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Summary

An improved threshold-voltage reference (V) circuit operated at subthreshold current region has been
presented and compared with a bandgap-voltage reference (V) circuit. MOSFET threshold voltage as reference
source makes it possible to control output voltage V. by substrate bias. Since drain voltage difference affects
[-V characteristics even in subthreshold region, drain voltage equalization by adding an n-MOSFET improves
voltage- and temperature-dependence of the V./V . circuits. The circuits were fabricated by 1.2 pm n-well

CMOS process. V 21.26 V and V_ ~1.29 V were obtained for both circuits. The changs of (V/V ) for the
supply voltage V, =5.0£1.0 V and T=-60~ +100°C was improved from (3.3/2.8) t0 (1.1/1.0) %. V_ reference had
a little larger fluctuation of output voltage at V =5.0 V and T=+20°C, but a little smaller V and T dependence.
V. Was controlled from 1.29t0 171V by the substrate bias voltage V, supplied to n-MOSFETSs from 0.0to—
2.0V, and the change of V. for V =5.0£1.0 V and T=—60 ~ +100°C was further improved from 1.010 0.6 % by

V., supply.
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1. Introduction

Combined analog-digital CMOS LSIs are becoming aftractive
as the integrated systems become larger and complex. The
needs for the voltage- and temperature-stable voltage
reference become important for the analog LSIs, because, for
an example, the absolute accuracy of data conversion system
is limited by the accuracy of the voltage reference. Recently,
the reference voltage generator has been integrated in the
battery operated memory chips. The integrated low-voltage

references become necessary as the supply voltage gets o
due to the MOS device scaling down as well as the battery
operated LSI systems are popular.

Concerning MOS LSIs, voliage references that use the
gate work-function difference [1] and the threshold voltage
difference between enhancement/depletion n-MOSFETs [2],
[3], which was recently improved by using dynamic operation
to reduce power consumption [4], were reported. On the other
hand, the bandgap voltage reference using bipolar transistors

[5], [6] has been widely used in bipolar LSIs, and becomes a
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standard technology. Many studies have been proposed to
apply this bipolar technology to CMOS process. The basic
idea is based on the use of n-MOSFETs under bipolar-like
subthreshold current characteristics in weak inversion instead
of the bipolar transistors [7], the combination of the CMOS
compatible vertical bipolar substrate-transistor and n-
MOSFETs operating in weak inversion [8], [9], the combination
of the CMOS bandgap reference circuit and op-amp [10, 11],
and the use of CMOS compatible lateral bipolar transistors
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1, [131. The above mentioned bandgar
reference voltages are nearly fixed around Si energy bandgap
of 1.2 V [8]-[13], which limits a low supply-voltage operation
ow 1 V. Recently, an improved CMOS bandgap reference
circuit with sub-1-V operation was proposed, which composed
diodes of substrate-bipolar-transistors, resistors and a CMOS
op-amp fabricated by n-well CMOS process[14]. Iis reference
voltage can be freely lowered from the conventional bandgap
reference voltage by controlling the resistance ratio of the
circuit.

This paper describes a voltage- and temperature-stable
MOSFET’s threshold-voltage reference (V) circuit using
resistors, n-MOSFETs biased in subthreshold current region,

and an n-MOSFET to generate the threshold-voltage
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reference, which is used instead of a bipolar transistor to
generate the bandgap-voliage reference [151, [16]. The supply
voltage and temperature dependence of the V_ circuit is
compared with the same circuit using a diode to generate the
bandgap-voltage reference (V). Though the V., . depends
on the fluctuation of the threshold-voltage V., the circuit makes
possible a low power operation as well as fully compatibility
with CMOS technology independent of its well type.
Furthermore, its reference voltage can be controlled down to
the extrapolated threshold voltage to 0 K, which is sufficiently
below 1 V applicable to the future low voliage supply.

2. Bandgan-Voltage Reference and Threshold

£. g
-Voltage Referenc:

Figure 1 shows a bandgap-voltage and a threshold-voltage
reference circuit using a diode D3 or an n-MOSFET N3 as a
reference-voltage generating device, respectively. The
subthreshold current I, of the MOSFET in the weak-inversion
mode is given by

L =lexp[(V—VmV] )
where I ; the temperature independent I  current, V,; the
threshold voltage, n; the fitting factor for MOSFET’s
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Fig. 1. A bandgap-voltage reference (V) circuit using a p-n
diode D3, and a threshold-voltagereference (V ) circuit using
ann-MOSFET N3,

subthreshold swing and V,; the thermal voltage (=kT/q). The
diode current I is given by

L =lexpl(V,—EQVI (VY 23D 2
where I ; the temperature independent [, current and B ; the
energy bandgap of Si. The temperature independent [, I, and
n are assurned o simplify the discussion below. Furthermore,

the substrate bias effects on I, of N2 n-MOSFET is neglected.

Currents I, I, and I are given as
=L expl(Vyq, — Vp/nV] &)
I, =L expl(Vg, — VpmV]
where V =V R 4
1;@@@{%%9/&} )

We assumed that p-MOSFETs P1/P2/P3, which compose the
current-mirror circuit, have the same geometry, then I =1 =1
is satisfied. The bandgap-voltage reference V_ is given by

VBR=VD+Ra%ﬂnwxn&@m@ﬂg) ©®
Assuming that R, and R, have the same temperature efficient
and V is biased to keep the I, current constant, the
temperature coefficient of V is

8V,/OT =—[E(T)— (BB OT)T = V,I/T

where E is the energy bandgap at T=0 K.
To realize OV _,/OT=0, the (R/R ) ratio must satisfy

R/R =E,~Y, DV (/1) &
The (I/1 ) ratio is proportional to the (W/W ) ratio (i.e,. the
channel width ratio of N1 and N2 n-MOSFETs, while the sax
channel length L is assumed). Substituting Eq. (8) into {
then

Vir=Eg

~121V ©

because E (T)=E +HOE /OT)T=1.206-2.73x10—*T  (for
T>250 K) [17]. Eq. (9) means that the temperature stable
voltage reference V,, is realized around the bandgap voltage
aaT=0K;E " ~1.21 V (i.e., the bandgap-voliage reference).
Consequently, the bandgap-voltage reference is precisely
stabilized from the temperature variation by controlling I and
V. matching, (W,/W ) ratio, (R /R ) ratio and the temperature
coefficient matching of R, and R,. The above four conditions

are easily satisfied for the modern MOSFET process, and the

bandgap-voltage reference method has been widely used to
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generate the standard voltage reference. However, the
stabilized voltage V is limited around B 0 due to its theoretical
background. When the target V, islower than E , Vi should
be down converted.
Concerning the threshold-voltage reference, I, of Eq. (5) is
replaced by
L= Texp[(Vy, — VoV (1%
The threshold-voltage reference V. is given same as Eq. (6),
V™ Vst Rl,= Vs T Vt(nRz&)ﬁgsﬂﬂ) (1)
When V, is biased to keep I, constant, the temperature
coefficient of V , is given similar to Eq. o,
OV, JOT= (vm V)T (12)
where V__is the threshold-vo u&g’“ + temperature T=0 K. To

it WHIpUEGLULY

realize OV /OT=0, the (R,/R ) ratio should satisfy

R2/Ri = W'ﬂ) GS3/ /ﬁv Zﬁﬁsl sl) <13>
Substituting (13) into (11), V. is given by
v, =V, (14)

and thus V_ is a temperature stable threshold-voltage
reference around V..

The features of V., voliage reference in comparison with
V voltage reference are as follows; (1) simple process and
full compatibility with CMOS process and device, and (2)
scalability of V., voltage, which can correspond to the future

end of supply voltage V lowering. V., becomes lower as
¥, becomes lower, and thus V., can follow the V, lowering,
However, V,, is limited around 1.2V because of the physical
constant E . When V_ voliage is too small for the farget
voltage, it can be converted to a higher voliage by using 2
standard amplifier technique. According to Ref. [18], minimum
analog supply voltage becomes 1.8~1.5 V around 2008.
Consequently, V, voltage reference reaches 1o its limit near
future. On the contrary, the demerit of V_, voltage reference is
the larger fluctuation of V. in comparison with physical
constant of B ” which means the difficulty of precise V
control. However, 3G variation of V__ less than 40mVevenin
the minirmum L device for digital use will be realized over 2004
as described in Ref. [18]. Those values are much smatler for

long L device, and V_ variance will become smaller as the

technology advancements.

REREH13% (2003)

3. Experimental Results and Discussion

Figure 2 shows the revised V./V . voltage reference circuit.

R

A cascode device of N4 n-MOSFET between PS5 p-MOSFET
and N2 n-MOSFET is added to the basic V circuit given in
Fig. 1[15],[16]. The gate of N4 is connected to the (drain/gate)
of N&. The drain voltage difference between N1 and N2 causes
a rismatch of current mirror even under subthreshold current
region. N4 equalizes the drain voltages of N1 and N2 resulting
in keeping the theoretical condition of I =1, strictly, and can
effectively improve both V and T dependence as discussed
in Figs. 5 and 6. The start-up circuit is also added for a stable
operation. The circuits were fabricated by 1.2 pm nwell CMOS
process. The channel length L of all n-MOSFETs is 1.85 pm.
The channel width W and L of all p-MOSFETs are the same in
the two-stage current-mirror circuit, which is used to obtain
superior stabilized V, or V characteristics against Vj and
T. The (W,/W ) ratio is 8. The R, and R, resistors are the n-
well resistors and R, is about 50 k{2, The D3 p-MOSFET
fabﬁca‘isd in the n-well is used as a forward-biased p-n diode

o g@"z@za&, V, voltage. N3 n-MOSFET is used to generate

V., voltage.
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Fig. 2 The revised V_./V_, voltage reference civcuit. The two-
stage current-mirror circuit is used. The start-up circuit and N4

n-MOSFET are added to the original circuit given in Fig. 1.
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Figure 3 shows photomicrographs of (a) main V_/V_

voltage reference circuit, and (b) R /R, resistors. R is fixed at
around 50 k § , while R, can be confrolled by changing the
connection from 100 t0 840k Q by 1.25kQ (e, RZ/’R1 ratio
ranges from 2.0 to 16.8 by 0.025 step). Optimum (R /R ) ratio to
minimize V_ /V_ variation dependent on V,, and T can be
easily controlled.

Atfirst. E o and V. given in Eqs. (9) and (14) were measured
for D3 p-MOSFET and N3 n-MOSFET as shown in Fig. 4.
Figure 4(a) gives temperature dependent I, versus (V =V )
characteristics of N3 n-MOSFET. The measured temperatures
T were at —60, —20, +20, +60 +100°C. The similar I

chara ere aleo measured for D3 o-MOSFET. I3

racteristics were ured for D3 p-MOSFET. Figure
4(b) gives V or V  versus T characteristics for various
constant I and I current levels. V and V  values extrapolated
to T=0 K give E g0=i 21 Vand V_=1.21V, respectively,
independent of I and I currents. The same 1.21 Viorboth B ”
and V., is accidental for this chip, because V. should depend
on the fabrication conditions.

sof
V=3,4,5,6and 7V under the best (R /R ) ratio are givenin

temperature dependence for V  and V., at

Figs. 5 and 6, respectively. (2) and (b) of Figs. 5 and 6 show the
difference of V__/V__ data without N4 and with N4 n-MOSFET,

BR TR

respectively, to demonstrate the effectiveness of N4 device.

gy

At the typical condition (ie., V=5.0 V, T=+20°C),
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Fig. 3. Photomicrographs of

(8) Main circuit and (b) R /R, resistors.

RS RS R L Ay AR R F AN
10/4!‘;
i1 "
100nA
6.8 . 10nh
e [ :@ -------- -
S8 G.?_ ; =
s —
s 05 L
= Few L
0.3 o
1 I U N I WIS WS W R S
Y 80 160 150 200 250 300 350 400
TE
®

* Fig. 4. (8) I versus (V =V ) curves of N3 n-MOSFET for generating V. reference. () E and V., obtained by extrapolating the

measured data to T=0 K at various constant I, and [, current levels.
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(Vordy,=1:259/1.263V  and (V) = 1.297/1.294 V were
measured for without/with N4 n-MOSFET at the supply current
of about 6 1 A. (V). and (V) are a little higher than the
measured E ” and V. of about 1.21 V. Though the typical
voltages were nearly the same value independent of N4
MOSFET, V_, and T dependence were distinctly improved
using N4 n-MOSFET. The improvement by the addition of N4
n-MOSFET is given in Fig. 7. AV of AV and AV, means
{Iv or V_1— ‘Jw} X 100/V o (%), where V__ and V__
are the minimum and the maximum V under T=—60~-+100°C
for V range of (5.0+ 1.0) V and (5.0 = 2.0) V. The average
[(av |

e — (AV ), ] of randomly selected five samples

onthe samewalerunder V.,

from 3.3 t0 1.1 % (from 7.2 10 1.9 %) by adding N4 n-MOSFET

=5.0+1.0(50

HIB T RFEES13E (2003)

[ Githout NalnaebFer [ T
.98 ;

T DT

8t 5.0V, 20

100
@&
1.3t ey e L T =
“ith B4 nlROsSeET ! I T
_ Erm=i0E) ]
1.365 =000V s -
N iy - 4
1.3 8 e t 501, 2o Ty
- £ ;
1205 F....¥ i
) -
S5 128 F N ;
X oo\ 3
1,285 Foooo L :
1.28 Eoo bbb E E
N * b
275:.‘,.5,,A‘ii,.é,.;.i,,.:
~-160 -850 G 50 166 150
e,

Fig. 6. Temperature dependence of V.,

voliage for various

Y, (8) without N4 n-MOSFET and (b) with N4 n-MOSFET in

the revised circuit given in Fig. 2.
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7 (&) without N4 n-MOSFET and (b) with N4 n-MOSFET in

the revised circuit given in Fig. 2.
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to the conventional circuit, while that of AV, was also
improved from 2.8 to 1.0 % (from 6.4 10 1.7 %). Consequently,
the change of V_ or V. was improved to about one third
using N4 n-MOSFET.

Figure § shows (R,/R,) ratio dependence of (a) AV, and
(b) AV . To obtain the superior V and T stable V./V
characteristics, (R /R ) ratio should be controlled within +0.1
from the optimum (R /R ) ratio for both cases. The average
optimum (R /R, ) ratios and its one standard deviations of five
samples for V and V_ were (12.4 £ 0.2) and (103 +£0.2),
respectively. There needs some trimming methods to obtain
the optimum (R/R ) ratio for each chip.

L R AN | S, |
i

AV and AV, with N4 n-MOSFET for the five samples

under the operation condition of V_ =(5.0+ 1.0)/(5.0+£2.0) V
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Fig. 8. (R /R)) ratio dependence of (a) AV, and (b) AV .
V;=5.0V and T=-60~+100°C.

and T=—60~+100°C at each optimum (R /R ) ratio are shown
in Fig. 9(a) and (b), respectively. The average V, and V
were(1.261£0.008) V and (1.288 =0.011) V, respectively. The
average [(AV, ) — AV ) Tend [(AV ) — (AV o).
were 1.1220.06%(1.94+0.09%)and 1.00+£0.04%(1.75+£0.10
%) for V,,,=5.0+ 1.0V (5.042.0'V), respectively. Consequently,
V reference has a little larger fluctuation of output voltage at
the typical condition, but a little smaller V| and T dependence.

The substrate bias voltage V , of bothn-and p-MOSFETs
were always 0.0 V for the measurements described above.
However, V., voltage can be changed by V, supply to n-

MOSFETs , because V. can be varied by V¢, as shown in
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Fig. 9. AV, and AV, variation for five samples on the same
wafer under the operation condition of V= (5.0 1.0)/(5.0+
2.0y V and T=—60 ~+100°C.
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—2.0 V. Figure 10(b) shows VTO/(‘V TR)WP versus L2y, -V,

characteristics, where U, is the potential difference between
the Fermi level and the intrinsic Fermi level and given by (KT/
@)in(N /) [19], where N, and n, are the substrate carrier
concentration and the intrinsic carrier concentration,

respectively. 2 T =0.67 V was selected to achieve a linear
relation between AV, versus 2y, 7V, characteristics,

where AV, means V¢ dependent V. change from that at
V,,=0.0 V. The 2¥  value corresponds to N, of about 5x108
cnr, which may be reasonable to the n-well process. The
substrate voltage of p-MOSFETs was not supplied in this
experiment. (V. m}w changes from 1.2910 1.71 V in the relation
of (V. TR}W={V T 0.08)V dependenton V from 0.0t0 -2.0V.
Figure 10(c) gives AV versus 2w -V, characteristics.
Though the optimum (R /R ) ratio changed from 10.2t0 6.9 as
V,, voltage increased from 0.0 t0o 2.0V, change of AV, for
V,,;=5.0+ 1.0 V and T=—60 ~+100°C was further improved
from 1.010 0.6 % by V, supply. Change of AV for V =5.0
+ 2.0V ranged about (1.6 ~ 1.9) % independent of V_ bias,
however, had a tendency to become 2 little larger under high
V. supply, because the threshold veltage of n-MOSFETs
became so high to degrade V| dependence of V. inlow V

region.

4 Conclusion

4

A voltage- and temperature-stable threshold-voliage
reference (V. ) circuit with n-MOSFETs biased in subthreshold
current region has been presented and compared with a
bandgap-voltage reference (V). A cascode n-MOSFET
device improves the supply voltage and temperature
dependence of (V, /V_) by suppressing the difference of I-
V characteristics, which can not be ignored even in
subthreshold region. MOSFET threshold voltage as reference
source makes it possible to control output voltage V_ by
substrate bias. The circuits were fabricated by 1.2 pim n-well
CMOS process. V,#1.26 V and V, #1.29 V were obtained
for both conventional and improved circuits, and were nearly

equal 1o the theoretical values of E_~1.21 V (the bandgap at

2.5 T e T T T T T TR T
- TES nlrosreEr CUHT
- U/=14.1/1.85 e 1
C f=tas s Vsub=—2.0V | ]
20 O Ysub=-1.5Y 1
- o VYsub=1.0¥§
- X Vsub=-0.5Y | 1
= + ’
1.8 © = .
g » R B ——
=L e T e e
- T e
0.5 [ Tl
ﬁ—t((t‘[1111§x||x|xxxlix(||;(|l|x|1|il!1-
g 50 i60 150 200 250 300 380 400
TE
@
1.
g.
i.
)
Y
o
5 i.
=
>}-
i.
b
D e T T T
R,/R PR/R R/ R/R R /R #7 4
-10.23 0 =8.80  =7.63 | =11 /% .
o5 B0 s . RN 1 R
g o -
€ -5 f 3
= 1 .
< - E
-i.5 C S — %’mfs‘;’&'?%’ f\:\__ E
: — VyAY~BY ;
[0 2 VT O N WU WO | N N T PR B R Y.
0.8 1 i.2 1.4 i.6 1.8
-t <[y
Jog v dW
(©)

Fig. 10. () V g versus T characteristics at =1 uA. (b) Change
of Vo IV and (c) AV, due to the substrate bias voltage
V,,, for --MOSFETs, while the substrate voltage for p-
MOSFETs was not supplied. The horizontal axis of (b)/(c) is,

while 2T =0.67 V.
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0K)and V=121V (the threshold voltage at 0 K), respectively.
The change of (V./V_) for the supply voltage V| =5.0+1.0V
and T=—60 ~+100°C was improved from (3.3/2.8) 10 (1.1/1.0}
%, and its average change of randomly selected five samples
fabricated on the same wafer was obtained about (1.12/1.00)
% for the revised circuit. V. reference has a little larger
fluctuation of output voltage at V =5.0 V and T=+20°C, but
a little smaller V and T dependence. The controllability of
V. dependent on the substrate bias voltage Vg, supplied to
n-MOSFETs was demonstrated. V_, changed from 1.29 to
171 Vby V, supply from 0.010-2.0 V,and V. aswellas V.
changed almost linearly to /2, ~V,,, , where 2 =067V
in the experiments. Change of AV, for V =5.0+£1.0 V and
T=—60 ~+100°C was further improved from 1.0t0 0.6 % by
Vg, supply. The transient stability of V_/V_ circuits were
nearly the same characteristics and the stabilized voltage can
be obtained in less than 1 ms for the supply voltage range

from7.0103.0V.
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