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VOLTAGE REFERENCE CIRCUIT FOR LOW 
VOLTAGE APPLICATIONS IN AN 

INTEGRATED CIRCUIT 

FIELD OF THE DISCLOSURE 

The present disclosure generally relates to the ?eld of 
voltage reference circuits in integrated circuits. In particular, 
the present disclosure is directed to a voltage reference circuit 
for loW voltage applications in an integrated circuit. 

BACKGROUND 

In many integrated circuit designs, it is necessary to have 
local reference voltages of knoWn values that are stable 
among process and temperature variations. With advances in 
semiconductor technology, the semiconductor geometries are 
decreasing. In particular, With the scaling of semiconductor 
technologies and the use of ultra-thin gate oxides, the demand 
for loW poWer and loW voltage reference circuits is increasing 
strongly. A Well-knoWn technique for providing a regulated 
reference voltage is the band gap reference circuit, Which may 
be utiliZed as a general-purpose voltage regulator circuit for 
supplying a stable voltage reference in, for example, an inte 
grated circuit. HoWever, a drawback of the traditional band 
gap reference circuit is that it uses an arrangement of semi 
conductor diodes that are unable to operate at poWer supply 
voltages less than about 1.0 volts, because the forWard bias of 
a diode is around 0.7 volts and, thus, the proper voltage 
margins may not be maintained. Consequently, as semicon 
ductor technologies advance and the operating voltages 
decrease, traditional band gap reference techniques have 
reached the limit of their voltage margins. 

For these reasons, a need exists for a voltage reference 
circuit for use in loW voltage applications in an integrated 
circuit, in order to replace diode-style band gap reference 
circuits that are unable to operate With poWer supply voltages 
that are less than about 1 volt. 

SUMMARY OF THE DISCLOSURE 

In one embodiment, the present disclosure is directed to an 
integrated circuit chip. The integrated circuit chip comprises 
a voltage reference circuit that includes a ?rst voltage divider 
stack comprising a ?rst input for receiving a regulated volt 
age, and a ?rst internal node for providing a ?rst divided 
output voltage. A second voltage divider stack is electrically 
coupled in parallel With the ?rst voltage divider stack and has 
a nonlinear relationship to the regulated voltage. The second 
voltage divider stack comprises a second input for receiving 
the regulated voltage, and a second internal node for provid 
ing a second divided output voltage. A voltage regulator is 
operatively con?gured to generate the regulated voltage as a 
function of the ?rst divided output voltage and the second 
divided output voltage. 

In another embodiment, the present disclosure is also 
directed to an integrated circuit. The integrated circuit com 
prises a voltage reference circuit that includes a ?rst voltage 
divider stack comprising a ?rst input for receiving a regulated 
voltage, and a ?rst internal node for providing a ?rst divided 
output voltage. A second voltage divider stack is electrically 
coupled in parallel With the ?rst voltage divider stack. The 
second voltage divider stack comprises a ?rst leaky capacitor 
having a ?rst leakage current and including a second input for 
receiving the regulated voltage. The second voltage divider 
stack also comprises a second leaky capacitor electrically 
coupled in series With the ?rst leaky capacitor so as to de?ne 
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2 
a second internal node therebetWeen for providing a second 
divided output voltage. A voltage regulator is operatively 
con?gured to generate the regulated voltage as a function of 
the ?rst divided output voltage and the second divided output 
voltage. 

In a further embodiment, the present invention is directed 
to a method of providing a voltage reference signal. The 
method comprises dividing a regulated voltage so as to pro 
vide a ?rst divided voltage output having a ?rst pro?le of the 
?rst divided output voltage versus the regulated voltage. The 
regulated voltage is divided so as to provide a second divided 
voltage having a second pro?le of the second divided voltage 
versus the regulated voltage that crosses the ?rst pro?le at a 
single crossover voltage. The regulated voltage is generated 
as a function of the ?rst divided output voltage and the second 
divided output voltage so that each of the ?rst divided output 
voltage and the second divided output voltage are substan 
tially equal to one another. At least one of the folloWing is 
output as a voltage reference signal: the regulated voltage, the 
?rst divided output voltage and the second divided output 
voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For the purpose of illustrating the invention, the draWings 
shoW aspects of one or more embodiments of the invention. 
HoWever, it should be understood that the present invention is 
not limited to the precise arrangements and instrumentalities 
shoWn in the draWings, Wherein: 

FIG. 1 illustrates a functional block diagram of an inte 
grated circuit made in accordance With the present invention 
that includes a tunneling device voltage reference circuit for 
use in loW voltage applications; 

FIG. 2 illustrates a schematic diagram of the tunneling 
device voltage reference circuit of FIG. 1; 

FIG. 3 illustrates an exemplary intermediate node vs. ref 
erence node voltage plot for various device ratios Within a 
second of tWo tunneling device stacks of the tunneling device 
voltage reference circuit of FIG. 2; 

FIG. 4 is a graph shoWing the relative tunneling current of 
high-Vt, normal-Vt, loW-Vt and very loW-Vt devices as a 
function of gate voltage; 

FIG. 5 illustrates a ?rst exemplary voltage vs. time plot of 
the regulated voltages of the tunneling device voltage refer 
ence circuit of FIGS. 1 and 2 as poWer supply is ramped up; 
and 

FIG. 6 illustrates a second exemplary voltage vs. time plot 
of the regulated voltages of the tunneling device voltage 
reference circuit of FIGS. 1 and 2 as poWer supply is ramped 
up. 

DETAILED DESCRIPTION 

Referring noW to the draWings, FIG. 1 illustrates an inte 
grated circuit 10 of the present invention that may be fabri 
cated upon an integrated circuit chip 12 and that includes at 
least one tunneling device (TD) voltage reference circuit 14 
made in accordance With the present disclosure. As described 
beloW in more detail, TD reference circuit 14 generally com 
prises a ?rst device stack 16 that includes a ?rst output voltage 
node V1 having a ?rst voltage V1 that varies linearly With the 
voltage (here VDD) of a poWer supply (not shoWn) and a 
second device stack 18 that includes a second output voltage 
node V2 having a second voltage V2 that varies non-linearly 
With voltage VDD. (For convenience, certain voltage nodes 
and the voltages on those nodes are designated by the same 
descriptors, e. g., voltage node V1 has ?rst voltageVl, voltage 
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node V2 has second voltage V2, etc.) TD voltage reference 
circuit 14 may be electrically connected to one or more logic 

circuits, analog circuits, and/ or mixed-signal circuits (not 
shoWn) Within integrated circuit 10 as needed in a particular 
design. Those skilled in the art Will readily appreciate the 
variety of circuits that may be used With TD voltage reference 
circuit 14. TD voltage reference circuit 14 of integrated cir 
cuit 10 also may include a differential operational ampli?er 
(op-amp) circuit 20, a current-mirror circuit 22, and a startup 
circuit 24. 

TD voltage reference circuit 14 may be used in place of a 
diode-style band gap reference circuit and may be designed to 
operate With poWer supply voltages that are relatively loW, 
e.g., less than about 1 volt, to output a voltage reference, 
Which may be any one of the ?rst voltage V1, the second 
voltage V2, and regulated output voltage VREG, that is very 
stable across process and temperature variations. At a very 
high level and as explained in more detail beloW, TD voltage 
reference circuit 14 utiliZes differential op-amp circuit 20 in a 
feedback loop to compare ?rst and second output voltages 
V1, V2 of ?rst and second device stacks 16, 18 With one 
another and output regulated output voltage VREG as a func 
tion of the ?rst and second voltages V1, V2, respectively. 
Because of the linear behavior of ?rst device stack 16 and the 
non-linear behavior of second device stack 18, there is a 
single non-Zero value of regulated voltage VREG at Which the 
?rst and second voltages V1, V2 are equal to one another. 
Once TD voltage reference circuit 14 locks onto this value, 
regulated voltage VREG and ?rst and second voltages V1, V2 
remain highly stable amid process and temperature varia 
tions. 

At a more detailed level, ?rst device stack 16 may include 
tWo similar n-type transistors N1, N2 (FIG. 2) electrically 
connected in series With one another and biased in a current 
tunneling mode in order to form a linear voltage divider. 
Alternatively, ?rst device stack 16 may be formed of other 
devices, such as a resistor divider network. Intermediate volt 
age node V1 exists betWeen the tWo similar devices N1, N2. 
Second device stack 18 may include a stack of tWo dissimilar 
n-type transistors N3, N4 (FIG. 2) electrically connected in 
series With one another and biased in a current tunneling 
mode in order to form a non-linear voltage divider. Interme 
diate voltage node V2 exists betWeen the tWo dissimilar tun 
neling devices. The upper rails of ?rst tunneling device stack 
16 and second tunneling device stack 18 are connected to 
differential op-amp circuit 20 so as to be at the regulated 
voltage VREG. 

In the example of TD voltage reference circuit 14, op-amp 
circuit 20 is arranged in a negative feedback con?guration for 
sensing a difference in voltage as betWeen ?rst output node 
V1 of ?rst device stack 16 and second output node V2 of 
second device stack 18 and then taking corrective action to 
either increase or decrease regulated voltage VREG until ?rst 
and second output voltages V1, V2 are substantially equal to 
one another. More details of differential op -amp circuit 20 are 
discussed beloW in the description of FIG. 2. 

Current-mirror circuit 22 may be a general-purpose current 
source that provides gate bias voltages forpositive ?eld-effect 
transistors (pFETs) and/or negative ?eld-effect transistors 
(nFETs). More details of current-mirror circuit 22 may be 
found beloW in the description of FIG. 2. Startup circuit 24 
may be a general-purpose startup circuit. A startup circuit is 
often required With a bi-stable circuit, such as TD voltage 
reference circuit 14, so that the circuit Will stabiliZe at a 
preferred operating point at poWer up time. More details of 
startup circuit 24 are found beloW in the description of FIG. 2. 
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4 
FIG. 2 illustrates TD voltage reference circuit 14 of FIG. 1 

in more detail. As mentioned above, ?rst device stack 16 may 
include a stack of tWo similar transistors that are biased in a 
current tunneling mode in order to form a ?rst voltage divider 
circuit. As shoWn in FIG. 2, in one example of TD voltage 
reference circuit 14, ?rst device stack 16 includes nFETs N1, 
N2 biased in a current tunneling mode and electrically con 
nected in series betWeen voltage node VREG and ground. 
Voltage node VREG is the voltage node of TD voltage refer 
ence circuit 14 that is regulated by the feedback circuitry. Due 
to the likeness of transistors N1, N2, voltage V1 on interme 
diate voltage node V1 located betWeen transistors N1, N2 is 
substantially equal to regulated voltage VREG><0.5 (or 
VREG/2). The bulk node B of transistor N1 is electrically 
connected to voltage node V1 and the bulk node B of transis 
tor N2 is electrically connected to ground. Alternatively, ?rst 
device stack 16 may be formed of a resistor divider netWork. 
In addition, ?rst voltage V1 is not limited to a value of VREG/ 
2; rather, the devices that form ?rst tunneling device stack 16 
may be siZed such that voltage V1 equals any division of 
regulated voltage VREG. 

In the present example, transistors N1, N2 have substan 
tially equal oxide thickness, substantially equal voltage 
thresholds (Vts), and substantially equal oxide areas. The 
range of oxide thickness is such that a tunneling current can 
?oW through transistors N1, N2. This range may be, e. g., 
about 4.0 nanometers (nm) doWn to about 0.8 nm. In one 
example, the oxide thickness of each transistor N1, N2 is 1.40 
nm. The range of Vt may be about 100 millivolts (mV) to 
about 400 mV, Which may be considered a typical or “normal 
Vt” range for such devices. In one example, the normal-Vt of 
both transistors N1, N2 may be 0.347 V. The oxide area is 
expressed in terms of channel Width W and length L in 
microns. The only requirement on the oxide area of transis 
tors N1, N2 is that each is at least 1.0 square micron With 
dimensions of at least 1.0 micron><1.0 micron. This condition 
is to alloW the Vt of transistors N1, N2 to be independent of 
the variations in the W/L ratio. In one example, the W/L ratio 
of each transistor N1, N2 may be 5.0/ 10.0 microns. Because 
the oxide area of transistors N1, N2 are equal, the voltage 
across transistor N1 is equal to the voltage across transistor 
N2 and, thus, ?rst voltageV1 is substantially equal to one-half 
of regulated voltage VREG. Consequently, ?rst voltage V1 
has a linear relationship to regulated voltage VREG. 
As also mentioned above, second device stack 18 may 

include a stack of tWo dissimilar nFETs N3, N4 electrically 
connected in series betWeen VREG and ground and biased in 
a current tunneling mode in order to form a second voltage 
divider circuit. Intermediate voltage node V2 is located 
betWeen transistors N3 and N4. The bulk nodes B of corre 
sponding respective transistors N3, N4 may be electrically 
connected ground. In one embodiment, transistors N3, N4 
have substantially equal oxide thicknesses, but have unequal 
oxide areas and unequal Vts. Like transistors N1, N2 of ?rst 
device stack 16, the oxide thickness range for transistors N3, 
N4 may be, e.g., about 4.0 nm doWn to about 0.8 nm. In one 
example, the oxide thickness of each transistor N3, N4 is 1.4 
nm. 

In the present example and like transistors N1, N2, transis 
tor N3 may be considered a normal-Vt device. HoWever, 
transistor N4 may be considered a loW-Vt or an ultra-loW-Vt 
device as compared With each of transistors N1, N2, N3. A 
loW-Vt range may be considered to be about 0.0 mV to about 
200 mV. In one example, the loW-Vt of transistor N4 may be 
0.128 V. An ultra-loW-Vt range may be considered to be about 
—200 mV to about 100 mV. In one example, the ultra-loW-Vt 
of transistor N4 may be 0.026 V. Alternatively, transistor N4 
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may be considered a high-Vt device as compared With tran 
sistor N3 . A high-Vt range may be about 300 mV to about 600 
mV. In one example, the high-Vt of transistor N4 may be 
0.573 V. Because transistors N1, N2, N3, N4 are loW-Vt, 
normal-Vt, or high-Vt devices, When poWer supply voltage 
VDD is 1.0 volt or less, there is su?icient voltage margin 
Within TD voltage reference circuit 14 to alloW device opera 
tion, Which is not the case in the traditional diode-style band 
gap reference circuits. 

Like transistors N1, N2, the only requirement on the oxide 
areas of transistors N3, N4 is that each is at least 1.0 square 
micron With dimensions of at least l.0><l.0 micron. In one 
example, the W/ L of transistor N3 may be 130.0/1 0.0 microns 
and the W/L of transistor N4 may be 2000/ 2.0 microns. 
Because the Vt of transistors N3, N4 are unequal, the gate 
tunneling current characteristics of transistors N3, N4 are 
different and, thus, the voltage across transistor N3 is not 
equal to the voltage across transistor N4. Consequently, sec 
ond voltage V2 has a nonlinear relationship to regulated volt 
age VREG and, thus, second voltage V2 is not simply equal to 
one-half of regulated voltage VREG. 

Additionally, because ?rst device stack 16 and second 
device stack 18 are formed of very loW current devices, it is 
easy to disturb voltage nodes V1, V2, respectively. Therefore, 
?rst device stack 16 and second device stack 18 may each 
include a corresponding isolation resistor R1, R2. Isolation 
resistor R1, Which is electrically connected to voltage node 
V1, and isolation resistor R2, Which is electrically connected 
to voltage node V2, provide resistive isolation betWeen ?rst 
device stack 16 and second device stack 18, respectively, and 
op-amp circuit 20, in order to inhibit noise that may alter the 
stack voltages. The resistance values of isolation resistors R1, 
R2 may range suf?ciently high to provide good isolation, but 
not so high as to diminish the loop gain of op-amp circuit 20. 
In one example, the resistance values of isolation resistors R1, 
R2 may each be 10,000 ohms. 
Op-amp circuit 20 may be a differential operational ampli 

?er circuit arranged in a negative feedback con?guration for 
sensing a difference betWeen tWo voltages and then taking 
corrective action to either increase or decrease a voltage node. 
Op-amp circuit 20 may include a standard, high gain, opera 
tional ampli?er OP-AMP device Whose negative input is fed 
by ?rst voltage V1 of ?rst device stack 16 via isolation resistor 
R1 and Whose positive input is fed by second voltage V2 of 
second device stack 18 via isolation resistor R2. An output of 
operational ampli?er OP-AMP feeds the gates of transistors 
P1, P2. Transistor P2 serves as a decoupling capacitor 
betWeen output of operational ampli?er OP-AMP and the 
poWer supply voltage, e.g., voltage VDD, in order to ensure 
stability of operational ampli?er OP-AMP and the negative 
feedback con?guration. Transistor (P1), Which is electrically 
connected betWeen supply voltage VDD and regulated volt 
age node VREG, may be the gain stage of operational ampli 
?er OP-AMP that is used to regulate regulated voltage VREG. 
In response to the output of operational ampli?er OP-AMP, 
transistor P1 supplies current to regulated voltage node 
VREG, Which is the upper rail voltage of ?rst device stack 16 
and second device stack 18. In this Way, the negative feedback 
loop is closed. 

In particular, operational ampli?er OP-AMP senses the 
difference betWeen the ?rst and second voltage nodes V1, V2 
of ?rst and second device stacks 16, 18, respectively, and 
controls the gate of transistor P1 that supplies current to 
regulated voltage node VREG until ?rst and second voltage 
V1, V2 are equal to one another, Which is the point at Which 
equilibrium is reached. Due to the linear nature of ?rst device 
stack 16 and ?rst voltage V1 and the non-linear nature of 
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6 
second device stack 18 and second voltage V2, there is only 
one non-Zero value of regulated voltage VREG at Which ?rst 
and second voltages V1, V2 are equal to one another. Regu 
lated voltage VREG may vary as a function of the ratio of 
oxide areas of transistors N3, N4 (N3/N 4 device ratio). There 
fore, With the oxide area of transistor N3 held constant, regu 
lated voltage VREG may be varied by adjusting the oxide area 
of transistor N4 and, thereby, changing the N3/N 4 device 
ratio. 

Current-mirror circuit 22 may be formed of a current 
source 26 that feeds an n-type/p-type pair of transistors N5, 
P3. The output of transistor P3 is a regulated voltage level that 
may be used to regulate the current through a similar pFET 
device. Similarly, the output of current source 26 is a regu 
lated voltage level that may be used to regulate the current 
through a similar nFET device, such as transistor N5. Addi 
tionally, current source 26 may provide a current source for 
operational ampli?er OP-AMP of op-amp circuit 20. 
TD voltage reference circuit 14 is a bi-stable circuit in that 

tWo stability points exist at Which ?rst voltage V1 is equal to 
second voltage V2 and results in a ?xed and stable value of 
regulated voltage VREG. One stability point is V1:V2:0 
volts (ground) and the other stability point is V1:V2>0 volts 
(non-ground), Which is the desired stability point. In order to 
ensure that op-amp circuit 20 seeks the non-ground stability 
point for regulated voltage VREG While supply voltage VDD 
is initially ramping up, startup circuit 24 is used. The purpose 
of startup circuit 24 is to provide an initial non-ground voltage 
at regulated voltage node VREG at start up time, Which alloWs 
operational ampli?er OP-AMP and transistor P1 to operate 
With negative feedback in order to regulate regulated voltage 
VREG so as to seek a non-ground voltage value that alloWs 
?rst voltage V1 to equal second voltage V2. 

In the present example, startup circuit 24 is formed of an 
arrangement of p-type transistors (pFETs) P4, P5, and P6 as 
Well as an n-type transistor (nF ET) N6, Which are electrically 
connected as shoWn in FIG. 2. Transistor P4, Which provides 
the start voltage to regulated voltage node VREG, is con 
trolled by the pair of transistors N5, P3 of current-mirror 
circuit 22. More speci?cally, When TD voltage reference cir 
cuit 14 is poWered on, transistor P4 of startup circuit 24 lifts 
regulated voltage VREG to a value betWeen the poWer supply 
voltage (e.g., voltage VDD) and ground. Startup circuit 24 
shuts off after poWer up. More speci?cally, startup circuit 24 
is shut off via transistor N6, Which is turned on When regu 
lated voltage VREG rises suf?ciently to turn on transistor N6, 
Which pulls the drain of transistor N6 to ground, Which then 
turns on transistor P5, Which then pulls the drain of transistor 
P5 to supply voltage VDD, Which then pulls the gate of 
transistor P4 to supply voltage VDD, Which then turns off 
transistor P4. Once regulated voltage node VREG is not at 
ground because of the action of startup circuit 24, and once 
startup circuit 24 is turned off, operational ampli?er OP-AMP 
begins its negative feedback operation and seeks the stable 
non-ground value of regulated voltage VREG at Which 
V1:V2. 

FIG. 3 illustrates an example intermediate node vs. refer 
ence node voltage plot 30 for various device ratios Within 
second device stack 18 of TD voltage reference circuit 14 of 
FIG. 2. In particular and referring again to FIG. 2, When 
regulated voltage VREG is ramping up, intermediate node vs. 
reference node voltage plot 30 shoWs multiple examples of 
hoW there is one point only at Which ?rst voltage V1, Which 
again has a linear relationship to regulated voltage VREG, 
and second voltage V2, Which has a nonlinear relationship to 
regulated voltage VREG, are equal. This crossover point is a 
function of the N3/N4 device ratio of second device stack 18. 
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The x-axis of intermediate node vs. reference node voltage 
plot 3 0 corresponds to regulated voltage VREG and the y-axis 
corresponds to ?rst and second voltages V1, V2 of FIG. 2. 

Intermediate node vs. reference node voltage plot 3 0 shoWs 
a plot of a V1 voltage ramp 32, Which in every scenario is 
substantially equal to VREG/2 because it has a linear rela 
tionship to regulated voltage VREG. In a ?rst example, inter 
mediate node vs. reference node voltage plot 30 shoWs a plot 
of a ?rst V2 voltage ramp 34 that intersects With V1 voltage 
ramp 32 at a point A only, at Which each of ?rst and second 
voltages V1, V2 equals 200 mV, Which is the result of an 
N3/N 4 device ratio of 11.92. More details of the circuit con 
ditions that generate ?rst V2 voltage ramp 34 are shoWn in 
Example No. 1 of Table 1 beloW. 

In a second example, intermediate node vs. reference node 
voltage plot 30 shoWs a plot of a second V2 voltage ramp 36 
that intersects With V1 voltage ramp 32 at a point B only, at 
Which each of ?rst and second voltages V1, V2 equals 300 
mV, Which is the result of an N3/N 4 device ratio of 7.09. More 
details of the circuit conditions that generate second V2 volt 
age ramp 36 are shoWn in Example No. 2 of Table 1 beloW. 

In a third example, intermediate node vs. reference node 
voltage plot 30 shoWs a plot of a thirdV2 voltage ramp 38 that 
intersects With V1 voltage ramp 32 at a point C only, at Which 
each of ?rst and second voltages V1, V2 equals 400 mV, 
Which is the result of an N3/N4 device ratio of 3.64. More 
details of the circuit conditions that generate third V2 voltage 
ramp 38 are shoWn in Example No. 3 of Table 1 beloW. 

In a fourth example, intermediate node vs. reference node 
voltage plot 30 shoWs a plot of a fourth V2 voltage ramp 40 
that intersects With V1 voltage ramp 32 at a point D only, at 
Which each of ?rst and second voltages V1, V2 equals 500 
mV, Which is the result ofan N3/N4 device ratio of2.52. More 
details of the circuit conditions that generate fourth V2 volt 
age ramp 40 are shoWn in Example No. 4 of Table 1 beloW. 

In a ?fth example, intermediate node vs. reference node 
voltage plot 30 shoWs a plot of a ?fthV2 voltage ramp 42 that 
intersects With V1 voltage ramp 32 at a point E only, at Which 
each of ?rst and second voltages V1, V2 equals 600 mV, 
Which is the result of an N3/N4 device ratio of 2.09. More 
details of the circuit conditions that generate ?fth V2 voltage 
ramp 42 are shoWn in Example No. 5 of Table 1 beloW. 

In a sixth example, intermediate node vs. reference node 
voltage plot 30 shoWs a plot of a sixthV2 voltage ramp 44 that 
intersects With V1 voltage ramp 32 at a point P only, at Which 
each of ?rst and second voltages V1, V2 equals 700 mV, 
Which is the result of an N3/N4 device ratio of 1.85. More 
details of the circuit conditions that generate sixth V2 voltage 
ramp 44 are shoWn in Example No. 6 of Table 1 beloW. 
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Intermediate node vs. reference node voltage plot 30 of 

FIG. 3 and Table 1 illustrate hoW modifying, for example, the 
N3/N 4 device ratio of second device stack 18 alloWs the point 
at Which second voltage V2 becomes equal to ?rst voltage V1 
to change. In doing so, any of voltages V1, V2, and VREG 
may be used and adjusted for a desired application 

It is demonstrated in Table 1 that as N3/N4 device ratio is 
decreased, the intermediate second voltage V2 becomes 
larger. This can be explained by the difference in tunneling 
current of a normal-Vt device versus that of a loW-Vt device 

at a given gate voltage. A gate current vs. gate voltage plot 45 
of FIG. 4 shoWs gate tunneling current as a function of gate 
voltage for high-Vt (i.e., high-Vt nFET plot 46), normal-Vt 
(i.e., normal-Vt nFET plot 47), loW-Vt (i.e., loW-Vt nFET plot 
48), and very loW-Vt (i.e., very loW-Vt nF ET plot 49) devices. 
For a given gate voltage, the current per square micrometer of 
gate-oxide area increases as the Vt of the device decreases. It 
can also be seen that as gate voltage is increased, this differ 
ence betWeen the loW-Vt device current and the normal-Vt 
device current reduces. 

The voltage reference circuit of FIG. 2 uses negative feed 
back to determine the value of regulated voltage VREG Where 
?rst voltage V1 equals second voltage V2, and because ?rst 
voltage V1 is essentially one-half of regulated voltage VREG, 
and the current through device N3 equals the current through 
device N4, it folloWs that the voltage across device N3 must 
equal the voltage across device N4, Which equals second 
voltage V2. Hence the gate to source/drain voltages on 
devices N3, N4 are equal so their relative current densities can 
be found by inspection of the normal-Vt curve, and the loW 
Vt curve found respectively in FIG. 4. The current density of 
the loW-Vt device (N4), is higher than that of the normal-Vt 
device (N3), so it folloWs that device N4 requires a smaller 
relative device area for equal tunneling current at equal gate to 
source/ drain voltages. At higher gate voltages, the difference 
betWeen the loW-Vt device current and the normal-Vt device 
current is reduced so the area of loW-Vt device N4 must be 
increased over its value at loWer gate voltages. The device 
ratio of N3/N4 can be adjusted higher or loWer from the 
current density curves of FIG. 4 to chose reference voltages 
from among regulated voltage VREG, ?rst voltage V1 and 
second voltage V2 as desired. 

Additional examples of circuit conditions that produce 
voltages V1, V2, and VREG of TD voltage reference circuit 
14 are shoWn in Table 2. Further to the example, a plot of 
Example No. 4 of Table 2 is shoWn in FIG. 5 and a plot of 
Example No. 3 of Table 2 is shoWn in FIG. 6. 

Example circuit conditions and resulting voltages V12 V2: and VREG 

Oxide N1&N2 N3/N4 V1 = V2 VREG 

Example VDD thickness W/L N3 W/L N4 W/L device voltage voltage 
No. (volts) (nm) (microns) (microns) (microns) ratio (mV) (mV) 

1 >500 mv 1.40 5.0/10 130/10 10.9/10 11.92 200 400 
2 >700 mv 1.40 5.0/10 130/10 18.33/10 7.09 300 600 
3 >900 mv 1.40 5.0/10 130/10 35.71/10 3.64 400 800 
4 >1100 mv 1.40 5.0/10 130/10 51.58/10 2.52 500 1000 
5 >1300 mv 1.40 5.0/10 130/10 62.2/10 2.09 600 1200 
6 >1500 mv 1.40 5.0/10 130/10 70.27/10 1.85 700 1400 

Note: 
In all examples, N1, N2, & N3 are normal-Vt devices and N4 is loW-Vt device. 
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Example circuit conditions and resulting voltages V1 2 V2: and VREG 

Oxide N1&N2 N3/N4 V1 = V2 VREG 

Example VDD thickness W/L N3 W/L N4 W/L device voltage voltage 
No. (volts) (nm) (microns) (microns) (microns) ratio (mV) (mV) 

1 1.20 1.40 5.0/10.0 130.0/10.0 10.0/10.0 13.0 180 360 
2 1.20 1.40 5.0/10.0 130.0/10.0 20.0/10.0 6.5 280 560 
3 1.20 1.40 5.0/10.0 130.0/10.0 200/2 3.25 330 660 
4 1.20 1.40 5.0/10.0 130.0/10.0 50/10 2.6 490 980 

Note: 
In all examples, N1 , N2, & N3 are normal-Vt devices and N4 is low-Vt device 

Referring again to FIG. 2, example W/ L values of the 
nFETs and pFETs of TD voltage reference circuit 14 that 
support the W/L values of N1, N2, N3, and N4 shown in 
Tables 1 and 2 are as follows: P1:30/0.1, P2:60.0/10.0, 
P3:1.0/0.5, P4:0.5/60.0, P5:2.0/0.3, P6:0.5/60.0, N5:1.0/ 
1.0, and N6:2.0/0.24 (all values of width W and length L are 
in microns). 

FIG. 5 illustrates a ?rst example voltage vs. time plot 50 of 
the regulated voltage VREG of tunneling device voltage ref 
erence circuit 14 of FIGS. 1 and 2. First example voltage vs. 
time plot 50 illustrates the circuit response to a sweep of Vdd 
values for Example No. 4 of Table 2. In particular, voltage vs. 
time plot 50 of FIG. 5 shows voltages V1, V2, and VREG 
ramping up with a power supply voltage 52 (e.g., VDD) and 
reaching their ?xed and stable states when the supply voltage 
is about 1 volt and above. More speci?cally, voltage vs. time 
plot 50 shows power supply voltage 52 that is ramping from 
0 to 1.2 volts, aV1 reference signal 54 that is ramping linearly 
from 0 volts to a stability point where ?rst voltage V1 equals 
second voltage V2 at a rate of about VREG/2, a V2 reference 
signal 56 that is ramping nonlinearly from 0 volts to the 
stability point where ?rst voltage V1 equals second voltage 
V2, and a VREG reference signal 58 that is tracking linearly 
with regulated voltage VREG and locks at a ?xed and stable 
voltage when ?rst voltage V1 equals second voltageV2 
because of the action of op-amp circuit 20. In particular, in 
this example voltages V1, V2 lock in at about 490 mV and 
regulated voltage VREG locks in at about 860 mV. Voltages 
V1, V2, and VREG will vary slightly from that shown in FIG. 
5 under best case and worst case process conditions. Addi 
tionally, overall tolerances of voltages V1, V2, and VREG 
may be +/ +10% or better. 

FIG. 6 illustrates a second example voltage vs. time plot 60 
of the regulated voltages of tunneling device voltage refer 
ence circuit 14 of FIGS. 1 and 2, which demonstrates the 
circuit response to a sweep of Vdd values for Example No. 3 
of Table 2. In particular, voltage vs. time plot 60 of FIG. 6 
shows voltages V1, V2, and VREG ramping up with a power 
supply voltage 62 (e.g., voltage VDD) and reaching their 
?xed and stable states when the power supply voltage is about 
0.6 volts and above. More speci?cally, voltage vs. time plot 
60 shows power supply voltage 62 that is ramping from 0 to 
1.2 volts, a V1 reference signal 64 that is ramping linearly 
from 0 volts to a stability point where ?rst voltage V1 equals 
second voltage V2 at a rate of about VREG/2, a second V2 
reference signal 66 that is ramping nonlinearly from 0 volts to 
the stability point where ?rst voltage V1 equals second volt 
age V2, and a VREG reference signal 68 that is tracking 
linearly with regulated voltage VREG and locks at a ?xed and 
stable voltage when ?rst voltage V1 equals second voltage V2 
because of the action of op-amp circuit 20. In particular, in 
this example ?rst and second voltages V1, V2 lock in at about 

15 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

330 mV and regulated voltage VREG locks in at about 660 
mV. Voltages V1, V2, and VREG will vary slightly from that 
shown in FIG. 6 under best case and worst case process 
conditions. Additionally, overall tolerances of voltages V1, 
V2, and VREG may be 110% or better. 
A tunneling reference circuit, such as TD voltage reference 

circuit 14 of FIGS. 1-6, may be used in applications well 
below a 1.0 volt power supply voltage. This is because tran 
sistors N1, N2, N3, N4 are low-Vt, normal-Vt, or high-Vt 
devices withVts below 0.7 V. When the power supply voltage 
is 1.0 volt or less there is sul?cient voltage margin within TD 
voltage reference circuit 14 to allow device operation, which 
is not the case in the traditional diode-style band gap refer 
ence circuits. The tolerances can be 110% or better and may 
be improved with a temperature compensation circuit similar 
to ones used in traditional band gap reference circuits. Addi 
tionally, the operation of TD voltage reference circuit 14 may 
be extended to power supply voltages lower than 1.0 volt 
when native Vt or very low Vt devices are available. This 
circuit technique is highly scaleable because it relies on tun 
neling current only and is not limited to the turn-on voltage 
characteristic of transistors as are traditional band gap refer 
ence circuits. 

Exemplary embodiments have been disclosed above and 
illustrated in the accompanying drawings. It will be under 
stood by those skilled in the art that various changes, omis 
sions and additions may be made to that which is speci?cally 
disclosed herein without departing from the spirit and scope 
of the present invention. 

What is claimed is: 
1. An integrated circuit chip, comprising: 
a voltage reference circuit that includes: 

a ?rst voltage divider stack comprising: 
a ?rst input for receiving a regulated voltage; and 
a ?rst internal node for providing a ?rst divided output 

voltage; 
a second voltage divider stack electrically coupled in 

parallel with said ?rst voltage divider stack and hav 
ing a nonlinear relationship to said regulated voltage, 
said second voltage divider stack comprising: 
a second input for receiving said regulated voltage; 

and 
a second internal node for providing a second divided 

output voltage; and 
a voltage regulator operatively con?gured to generate 

said regulated voltage as a function of said ?rst 
divided output voltage and said second divided output 
voltage; 

wherein: 
said second voltage divider stack comprises a ?rst 

leaky capacitor and a second leaky capacitor 
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coupled in series With one another so as to de?ne 
said second internal node; 

said ?rst leaky capacitor has a ?rst leakage current and 
comprises a ?rst transistor having a ?rst gate oxide 
and said ?rst leakage current is provided by current 
tunneling across said ?rst gate oxide; 

said second leaky capacitor has a second leakage cur 
rent and comprises a second transistor having a 
second gate oxide and said second leakage current 
is provided by current tunneling across said second 
gate oxide; and 

said ?rst transistor is a loW-voltage-threshold device 
and said second transistor is a regular-voltage 
threshold device. 

2. The integrated circuit chip of claim 1, Wherein said ?rst 
gate oxide has a ?rst area and said second gate oxide has a 
second area different from said ?rst area. 

3. The integrated circuit chip of claim 1, Wherein said ?rst 
voltage divider stack comprises a third leaky capacitor and a 
fourth leaky capacitor coupled in series With one another so as 
to de?ne said ?rst internal node. 

4. The integrated circuit chip of claim 3, Wherein: 
said third leaky capacitor has a third leakage current and 

comprises a third transistor having a third gate oxide and 
said third leakage current is provided by current tunnel 
ing across said third gate oxide; and 

said fourth leaky capacitor has a fourth leakage current and 
comprises a fourth transistor having a fourth gate oxide 
and said fourth leakage current is provided by current 
tunneling across said fourth gate oxide. 

5. The integrated circuit chip of claim 1, Wherein said 
voltage regulator comprises a differential ampli?er and a gain 
stage device responsive to a gain stage control voltage and for 
outputting said regulated voltage, said differential ampli?er 
for receiving and operating on said ?rst divided output volt 
age and said second divided output voltage so as to output said 
gain stage control voltage. 

6. The integrated circuit chip of claim 2, Wherein said 
voltage regulator comprises a differential ampli?er and a gain 
stage device responsive to a gain stage control voltage and for 
outputting said regulated voltage, said differential ampli?er 
for receiving and operating on said ?rst divided output volt 
age and said second divided output voltage so as to output said 
gain stage control voltage. 

7. An integrated circuit, comprising: 
a voltage reference circuit that includes: 

a ?rst voltage divider stack comprising: 
a ?rst input for receiving a regulated voltage; and 
a ?rst internal node for providing a ?rst divided output 

voltage; 
a second voltage divider stack electrically coupled in 

parallel With said ?rst voltage divider stack and com 
prising: 
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a ?rst leaky capacitor having a ?rst leakage current 

and including a second input for receiving said 
regulated voltage; and 

a second leaky capacitor electrically coupled in series 
With said ?rst leaky capacitor so as to de?ne a 
second internal node therebetWeen for providing a 
second divided output voltage; and 

a voltage regulator operatively con?gured to generate 
said regulated voltage as a function of said ?rst 
divided output voltage and said second divided output 
voltage; 

Wherein: 
said ?rst leaky capacitor comprises a ?rst transistor 

having a ?rst gate oxide and said ?rst leakage cur 
rent is provided by current tunneling across said 
?rst gate oxide; 

said second leaky capacitor comprises a second tran 
sistor having a second gate oxide and said second 
leakage current is provided by current tunneling 
across said second gate oxide; and 

said second transistor is a loW-voltage-threshold 
device and said ?rst transistor is a regular-voltage 
threshold device. 

8. The integrated circuit of claim 7, Wherein said ?rst gate 
oxide has a ?rst area and said second gate oxide has a second 
area different from said ?rst area. 

9. The integrated circuit of claim 7, Wherein said ?rst 
voltage divider stack comprises a third leaky capacitor and a 
fourth leaky capacitor coupled in series With one another so as 
to de?ne said ?rst internal node. 

10. The integrated circuit of claim 9, Wherein: 
said third leaky capacitor has a third leakage current and 

comprises a third transistor having a third gate oxide and 
said third leakage current is provided by current tunnel 
ing across said third gate oxide; and 

said fourth leaky capacitor has a fourth leakage current and 
comprises a fourth transistor having a fourth gate oxide 
and said fourth leakage current is provided by current 
tunneling across said fourth gate oxide. 

11. The integrated circuit of claim 7, Wherein said voltage 
regulator comprises a differential ampli?er and a gain stage 
device responsive to a gain stage control voltage and for 
outputting said regulated voltage, said differential ampli?er 
for receiving and operating on said ?rst divided output volt 
age and said second divided output voltage so as to output said 
gain stage control voltage. 

12. The integrated circuit of claim 8, Wherein said voltage 
regulator comprises a differential ampli?er and a gain stage 
device responsive to a gain stage control voltage and for 
outputting said regulated voltage, said differential ampli?er 
for receiving and operating on said ?rst divided output volt 
age and said second divided output voltage so as to output said 
gain stage control voltage. 

* * * * * 


