the transistor. In this manner, a capaci 
tance of the transistor may be adjusted, and the transistor may 
be tuned to provide a desired capacitance. Such an adjustable 
capacitor may be employed in a variety of circuits. For 
example, such a capacitor may be used to adjust a frequency 
employed by a phase-locked loop (PLL). 
[0015] Alternatively, in some embodiments, a plurality of 
such capacitors may be employed in a binary-Weighted array 
of capacitors. A capacitance of such an array may be based on 
control signals (e.g., bits) asserted on one or more inputs of 
the array. For example, if a control signal is asserted on a ?rst 
input of the array, a capacitance of the array may be based on 
a ?rst set of capacitors, Which are coupled to the ?rst input, 
included in the array. Alternatively, if a control signal is 
asserted on a second input of the array, the capacitance of the 
array may be based on a second set of capacitors, Which are 
coupled to the second input, included in the array and so on. 
A capacitance of such an array may further be based on 
programming signals coupled to the array. Such program 
ming signals may be employed to adjust threshold voltages of 
one or more transistors of the array, thereby affecting respec 
tive capacitances subsequently provided by such transistors, 
and therefore the capacitance of the array. The control signals 
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may serve as a coarse adjustment and the programming sig 
nals may serve as a ?ne adjustment of capacitance provided 
by the array, or vice versa. 

[0016] In this manner, the present invention may provide a 
capacitor Whose capacitance may be varied and circuitry 
formed thereby, and methods of using the same. 

[0017] FIG. 1 is a graph illustrating a relationship betWeen 
capacitance ratio and voltage. A conventional metal-oxide 
semiconductor ?eld-effect transistor (MOSFET) (e.g., Which 
may be an n-channel MOSFET (NFET)) formed on a sub 
strate may be employed as a capacitor, Which may provide a 
capacitance C, by applying a voltage Vg to a gate of the 
MOSFET While grounding the substrate and a source and 
drain of the MOSFET. With reference to FIG. 1, the graph 100 
illustrates a relationship betWeen a capacitance-to-gate 
dielectric capacitance per unit area ratio (C/ Cox) and a volt 
age Vg applied to the MOSFET gate for a capacitor under 
different conditions. For example, a ?rst curve 102 of the 
graph 100 illustrates the relationship betWeen C/ Cox and Vg 
for the MOSFET, a second curve 104 of the graph 100 illus 
trates the relationship if source/drain diffusion regions are no 
longer present and a third curve 106 of the graph 100 illus 
trates the relationship if the MOSFET undergoes deep deple 
tion. The capacitance described by the curves 102, 104, 106 is 
representative of a small signal measurement superimposed 
upon a transient or DC bias value. 

[0018] Capacitance provided by the MOSFET depends on 
a gate-to-diffusion region bias as folloWs. The ?rst curve 102 
may apply to MOSFETs employed in accordance With an 
embodiment of the present invention. For example, the ?rst 
curve 102 may illustrate loW frequency operation in Which an 
approximately unlimited supply of minority carriers (e.g., 
electrons) may be available to a channel region of the MOS 
FET from the adjacent source/drain diffusion regions of the 
MOSFET. Accumulation may refer to a condition in Which 
depletion does not occur in a top surface of the substrate. 
Therefore, a top surface of silicon of the MOSFET is a P-type 
material. With reference to the ?rst curve 102, While in accu 
mulation With a negative gate voltage Vg applied to the NFET, 
and the substrate, source and drain grounded, the NFET may 
provide a gate capacitance C equal to the gate dielectric 
capacitance per unit area Cox. As shoWn, When the NFET, 
Which is employed as a capacitor, is biased far enough into 
accumulation by application of negative gate bias Vg, a 
change in Vt may not change the capacitance C provided by 
the NFET from Cox. 

[0019] When the gate bias voltage Vg is 0, the NFET is at 
?at band and provides a ?at-band capacitance C?,. At ?at 
band, a surface potential lPS is 0. From this point, an increas 
ingly positive gate bias voltage Vg may cause silicon deple 
tion to expand, thereby decreasing capacitance provided by 
the NFET. As the capacitance decreases While an increasingly 
positive gate bias voltage Vg is applied to the NFET, the 
surface potential lPS may equal 1PB Which is the difference 
betWeen Fermi level and intrinsic level. Once maximum 
depletion depth is reached, a minimum capacitance Cm,”l 
provided by the NFET may be reached. From this point of the 
?rst curve 102, an increase in gate bias voltage Vg may cause 
an inversion layer to form (e.g., quickly) from carriers in the 
source/drain diffusion regions of the NFET. Consequently, 
the capacitance C provided by the NFET may increase toWard 
Cox. When the gate bias voltage is increased to a threshold 
voltage (Vt) of the NFET, 1PS may equal 2><\PB. 
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[0020] Alternatively, if source/drain diffusion regions are 
no longer present, in the absence of minority carrier genera 
tion, a capacitance (e.g., steady state capacitance) provided 
by the NFET may folloW the second curve 104 to reach a 
minimum capacitance Cml-nz. While reaching Cml-nz, as the 
gate bias voltage is increased to a Vt of the NFET, 1PS may 
equal 2x1PB. HoWever, thermal generation of minority carri 
ers may cause a surface of the silicon to be partially populated 
With an n-type material, thereby forming a Weak inversion 
layer. Consequently, the capacitance provided by the NFET 
may increase slightly (from that shoWn in the second curve 
104) as the gate bias voltage Vg increases. 
[0021] Alternatively, an abrupt increase in gate bias voltage 
Vg may cause the NFET to enter deep depletion. As illus 
trated by the third curve 106, the capacitance provided by the 
NFET may decrease until a voltage at Which semiconductor 
breakdown is reached. Alternatively, under deep depletion 
conditions, the capacitance provided by the NFET may at ?rst 
decrease. HoWever, thereafter, carrier generation may cause 
the capacitance provided by the NFET to increase to a steady 
state capacitance Which is less than Cox. 

[0022] The present invention employs a MOSFET (e.g., an 
NFET) including a dielectric material having a high dielectric 
constant (hereinafter represented as “k” or “ed”), such as 
HfSiO and/ or the like. For example, the MOSFET may 
include dielectric material having a k betWeen about that of 
SiO2 (e.g., 3.9) and about that of HfO2 (e.g., 25) depending 
on the exact chemical composition (although MOSFETs in 
accordance With an embodiment of the present invention may 
including dielectric material having a k Within a larger or 
smaller and/or different range). As described in US. patent 
application Ser. No. 11/353,493, ?led Feb. 14,2006 and titled 
“MEMORY ELEMENTS AND METHODS OF USING 
THE SAME” (Attorney Docket No. ROC920050313), Which 
is hereby incorporated by reference herein in its entirety, a 
MOSFET including such a high-k dielectric material may 
operate in a ?rst mode (e. g., a functional mode) to store data 
and operate in a second mode (e. g., a programming mode) to 
change a Vt of the MOSFET from an original Vt to a changed 
Vt such that the changedVt affects data stored by the memory 
element When operated in the ?rst mode. For example, the 
MOSFET may be operated in the second mode by applying a 
gate bias voltage ofabout +2.0V or about +2.5 V for less than 
about 1 second. HoWever, a larger or smaller and/ or different 
gate bias voltage may be employed. Additionally, the gate 
bias voltage may be applied to the MOSFET for a longer or 
shorter time period. In this manner, an original Vt of the 
MOSFET may be adjusted to the changed Vt, Which may be 
higher than the original Vt Without any other form of device 
degradation. The original Vt may be restored or nearly 
restored by application of a negative gate bias voltage (e.g., 
—2.0 V) for a time period (e.g., less than 1 second) Without 
inducing device degradation. Consequently, the original Vt 
may be recoverable. Additional details operating the MOS 
FET to store data are described in US. patent application Ser. 
No. 11/353,493, ?led Feb. 14, 2006 and titled “MEMORY 
ELEMENTS AND METHODS OF USING THE SAME” 
(Attorney Docket No. ROC920050313), Which is hereby 
incorporated by reference herein in its entirety, and therefore, 
are not described in detail herein. 

[0023] Such a MOSFET formed on a substrate may provide 
a capacitance When a bias voltage is applied to a gate of the 
MOSFET, and the substrate, source and drain of the MOS 
FET are grounded. The capacitance provided by the MOS 
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PET is based on the Vt thereof. Consequently, the MOSFET 
may be operated in the ?rst mode as a capacitor While having 
a ?rst Vt (e.g., the original Vt), thereby providing a ?rst 
capacitance. Thereafter, the MOSFET may be operated in the 
second mode such that the Vt of the MOSFET is adjusted 
from the ?rst Vt to a second Vt (e.g., a ?rst changed Vt). 
Subsequently, the MOSFET may be operated in the ?rst mode 
While having the second Vt, thereby providing a second 
capacitance. Additionally, the MOSFET may be operated in 
the second mode such that the Vt of the MOSFET is adjusted 
from the second Vt to a third Vt (e. g., a second changed Vt), 
Which may be equal to or approximately equal to the ?rst Vt. 
Thereafter, the MOSFET may be operated in the ?rst mode 
While having the third Vt, thereby providing a third capaci 
tance Which may be approximately equal to the ?rst capaci 
tance. 

[0024] For example, the MOSFET may be operated in the 
?rst mode as a capacitor While having the original Vt, thereby 
providing a ?rst gate capacitance Cg1. To provide the ?rst 
gate capacitance Cg1, a ?rst voltage Vg1 may be applied to 
the gate of the MOSFET. The ?rst gate voltage Vg1 may be 
selected from the portion of the ?rst curve 102 in Which 
C/Cox declines (e.g., rapidly). For example, a gate bias volt 
age of about 0 V to about a voltage at Which Cm,”l is reached 
may be selected (although the gate bias voltage may be 
selected from a larger or smaller and or different range). 
Because the selected gate bias voltage corresponds to a rap 
idly changing portion of the ?rst curve 102, in some embodi 
ments, a highly regulated poWer supply may be employed to 
provide Vg1, thereby reducing and/ or eliminating variation of 
capacitance provided by the MOSFET. For a selected Vg1, a 
?rst gate capacitance Cg1 provided by the MOSFET may be 
determined using the folloWing formula: 

[0025] Where Cox is the capacitance/unit area for the 
high-k gate dielectric, es,- is the dielectric constant for silicon, 
Q is charge of an electron in Coulombs and Na is acceptor 
impurity density in P-type silicon. The capacitance/unit area 
may be determined using the folloWing formula: 

[0026] where 60 is the vacuum permittivity Which is equal 
to 8.85><l0l4 F/ cm, ed is the relative dielectric constant for the 
high-k dielectric and tox is a thickness of the high-k dielec 
tric. Therefore, Cg1 may represent an operational capacitance 
of the NFET before a Vt thereof is changed. Therefore, a 
capacitance provided by a circuit comprising the MOSFET 
may be based on Cg1. 
[0027] The MOSFET may be operated in second mode to 
change aVt thereof. For example, a gate bias voltage or stress 
Vg2 of about +2.5 V may be applied to the MOSFET for a 
time t1 of about less than 1 second to cause a thresholdvoltage 
change AVt in the MOSFET. For example, the Vt may be 
increased from the original Vt to the ?rst changed Vt. Such a 
AVt may shift the ?rst curve 102 to the right. More speci? 
cally, a trapped negative charge in the gate dielectric of the 
MOSFET may cause +AVt, Which may be mirrored as posi 
tive charge in a surface of silicon of the MOSFET. Conse 
quently, after the threshold voltage change, a larger gate volt 
age may be required to achieve a desired depletion level than 
the gate voltage required to obtain such depletion level before 
the threshold voltage shift. Therefore, after inducing the AVt, 
When the MOSFET is operated in the ?rst mode as a capacitor 
While having the ?rst changed Vt, in response to the original 
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gate bias voltage of Vg1, the MOSFET may provide a second 
gate capacitance Cg2 Which may be larger than the ?rst gate 
capacitance Cg1. For the selected Vg1, the second gate 
capacitance Cg2 provided by the MOSFET may be deter 
mined using the folloWing formula: 

[0028] By adjusting a value of the gate bias voltage Vg2 
applied to the MOSFET and/or a time period that such a 
voltage is applied to the MOSFET While operating in the 
second mode, a desired AVt may be obtained. Consequently, 
a desired second gate capacitance Cg2 may be obtained. In 
this manner, a capacitance provided by one or more such 
MOSFETs (and therefore provided by a circuit comprising 
one or more such MOSFETs) may be adjusted (e.g., tuned in 
for RF circuits and/or increased for decoupling). 
[0029] Using the formulas above, for a MOSFET including 
a dielectric material having an ed:l 5 and for Na:5><l015/cm3 , 
Vg1:0.5 V and Cox:33.l9 fF/um2, the MOSFET may pro 
vide a ?rst capacitance Cg1:0.009><Cox:0.3 fF/um2. Alter 
natively, by decreasing Vg1 to about 0.1 V, the ?rst capaci 
tance Cg1 provided by the MOSFET may be increased to 
about 0.7 fF/um2. 
[0030] By causing the Vt of the MOSFET to change by 
about 80 mV, the MOSFET may provide a second capaci 
tance Cg2 of about 1.44 fF/um2 for a Vg1 of about 0.1 V, 
Which is about tWice the ?rst capacitance. HoWever, the sec 
ond capacitance Cg2 may be increased by causing a larger 
AVt. 

[0031] HoWever, a greater disparity betWeen capacitance 
provided by a MOSFET employed as a capacitor before and 
after a threshold voltage change may be achieved using a gate 
bias voltage Vg1 of 0 V than other gate bias voltages. At 
Vg1:0 V, the MOSFET operates in a ?at-band condition. A 
capacitance Cg3 provided by the MOSFET While operating 
in this condition is the ?at-band capacitance C?, and may be 
determined using the folloWing formula: 

[0032] WhereBK is BoltZmann’s constant Which equals to 
1.3806505xl0 J oules/Kelvin and T is the absolute tempera 
ture in Kelvin and AVt is about 80 mV. For example, using the 
above formula, at 30° C., a MOSFET having an original Vt 
may provide a ?at-band capacitance Cg3 of 1.7 fF/um2. After 
inducing a AVt of about 80 mV, When the MOSFET is oper 
ated in the ?rst mode as a capacitor While having the changed 
Vt, in response to the original gate bias voltage of Vg1:0 V, 
the MOSFET may provide a second gate capacitance Cg4, 
Which may be in the accumulation range of the ?rst curve 102 
and may be larger that Vg3 (and Vg2). The second gate 
capacitance Cg4 in a ?at-band condition provided by the 
MOSFET may be determined using the folloWing formula: 

[0033] Using the above methods, in accordance With 
embodiments of the present invention, one or more such 
MOSFETs may be employed as capacitors Which may pro 
vide a programmable (e.g., an adjustable or variable) capaci 
tance (e. g., varactors) in a plurality of circuits. For example, 
adjustable capacitors may be employed in many applications 
of analog circuit design. As described in detail beloW, such 
adjustable capacitors (e.g., varactors) may be employed to 
tune a differential LC-tank oscillator circuit adapted to pro 
vide a proper frequency (e.g., a proper center frequency) 
When operating in a phase-locked loop (PLL). For example, 
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FIG. 2 is a block diagram of a PLL 200 including a program 
mable capacitor in accordance With an embodiment of the 
present invention. With reference to FIG. 2, the PLL 200 may 
be similar to a conventional PLL. However, in contrast to the 
conventional PLL, one or more components of the PLL 200 
may include transistors including a dielectric material having 
a dielectric constant of about 3.9 to about 25 as capacitors 
Which may provide a programmable capacitance in the man 
ner described above. Further, in contrast to a conventional 
PLL, as described beloW, the PLL 200 may include a multi 
plexer adapted to receive a control signal output from a state 
machine, and a programming voltage that may be employed 
to adjust a Vt of such a transistor. The multiplexer may selec 
tively output the programming voltage to the transistor based 
on the control signal. 

[0034] For example, the PLL 200 may include a prescalar 
M circuit (e.g., logic) 202 coupled to a phase frequency detec 
tor circuit 204. The prescalar M circuit 202 may be adapted to 
receive a signal fref as input and output a signal having a 
frequency l/M times that of fref therefrom. Such a signal 
output from the prescalar M circuit 202 may serve as a ?rst 
signal, Which may be a knoWn reference signal, and may be 
input by the phase frequency detector circuit 204. The phase 
frequency detector circuit 204 may be coupled a ?lter 206 and 
a lock detection circuit 208 adapted to determine Whether the 
PLL 200 has locked and output a signal accordingly. More 
speci?cally, one or more signals output by the phase fre 
quency circuit 204 may be input by the ?lter 206 and a lock 
detection circuit 208. Similarly, the ?lter 206 may be coupled 
to a control voltage buffer circuit 210 and a voltage compara 
tor 212 adapted to determine Whether the control voltage of 
the PLL 200 is greater than or equal to a predetermined value 
(e.g., 0 V). More speci?cally, one or more signals output by 
the ?lter 206 may be input by the control voltage buffer circuit 
210 and the voltage comparator 212. 
[0035] The lock detection circuit 208 and the voltage com 
parator 212 may be coupled to a state machine 214. More 
speci?cally, a signal output by the lock detection circuit 208 
and/ or a signal output by the voltage comparator 212 may be 
input by the state machine 214. Further, the state machine 214 
may also receive a signal including programming control bits 
as input. The state machine 214 may output a control voltage 
selection bit based on the signal output by the lock detection 
circuit 208 and the signal output by the voltage comparator 
212. For example, the state machine 214 may output the 
program control bits if the signal output by the lock detection 
circuit 208 indicates the PLL 200 has locked a frequency and 
the voltage comparator outputs a signal indicating the control 
voltage of the PLL 200 is not greater than or equal to the 
predetermined value. Further, the state machine 214 and con 
trol voltage buffer circuit 210 may be coupled to an analog 
multiplexer 216. More speci?cally, a signal (e.g., the control 
voltage of the PLL 200) output by the control voltage buffer 
circuit 210 or a signal (e.g., the program control bits) output 
by the state machine 214 may be input by the analog multi 
plexer 216. Further, the analog multiplexer 216 may receive a 
programming voltage signal as input. The analog multiplexer 
216 may selectively output a signal input by the multiplexer 
216 based on the signal output by the state machine, Which 
may serve as a control signal of the multiplexer 216. The 
analog multiplexer 216 may be coupled to a voltage-con 
trolled oscillator (VCO) 218 in accordance With an embodi 
ment of the present invention. More speci?cally, one or more 
signals output by the analog multiplexer 21 6 may input by the 
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VCO 218. Such signals may be a control voltage and/or a 
programming voltage. The VCO 218 may be coupled to a 
dividerN circuit 220. More speci?cally, a signal output by the 
VCO 218 may be input by the divider N circuit 220. The 
divider N circuit 220 may divide a frequency of the signal 
input by the circuit 220 (received from the VCO 218) to create 
and output a second signal having a frequency l/N times that 
of the signal input by the circuit 220. The dividerN circuit 220 
may be coupled to the phase frequency detector circuit 204. 
More speci?cally, the second signal output by the divider N 
circuit 220 may be input by the phase frequency detector 204. 
[0036] Similar to a conventional PLL, the PLL 200 is 
adapted to adjust (e.g., continuously) a frequency and phase 
of the second signal until the frequency and phase of the 
second signal matches the frequency and phase of the ?rst 
signal. The signal output by the VCO 218 may serve as an 
output fout, Which equals fref times N/M, of the PLL 200 
When the frequency and phase of the second signal matches 
the frequency and phase of the ?rst signal, Where N and M are 
integers Which typically range from 1 to 1024 but may take on 
other values as Well. Structure and function of the prescalar M 
circuit 202, phase frequency detector circuit 204, ?lter 206, 
lock detection circuit 208, control voltage buffer circuit 210, 
voltage comparator 212 and divider N circuit 220 may be the 
same as corresponding circuit of a conventional PLL. There 
fore, such circuitry 202-212, 220 is not described in further 
detail herein. 

[0037] A VCO of a conventional PLL may be adapted to 
output a signal having a frequency based on (e.g., propor 
tional to) a control signal (e.g., voltage) input by the VCO. 
The VCO may include one or more conventional capacitors, 
and the control voltage input by the VCO may modify a 
capacitance in the VCO Which affects the frequency of the 
VCO output signal. HoWever, during operation of the con 
ventional PLL, the control voltage may be limited (e.g., to a 
value). Therefore, a capacitance in the VCO by the control 
voltage may be limited, and a frequency of the VCO output 
signal may be limited. Further, such limitations may be due in 
part to random variations in processing and dif?cult to predict 
during the design of the VCO. Consequently, due to such 
in?exibility of the conventional PLL, the control voltage may 
be insu?icient to enable the VCO to output a signal having a 
frequency and phase such that the conventional PLL may 
create a second signal having a frequency and phase that 
matches that of a ?rst signal (e.g., a reference signal). 
[0038] In contrast to the VCO of a conventional PLL, the 
VCO 218 may include one or more of the varactors 222 
described above (e.g., varactors including dielectric material 
having a k of about 3.9 to about 25). Further, the VCO 218 
may be adapted to receive a control voltage signal or a pro 
gramming voltage signal. During operation of the PLL 200, 
the control voltage signal may be applied to the VCO 218. 
More speci?cally, the control voltage signal may be applied 
to at least one of the varactors 222 such that a ?rst capacitance 
is created in the VCO 218 Which may affect a frequency of the 
VCO output signal, and therefore, affects a frequency and 
phase of the second signal generated by the PLL 200 that 
should match the frequency and phase of the ?rst signal. 
[0039] If the PLL 200 is unable to lock the frequency and 
phase of the second signal to the ?rst signal using the control 
voltage, the programming voltage signal may be applied to 
the VCO 218. More speci?cally, the programming voltage 
signal may be applied to at least one of the varactors 222 such 
that respective Vts of such varactors change (e.g., from an 
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original Vt to a changed Vt) in the manner described above). 
Consequently, thereafter, When the control voltage signal is 
applied to at least one of the varactors 222, a second different 
(e. g., larger) capacitance is created by the VCO 218. The 
second capacitance may affect the frequency of the VCO 
output signal, and therefore, may affect a frequency of the 
second signal generated by the PLL 200 such that the PLL 
200 may lock the frequency and phase of the second signal to 
the frequency and phase of the ?rst signal. In this manner, the 
same control voltage, Which Was insu?icient to lock the fre 
quency and phase of the second signal to the frequency and 
phase of the ?rst signal before programming (e. g., causing a 
Vt change in) at least one varactor 222, may be applied to at 
least one programmed varactor 222 to successfully lock the 
frequency and phase of the second signal to the frequency and 
phase of the ?rst signal. In this manner, the PLL 200 provides 
greater independence of random variations in capacitance 
due to processing than a conventional PLL. 

[0040] The VCO 218 in accordance With embodiments of 
the present methods and apparatus may have a plurality of 
con?gurations. Exemplary circuits Which may serve as the 
VCO 218 are described beloW With reference to FIGS. 3 and 
4 Which are block diagrams of ?rst and second exemplary 
voltage-controlled oscillators (VCO) 300, 400, respectively, 
included in the PLL 200 in accordance With an embodiment 
of the present invention. With reference to FIG. 3, the VCO 
300 may include a ?rst inductor 302 having a ?rst input 304 
coupled to a poWer supply such as VDD. A second input 306 of 
the ?rst inductor 302 may be coupled to a varactor 222 and a 
?rst MOSFET (e.g., NFET) 308. More speci?cally, the sec 
ond input 306 of the ?rst inductor 302 may be coupled to a 
?rst terminal 310 of the varactor 222 and a drain or source 
terminal 312 of the ?rst NFET 308.A source or drain terminal 
314 of the ?rst NFET 308 may be coupled to a poWer supply 
such as ground. Although varactor 222 is shoWn as a single 
varactor, in some embodiments, varactor 222 may comprise 
tWo discrete series varactors With the control voltage con 
nected to the common point betWeen such varactors. 

[0041] Similarly, the VCO 300 may include a second induc 
tor 316 having a ?rst input 318 coupled to a poWer supply 
such as VDD. A second input 320 of the second inductor 316 
may be coupled to the varactor 222 and a second MOSFET 
(e.g., NFET) 322. More speci?cally, the second input 320 of 
the second inductor 316 may be coupled to a second terminal 
324 of the varactor 222 and a drain or source terminal 326 of 
the second NFET 322. A source or drain terminal 328 of the 
second NFET 322 may be coupled to a circuit poWer supply 
such as ground. Further, a gate 330 of the ?rst NFET 308 may 
be coupled to the second input 320 of the second inductor 316 
and the drain or source terminal 326 of the second NFET 332. 
Similarly, a gate 332 of the second NFET 322 may be coupled 
to the second input 306 of the ?rst inductor 302 and the drain 
or source terminal 312 of the ?rst NFET 308. Inductor inputs 
3 06, 320 or the potential betWeen them may serve as an output 
of the ?rst exemplary VCO 300. 

[0042] Further, the ?rst exemplary VCO 300 may be 
coupled to varactor control circuitry 336 adapted to operate 
the varactor 222 in a ?rst mode to provide a capacitance and 
a second mode to change a threshold voltage of the varactor 
222 from an original threshold voltage to a changed threshold 
voltage such that the changed threshold voltage affects a 
capacitance provided by the varactor 222 When operated in 
the ?rst mode. For example, the varactor control circuitry 336 
may be or include a multiplexer 338. The control voltage of 
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the PLL 200 may be applied to the ?rst input 340 of the 
multiplexer 338. As described above, the control voltage may 
be employed to lock the frequency and phase of the second 
signal to the frequency and phase of the ?rst signal. Further, a 
programming voltage may be applied to a second input 342 of 
the multiplexer 338. The programming voltage may be 
employed to change a Vt of the varactor 222 (e.g., from an 
original Vt to a changedVt). An output 344 of the multiplexer 
338 may be coupled to a gate terminal 346 of the varactor 222. 
Additionally, the multiplexer 338 may include a third input 
348 adapted to receive a multiplexer control signal. The mul 
tiplexer 338 is adapted to selectively output the control volt 
age or the programming voltage to the gate terminal 346 of 
the varactor 222 based on the multiplexer control signal. For 
example, the analog multiplexer 216 may serve as one or 
more portions of the varactor control circuitry 336. In such 
embodiments, the control voltage output by the control volt 
age buffer circuit 210 may be applied on the ?rst input 340, 
the programming voltage may be applied on the second input 
342 and the signal output by the state machine 214 may be 
input on the third input 348. The con?guration of the VCO 
300 is exemplary, and therefore, the VCO 300 may include a 
different circuitry adapted to function as described beloW. 

[0043] During operation of the PLL 300 to lock the fre 
quency and phase of the second signal to the frequency and 
phase of the ?rst signal, the varactor control circuitry 336 may 
apply the control voltage to the gate terminal 346 of the 
varactor 222. Alternatively, the varactor control circuitry 336 
may apply the programming voltage to the gate terminal 346 
of the varactor 222 to program the varactor 222. Application 
of the programming voltage may not be alloWed to happen 
during PLL operation. Rather, the programming voltage may 
be applied during a separate calibration or adjustment phase 
in Which the PLL is not functioning as a loop. For example, 
assuming the Vt of the varactor 222 is the original Vt, if the 
?rst exemplary VCO 300 is unable to lock the frequency and 
phase of the second signal to (e.g., Within a predetermined 
distance from) the frequency and phase of the ?rst signal 
using the control voltage, the varactor control circuitry 336 
may be employed to program the varactor 222. Thereafter, the 
varactor control circuitry 336 may be employed to apply the 
control voltage to the gate terminal 346 of the programmed 
varactor 222 such that the PLL 300 may lock the frequency 
and phase of the second signal to the frequency and phase of 
the ?rst signal using the control voltage. 
[0044] Exemplary design and use of a varactor 222 includ 
ing a dielectric material having a dielectric constant of about 
3.9 to about 25 in a PLL 200 (e.g., in a VCO 218,300 ofthe 
PLL 200) is described beloW. For example, during circuit 
design, a varactor 222 may be designed for the VCO 218, 300 
such that a capacitance provided thereby is alWays beloW the 
desired minimum value given all process variation effects. 
During circuit testing, the PLL 200, Which includes the var 
actor 222, prescalar M circuit 202 and divider N circuit 220 
Which may be used in a ?nal PLL design, is locked to a 
reference frequency in a manner similar to that during normal 
operation of the PLL 200. Because the varactor 222 may be 
designed to be too small, a frequency generated by the VCO 
218 may be too high, and therefore, a sign of the control 
voltage applied to the VCO 218 may be negative to compen 
sate (e.g., assuming a differential control voltage signal). 
Thereafter, a programming voltage may be applied to the 
varactor 222 (e.g., via a multiplexer 216, 338) to change the 
Vt of varactor 222, and therefore, change a capacitance pro 
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vided thereby. A programming voltage amplitude and a time 
period (controlled by program control bits) that such a pro 
gramming voltage is applied to the varactor may be adjusted 
such that a desired change in capacitance (e.g., about less than 
a 1% capacitance change) may be achieved Which may enable 
the PLL to continue to lock. The steps of locking the PLL to 
a reference frequency and applying a programming voltage to 
the varactor may be repeated as necessary until a sign of the 
control voltage is observed to change. At this point the var 
actor capacitance has been adjusted to set the oscillator to the 
desired center frequency. 
[0045] FIG. 4 is a block diagram of a second exemplary 
VCO 400 included in a modi?ed version of the PLL 200 in 
accordance With an embodiment of the present invention. In 
the modi?ed version of the PLL 200, rather than coupling to 
the analog multiplexer 216, the output of the control voltage 
buffer circuit 210 may be coupled to and input by the VCO 
218. Further, in addition to the programming voltage, the 
analog multiplexer 216 may receive a functional voltage as 
input. With reference to FIG. 4, the VCO 400 may include a 
?rst inductor 402 having a ?rst input 404 coupled to a poWer 
supply such as VDD. A second input 406 of the ?rst inductor 
402 may be coupled to a ?rst varactor 408, a second varactor 
410 and a ?rst MOSFET (e.g., NFET) 412. The second var 
actor 410 may be similar to varactors described above (e.g., 
varactors including a dielectric material having a k of about 
3 .9 to about 25). Additionally, in some embodiments, the ?rst 
varactor 408 may also be similar to varactors described 
above. More speci?cally, the second input 406 of the ?rst 
inductor 402 may be coupled to a ?rst terminal 414 of the ?rst 
varactor 408, a ?rst terminal 416 of the second varactor 410 
and a drain or source terminal 418 of the ?rst NFET 412. A 
source or drain terminal 420 of the ?rst NFET 412 may be 
coupled to a poWer supply such as ground. 

[0046] Similarly, the VCO 400 may include a second induc 
tor 422 having a ?rst input 424 coupled to a poWer supply 
such as VDD. A second input 426 of the second inductor 422 
may be coupled to the ?rst varactor 408, second varactor 410 
and a second MOSFET (e.g., NFET) 428. More speci?cally, 
the second input 426 of the second inductor 422 may be 
coupled to a second terminal 430 of the ?rst varactor 408, a 
second terminal 432 of the second varactor 410 and a drain or 
source terminal 434 of the second NFET 428. A source or 
drain terminal 436 of the second NFET 428 may be coupled 
to a poWer supply such as ground. Further, a gate 438 of the 
?rst NFET 412 may be coupled to the second input 426 of the 
second inductor 422, the second input 430 of the ?rst varactor 
408, the second input 432 of the second varactor 410 and the 
drain or source terminal 434 of the second NFET 428. Simi 
larly, a gate 440 of the second NFET 428 may be coupled to 
the second input 406 of the ?rst inductor 402, the ?rst input 
414 of the ?rst varactor 408, the ?rst input 416 of the second 
varactor 410 and the drain or source terminal 418 of the ?rst 
NFET 412. Inductor inputs 406, 426, or the potential betWeen 
them may serve as an output of the second exemplary VCO 
400. 

[0047] A gate terminal 444 of the ?rst varactor 408 may be 
coupled to the control voltage signal of the modi?ed version 
of the PLL 200. Further, the second exemplaryVCO 400 may 
be coupled to varactor control circuitry 446 adapted to oper 
ate the second varactor 410 in a ?rst mode to provide a 
capacitance and a second mode to change a threshold voltage 
of the second varactor 410 from an original threshold voltage 
to a changed threshold voltage such that the changed thresh 
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old voltage affects a capacitance provided by the second 
varactor 410 When operated in the ?rst mode. For example, 
the varactor control circuitry 446 may be or include a multi 
plexer 448. A functional voltage of the modi?ed version of the 
PLL 200 may be applied to the ?rst input 450 of the multi 
plexer 448. The functional voltage may be a DC voltage 
Whose value may be appropriate for the loop and may be 
distinct from the control voltage. The functional voltage may 
be employed to lock the frequency and phase of the second 
signal to the frequency and phase of the ?rst signal. Further, a 
programming voltage may be applied to a second input 452 of 
the multiplexer 448. The programming voltage may be 
employed to change a Vt of the second varactor 410 (e.g., 
from an original Vt to a changed Vt). An output 454 of the 
multiplexer 448 may be coupled to a gate terminal 456 of the 
second varactor 410. Additionally, the multiplexer 448 may 
include a third input 458 adapted to receive a multiplexer 
control signal. For example, the analog multiplexer 216 of the 
modi?ed version of the PLL 200 may serve as one or more 

portions of the varactor control circuitry 446. In such embodi 
ments, the functional voltage may be applied on the ?rst input 
450, the programming voltage may be applied on the second 
input 452 and the signal output by the state machine (e. g., the 
control voltage selection bit) may be input on the third input 
348. The multiplexer 448 is adapted to selectively output the 
functional voltage or the programming voltage to the gate 
terminal 456 of the second varactor 410 based on the multi 
plexer control signal. 
[0048] During operation of the modi?ed version of the PLL 
200 to lock the frequency and phase of the second signal to the 
frequency and phase of the ?rst signal, the ?rst varactor 408 
may serve as a tuning varactor and the second varactor 410 
may serve to set a center frequency of the VCO 400. For 
example, the control voltage may be applied to the ?rst var 
actor 408 such that the ?rst varactor 408 provides a ?rst 
capacitance. Further, the varactor control circuitry 446 may 
apply the functional voltage to the gate terminal 456 of the 
second varactor 410 such that the second varactor 410 pro 
vides a second capacitance, Which may be the same as or 
different than the ?rst capacitance. An overall capacitance 
created in the VCO 400 may be based on the ?rst and second 
capacitances. The overall capacitance may affect a frequency 
of the VCO output signal, and therefore, may affect a fre 
quency and phase of the second signal generated by the modi 
?ed version of the PLL 200 that should match the frequency 
and phase of the ?rst signal. 
[0049] Alternatively, the varactor control circuitry 446 may 
apply the programming voltage to the gate terminal 456 of the 
second varactor 410 to program the second varactor 410. For 
example, assuming the Vt of the second varactor 410 is the 
original Vt, if the second exemplary VCO 400 is unable to 
lock the frequency and phase of the second signal to the 
frequency and phase of the ?rst signal using the control and 
functional voltages, the varactor control circuitry 446 may be 
employed to program the second varactor 41 0. Thereafter, the 
control voltage may be applied to the gate terminal 444 of the 
?rst varactor 408 and the varactor control circuitry 446 may 
be employed to apply the functional voltage to the gate ter 
minal 456 of the programmed second varactor 410 such that 
the modi?ed version of the PLL 200 may lock the frequency 
and phase of the second signal to the frequency and phase of 
the ?rst signal. 
[0050] The con?guration of the VCO 400 is exemplary, and 
therefore, the VCO 400 may include a larger or smaller 
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amount of and/or different circuitry adapted to function as 
described below. For example, instead of a single tuning 
varactor 408, a larger number of tuning varactors may be 
employed. Additionally or alternatively, instead of a single 
center frequency varactor 410, the second exemplary VCO 
400 may include a different number of center frequency var 
actors. 

[0051] The VCO 400 may include a plurality of varactors 
(e.g., an array of varactors). A subset of the plurality of 
varactors may receive a programming voltage adapted to 
change capacitances provided thereby, respectively. By con 
?guring the VCO 400 such that only a subset of a plurality of 
varactors included therein may receive the programming 
voltage, in some embodiments, the analog multiplexer 216 
may be replaced by a programmable level driver (PLD) 
assuming a functional voltage provided to the subset may be 
set to a static voltage during functional operation of the modi 
?ed version of the PLL 200. 

[0052] Additionally, adjustable capacitors may be 
employed in a different type of circuit. For example, FIG. 5 is 
a block diagram of a capacitor array 500 including at least one 
programmable capacitor in accordance With an embodiment 
of the present invention. With reference to FIG. 5, the capaci 
tor array 500 may include a plurality of programmable 
capacitor sets. Each set may include one or more program 
mable capacitors including a dielectric material having a k of 
about 3.9 to about 25. For example, the capacitor array 500 
may include a ?rst programmable capacitor set 502 coupled 
across ?rst and second functional terminals 504, 506 of the 
capacitor array 500. The functional terminals 504, 506 may 
serve as an output of the capacitor array 500. Further, the 
capacitor array 500 may include a second programmable 
capacitor set 508 coupled in parallel With the ?rst program 
mable capacitor 502, a third programmable capacitor set 510 
coupled in parallel With the ?rst and second programmable 
capacitor sets 502, 508 and so on to an nth programmable 
capacitor set 512 coupled in parallel With the other sets 502, 
508, 510. 
[0053] The ?rst programmable capacitor set 502 may 
include a ?rst programmable capacitor 514 having a dielectric 
material having a k of about 3.9 to about 25. A ?rst input 516 
of the ?rst programmable capacitor 514 may be coupled to the 
?rst functional terminal 504. A second input 518 of the ?rst 
programmable capacitor 514 (e.g., a gate terminal thereof) 
may be coupled to the second functional terminal 506 via a 
?rst sWitch 520 of the set 502. Operation of the ?rst sWitch 
520 is based on a control signal Control Bit 0 input by a 
control input 522 of the ?rst sWitch 520. For example, the ?rst 
sWitch 520 may close When Control Bit 0 is asserted. Addi 
tionally, the second input of the ?rst programmable capacitor 
518 may be coupled to a programming terminal (represented 
as “Fine Adjust Voltage Terminal” in FIG. 5) 524 via a second 
sWitch 526 of the ?rst set 502. Operation of the second sWitch 
526 is based on a control signal (represented as “Fine Adjust 
0” in FIG. 5) input by a control input 528 of the second sWitch 
526. For example, the second sWitch 526 may close When 
Fine Adjust 0 is asserted. In operation, for example, the ?rst 
sWitch 520 may be closed by asserting Control Bit 0. There 
fore, an overall capacitance of the capacitor array 500 may be 
based at least on the programmable capacitor 514 in the ?rst 
set 502. Alternatively, the second sWitch 526 may be closed 
by asserting Fine Adjust 0. Consequently, a signal (e.g., volt 
age) asserted on the programming terminal may be applied to 
the gate terminal 518 of the ?rst programmable capacitor 514 
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such that aVt of the programmable capacitor 514 may change 
(e.g., from an original Vt to a changed Vt). In this manner, a 
capacitance subsequently provided by the programmable 
capacitor 514, and therefore, the ?rst set 502 may be adjusted. 
[0054] The second programmable capacitor set 508 may 
include ?rst and second programmable capacitors 530, 532 
having a dielectric material having a k of about 3.9 to about 
25. Respective ?rst inputs 534, 536 of the ?rst and second 
programmable capacitors 530, 532 may be coupled to the ?rst 
functional terminal 504. Respective second inputs 538, 540 of 
the ?rst and second programmable capacitors 530, 532 (e. g., 
gate terminals thereof) may be coupled to the second func 
tional terminal 506 via a ?rst sWitch 542 of the set 508. 
Operation of the ?rst sWitch 542 is based on a control signal 
Control Bit 1 input by a control input 544 of the ?rst sWitch 
542. For example, the ?rst sWitch 542 may close When Con 
trol Bit 1 is asserted. Additionally, the respective second 
inputs 538, 540 of the ?rst and second programmable capaci 
tors 530, 532 may be coupled to the programming terminal 
524 via a second sWitch 546 of the second set 508. Operation 
of the second sWitch 546 is based on a control signal (repre 
sented as “Fine Adjust l” in FIG. 5) input by a control input 
548 of the second sWitch 546. For example, the second sWitch 
546 may close When Fine Adjust 1 is asserted. In operation, 
for example, the ?rst sWitch 542 may be closed by asserting 
Control Bit 1. Therefore, an overall capacitance of the capaci 
tor array 500 may be based at least on the programmable 
capacitors 530, 532 in the second set 508. Alternatively, the 
second sWitch 546 may be closed by asserting Fine Adjust 1. 
Consequently, a signal (e. g., voltage) asserted on the pro 
gramming terminal may be applied to respective gate termi 
nals 538, 540 of the ?rst and second programmable capacitors 
530, 532 such that aVt of each such programmable capacitors 
530, 532 may change (e. g., from an original Vt to a changed 
Vt). In this manner, a capacitance subsequently provided by 
the ?rst and second programmable capacitors 530, 532, and 
therefore, the second set 508 may be adjusted. 
[0055] The third programmable capacitor set 510 may 
include ?rst through fourth programmable capacitors 550 
556 having a dielectric material having a k of about 3.9 to 
about 25. Respective ?rst inputs 558-564 of the ?rst through 
fourth programmable capacitors 550-556 may be coupled to 
the ?rst functional terminal 504. Respective second inputs 
566-572 of the ?rst through fourth programmable capacitors 
550-556 (e.g., gate terminals thereof) may be coupled to the 
second functional terminal 506 via a ?rst sWitch 574 of the set 
510. Operation of the ?rst sWitch 574 is based on a control 
signal Control Bit 2 input by a control input 576 of the ?rst 
sWitch 574. For example, the ?rst sWitch 574 may close When 
Control Bit 2 is asserted. Additionally, the respective second 
inputs 566-572 of the ?rst through fourth programmable 
capacitors 550-556 may be coupled to the programming ter 
minal 524 via a second sWitch 578 of the third set 510. 
Operation of the second sWitch 578 is based on a control 
signal (represented as “Fine Adjust 2” in FIG. 5) input by a 
control input 580 of the second sWitch 578. For example, the 
second sWitch 578 may close When Fine Adjust 2 is asserted. 
In operation, for example, the ?rst sWitch 574 may be closed 
by asserting Control Bit 2. Therefore, an overall capacitance 
of the capacitor array 500 may be based at least on the pro 
grammable capacitors 550-556 in the third set 510. Altema 
tively, the second sWitch 578 may be closed by asserting Fine 
Adjust 2. Consequently, a signal (e.g., voltage) asserted on 
the programming terminal is applied to respective gate termi 
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nals 566-572 of the ?rst through fourth programmable 
capacitors 550-556 such that aVt of each such programmable 
capacitor 550-556 may change (e.g., from an original Vt to a 
changed Vt). In this manner, a capacitance subsequently pro 
vided by the ?rst through fourth programmable capacitors 
550-556, and therefore, the third set 510 may be adjusted. 
[0056] The nth programmable capacitor set 512 may 
include 2” programmable capacitors 582, 584 (only tWo 
shoWn) having a dielectric material having a k of about 3 .9 to 
about 25. Respective ?rst inputs 586, 588 of the ?rst through 
2”th programmable capacitors 582, 584 may be coupled to the 
?rst functional terminal 504. Respective second inputs 590, 
592 of the ?rst through 2”th programmable capacitors 582, 
584 (e.g., gate terminals thereof) may be coupled to the sec 
ond functional terminal 506 via a ?rst sWitch 594 of the nth set 
512. Operation of the ?rst sWitch 594 is based on a control 
signal Control Bit n input by a control input 596 of the ?rst 
sWitch 594. For example, the ?rst sWitch 594 may close When 
Control Bit n is asserted. Additionally, the respective second 
inputs 590-592 of the ?rst through 2”th programmable 
capacitors 582, 584 may be coupled to the programming 
terminal 524 via a second sWitch 598 of the nth set 512. 
Operation of the second sWitch 598 is based on a control 
signal (represented as “Fine Adjust n” in FIG. 5) input by a 
control input 600 of the second sWitch 598. For example, the 
second sWitch 598 may close When Fine Adjust n is asserted. 
In operation, for example, the ?rst sWitch 594 may be closed 
by asserting Control Bit n. Therefore, an overall capacitance 
of the capacitor array 500 may be based at least on the pro 
grammable capacitors 582-584 in the nth set 512. Altema 
tively, the second sWitch 598 may be closed by asserting Fine 
Adjust n. Consequently, a signal (e.g., voltage) asserted on 
the programming terminal is applied to respective gate termi 
nals 590, 592 of the ?rst through nth programmable capaci 
tors 582, 584 such that a Vt of each such programmable 
capacitors 582, 584 may change (e.g., from an original Vt to 
a changed Vt). In this manner, a capacitance subsequently 
provided by the ?rst through nth programmable capacitors 
582, 584, and therefore, the nth set 512 may be adjusted. 
[0057] Therefore, the control signals Control Bit 0-Control 
Bit n may be employed to adjust (e. g., tune) an overall capaci 
tance of the capacitor array 500. For example, by asserting 
one or more control signals Control Bit 0-Control Bit n, an 
overall capacitance of the capacitor array 500 may be 
adjusted to be based on programmable capacitors included in 
sets 502, 508, 510, 512 corresponding to such asserted control 
signals. In this manner, the capacitor array 500 is a binary 
Weighted array of capacitors (e.g., programmable capacitors 
as described above). Binary selection of the control bits Con 
trol Bit 0-Control Bit n may serve to provide a coarse adjust 
ment to the overall capacitance provided by the capacitor 
array 500 (e.g., provided betWeen the ?rst and second func 
tional terminals 504, 506). Further, an overall capacitance 
500 provided by the capacitor array 500 may be adjusted 
(e. g., ?ne tuned) by changing aVt of (e.g., programming) one 
or more programmable capacitors 514, 530-532, 550-556, 
582-584 of the capacitor array 500, and thereafter, asserting a 
control bit corresponding thereto such that the overall capaci 
tance of the capacitor array 500 may be based on such pro 
grammed capacitors. Although the second sWitches 526, 546, 
578, 598 ofthe programmable capacitor sets 502, 508, 510, 
512 are coupled to different control signals Fine Adjust 0, 
Fine Adjust 1, Fine Adjust 2, Fine Adjust n, in some embodi 
ments, such sWitches 526, 546, 578, 598 may be coupled to 
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the same control signal, and therefore, all programmable 
capacitors 514, 530-532, 550-556, 582-584 are programmed 
at the same time. 

[0058] As described above, control signals Control Bit 
0-Control Bit n serve to provide a coarse adjustment (e.g., an 
initial adjustment) and control signals Fine Adjust 0-Fine 
Adjust n serve to provide a ?ne adjustment to the overall 
capacitance provided by the capacitor array 500. HoWever, in 
some embodiments, control signals Fine Adjust 0-Fine 
Adjust n may serve to provide a coarse adjustment and control 
signals Control Bit 0-Control Bit n may serve to provide a ?ne 
adjustment to the overall capacitance provided by the capaci 
tor array 500. In this manner, an overall capacitance of the 
capacitor array 500 may be tuned. A siZe of a smallest unit 
capacitor (e.g., programmable capacitor) in the capacitor 
array and a capacitance range that may be created by pro 
gramming the programmable capacitors 514, 530-532, 550 
556, 582-584 may determine Whether control signals Control 
Bit 0-Control Bit n serve to provide the coarse adjustment 
(e.g., an initial adjustment) and control signals Fine Adjust 
0-Fine Adjust n serve to provide the ?ne adjustment to the 
overall capacitance provided by the capacitor array 500 or 
Whether control signals Fine Adjust 0-Fine Adjust n serve to 
provide the coarse adjustment and control signals Control Bit 
0-Control Bit n serve to provide the ?ne adjustment to the 
overall capacitance provided by the capacitor array 500. 
[0059] Through use of the present methods and apparatus, 
varactors having a dielectric material including a dielectric 
constant of about 3.9 to about 25 may be employed in a 
variety of circuit designs, such as a PLL 200 a binary 
Weighted capacitor array 500, and/or the like, for example. 
The varactors including a dielectric material having a dielec 
tric constant of about 3.9 to about 25 may provide a high 
quality factor (Q-factor) and therefore provide a loW-leakage 
capacitance. Additionally, such varactors provide a Wide tun 
ing range. For example, such a varactor may provide a capaci 
tance betWeen about 0.1 fF/um2 to about 2.0 fF/um2 (although 
a larger of smaller and/or different tuning range may be 
employed). Further, manufacturing of such varactors may 
easily be integrated into existing CMOS processes (e.g., With 
out a need for additional masks). For example, manufacturing 
of such varactors may be integrated into methods of manu 
facturing standard planar CMOS and ?nFET technologies. 
More speci?cally, manufacturing of such varactors may be 
integrated into methods of manufacturing silicon-on-insula 
tor (SOI) and ?nFET semiconductor devices Where an active 
silicon layer is insulated from a remaining portion of a sub 
strate (e.g., a bulk silicon region). Due to the high quality 
factor, a varactor in accordance With embodiments of the 
present invention, and a circuit (e.g., a varactor array) com 
prising such a varactor, may provide a built-in or autonomic 
memory capability such that the varactor may retain state 
(e.g., store a capacitance). Therefore, a circuit including such 
a varactor may not require additional circuitry (e.g., non 
volatile memory) to store a capacitance. 

[0060] The foregoing description discloses only exemplary 
embodiments of the invention. Modi?cations of the above 
disclosed apparatus and methods Which fall Within the scope 
of the invention Will be readily apparent to those of ordinary 
skill in the art. For instance, varactors having a dielectric 
material including a dielectric constant of about 3.9 to about 
25 employed in a circuit described above may be of the same 
siZe. Alternatively, tWo or more of such varactors may have 
different siZes. 
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[0061] Accordingly, While the present invention has been 
disclosed in connection With exemplary embodiments 
thereof, it should be understood that other embodiments may 
fall Within the spirit and scope of the invention, as de?ned by 
the following claims. 

The invention claimed is: 
1. A semiconductor device having an adjustable capaci 

tance, comprising: 
a transistor formed on a substrate having: 

a gate region including a dielectric material having a 
dielectric constant of about 3.9 to about 25; 

Wherein the transistor is adapted to operate in a ?rst mode 
to provide a capacitance; and 

Wherein the transistor is adapted to operate in a second 
mode to change a threshold voltage of the transistor from 
an original threshold voltage to a changed threshold 
voltage such that the changed threshold voltage affects a 
capacitance provided by the transistor When operated in 
the ?rst mode. 

2. The semiconductor device of claim 1 Wherein: 
the semiconductor device further includes a source diffu 

sion region and a drain diffusion region; and 
the transistor is adapted to operate in the ?rst mode to 

provide the capacitance When a voltage is applied to the 
gate region, and the source diffusion region, drain dif 
fusion region and substrate are grounded. 

3. The semiconductor device of claim 1 Wherein the dielec 
tric material is hafnium silicon oxide (HfSiO). 

4. The semiconductor device of claim 1 Wherein the tran 
sistor is adapted to provide loW-leakage capacitance. 

5. The semiconductor device of claim 1 Wherein the tran 
sistor is further adapted to provide a capacitance of about 0.1 
fF/um2 to about 2.0 fF/um2. 

6. The semiconductor device of claim 1 Wherein the tran 
sistor is adapted to store a capacitance state. 

7. A system adapted to provide a variable capacitance, 
comprising: 

a circuit including at least one transistor including a dielec 
tric material having a dielectric constant of about 3.9 to 
about 25; 

Wherein each of the at least one transistor is adapted to 
operate in a ?rst mode to provide a capacitance; 

Wherein each of the at least one transistor is adapted to 
operate in a second mode to change a threshold voltage 
of the transistor from an original threshold voltage to a 
changed threshold voltage such that the changed thresh 
old voltage affects a capacitance provided by the tran 
sistor When operated in the ?rst mode; and 

Wherein a capacitance provided by the circuit is based on 
the capacitance provided by each of the at least one 
transistor. 

8. The system of claim 7 Wherein the circuit is a voltage 
controlled oscillator of a phase-locked loop. 

9. The system of claim 7 Wherein the circuit is a binary 
Weighted array of the at least one transistor. 

10. The system of claim 7 further comprising control cir 
cuitry coupled to one or more of the at least one transistor and 
adapted to: 

cause one or more of the at least one transistor to operate in 

the ?rst mode; and 
cause one or more of the at least one transistor to operate in 

the second mode. 
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11. The system of claim 10 Wherein: 
the circuit is a voltage-controlled oscillator of a phase 

locked loop (PLL); and 
the control circuitry includes a multiplexer adapted to: 

selectively output a functional voltage to the at least one 
transistor such that the at least one transistor operates 
in the ?rst mode to provide a capacitance based on the 
functional voltage; and 

selectively output a programming voltage to the at least 
one transistor such that the at least one transistor 
operates in the second mode to change a threshold 
voltage of the at least one transistor based on the 
programming voltage. 

12. The system of claim 11 Wherein the functional voltage 
is the control voltage of the PLL. 

13. The system of claim 11 Wherein the control circuitry is 
further adapted to: 

selectively output a functional voltage to the at least one 
transistor such that the at least one transistor operates in 
the ?rst mode to provide a ?rst transistor capacitance 
based on the functional voltage such that the circuit 
provides a ?rst circuit capacitance that does not lock the 
PLL Within a predetermined distance from a center con 
trol voltage; 

selectively output a programming voltage to the at least one 
transistor such that a threshold voltage of the at least one 
transistor changes from an original threshold voltage to 
a changed threshold voltage such that the changed 
threshold voltage affects a capacitance provided by the 
transistor, and therefore the circuit, When operated in the 
?rst mode; and 

thereafter, selectively output the functional voltage to the at 
least one transistor such that the at least one transistor 
operates in the ?rst mode to provide a second transistor 
capacitance based on the functional voltage such that the 
circuit provides a second circuit capacitance that locks 
the PLL. 

14. The system of claim 10 Wherein: 
the circuit includes a ?rst set of one or more of the transis 

tors coupled in parallel to a second set of one or more of 

the transistors; and 
the control circuitry is further adapted to: 

cause transistors in one or more of the ?rst and second 
sets to operate in the ?rst mode such that the circuit 
provides a ?rst circuit capacitance; and 

cause the transistors in one or more of the ?rst and 
second sets to operate in the second mode such that 
respective threshold voltages of the transistors 
change; and 

thereafter, cause the transistors in one or more of the ?rst 
and second sets to operate in the ?rst mode such that 
the circuit provides a second circuit capacitance. 

15. The system of claim 14 Wherein the control circuitry 
includes sWitches adapted to: 

cause a functional voltage to be applied to transistors in one 
or more of the ?rst and second sets such that the transis 
tors operate in the ?rst mode and the circuit provides a 
circuit capacitance; and 

cause a programming voltage to be applied to transistors in 
one or more of the ?rst and second sets such that the 
transistors operate in the second mode and respective 
threshold voltages of the transistors change. 

* * * * * 


