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CMOS \oltage Reference Based on Gate Work
Function Differences in Poly-Si Controlled by
Conductivity Type and Impurity Concentration

Hirobumi WatanabeMember, IEEEShunsuke Ando, Hideyuki Aota, Masanori Dainin, Yong-Jin Chun, and
Kenji Taniguchj Fellow, IEEE

Abstract—A new CMOS voltage reference circuit consisting of The circuitis robust to process fluctuations because the reference
two pairs of transistors is presented. One pair exhibits a threshold yoltage is derived from the difference in the work functions of the
voltage difference with a negative temperature coefficient ongistors, which are functions of gate electrode conductivity

(—0.49 mVPC), while the other exhibits a positive temperature - . . S -
coefficient (4+0.17 mVPC). The circuit was robust to process type and impurity concentration. Combination of positive and

variations and exhibited excellent temperature independence and Negative temperature coefficient components is a method for
stable output voltage. Aside from conductivity type and impurity  controlling temperature characteristics. Previous MOS transistor
concentrations of gate electrodes, transistors in the pairs were yoltage references based on threshold voltage differences also
identical, meaning that the system was robust with respect o \ijized differences in the gate work functions of transistor pairs
process fluctuations. Measurements of the voltage reference cir- . .

cuit without trimming adjustments revealed that it had excellent [7], [8], but without complementary temperature coefficients,
output voltage reproducibility of within +2%, low temperature ~ accurate voltage references are not easily constructed [8]. Other

coefficient of less than 80 ppnf/C, and low current consumption attempts have used metal gates, which are not suitable to

of 0.6 pA. conventional CMOS processes [7]. A new CMOS voltage
Index Terms—tow voltage, poly Si, voltage reference, work reference consisting of two pairs of transistors is presented.
function differences. Theory, circuit implementations, and experimental results are

also presented.
I. INTRODUCTION

[I. THEORY OFWORK FUNCTION DIFFERENCE
RADITIONAL voltage reference circuits can be classi- hreshold vol ¢ . is d
fied into five different categories: bandgap reference cir- Threshold voltagé’, of MOS transistors (MOSFETS) is de-

+ ¢s 1)

cuits, which are based on bipolar integrated circuits and can $f&10€d as
applied to CMOS circuits [1]-[4]; circuits based on threshold Vip = Vi 4+ qN Wy,
voltage (4y,) differences in MOS transistors [5]-[10]; MOS th fb Cox

transistor circuits in which threshold voltage and mobility tem-

perature dependencies are compensated for [11], [12]; current

mode [13]; and beta multiplier (MOS based) [14]-[16]. Rece Q Q 264+ s
state of the art system LSIs, however, demand the use of voltage ~ ™ ~ [ ($m —s) = O Won = \/ aN,
references which operate at low voltages, are robust to process. . . .
fluctuations, exhibit low electrical current consumption, can b%?b IS flat-ba_nd voItageNa is bulk QOpant def‘s'th IS deple-
integrated with standard CMOS technologies, and allow fledlO n_Iayerthmknessﬁox IS gz_;\te-ox_lde capacitance ber L.m't area,
ible voltage adjustment [17]-[21]. Although bandgap referené/’é” IS th.e metal work fun(?tloru/;s_ Is surface potentlaQ 'S the.
circuits are extremely accurate, electrical current consumpti e-oxide charge per gmt argas the magmtude of electronic
is generally larger than MOS-based voltage references. M arge, amji.s”" is the d|eleptr|c c_onstant of Si angh = 24,
transistor-based voltage references, however, are susceptibllér}(iyar conditions of strong inversion. Thigg can be expressed
process fluctuations. Recently, low-power bandgap referen@s

have been studied [19]. _ Q | 2Vesi-q-Na-do 5
. . ‘/t,h - /l/}m - ’L/}s - + + Zd)b ( )
A voltage reference is proposed that uses pairs of MOS Cox Cox
transistors with positive and negative temperature coefficienjghere
1 polysi
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Fig. 1. V.. asafunction oftemperature. (a) Simulation results based on Setei®del. (b) Experimental results.
model. (b) Experimental results.

) L i for p-type gatesN, andN,, are free carrier concentrations of
!evel E; of pc_>|y—S.| gates and intrinsic Fermi Igvﬁli, andqﬁb' n-type and p-type doped gates, respectively.

IS 'élhe_: ppte_ntlal dlff_elr enclg betwi(_an the Fean' IeﬂFI OT Si In the derivations of (4) and (5), gates with impurity concen-
an |ntr|ns_|c Ferrr_n evelE;. In this paper, the poly-Si gat_etrations less than degenerations levels were assumed crystalline
work function<,, is regarded as a function of gate potentiafjji-n 5o that the Fermi-Dirac distribution could be applied.

differenceqsgam]; _ " ¢ it For a pair of transistors with gates of opposite conductivity
For a pair of MOS transistors with gates of different cong o< “having impurity concentrations of gB*: 4 x 10'°

ductivity types or different impurity concentrations, all of thecm_g) and i (P*: 5 x 10%° cm™3), the V,,, differenceV,
. ’ 1 pn

terms on the right-hand side (RHS) of (2) are equal excepliveen the p and " gate transistors is given by
for 4, terms, because substrate conditions are the same for

both tran_sistors. Thus, the _diffgrence Wﬂh(AVth) betwgen Von = ¢gatey+ — pgatey+
two transistors M1 and M2 is given by the difference in gate
work function, as shown in (3). This contrasts with previously _ kT Mo (_k_T n Nn+>
constructed MOS-based voltage references [5], [6], [8]-[10] q N; q N;
kT N, - N,
AVin = Vingy — Ve = YmM1 — Y2 = e In 7P+N2 +, (6)
_ |1 Ipolysi ] _ _ _ ' _ _
1y Xpolysi + = + ¢gatey Simulation results using free carrier concentratidy)s. and
) 5 Ny derived from Seto’s model [22] are shown in Fig. 1(a).
B {_ (XpolySi n gp01y51> n (/>gateMg} Thus, V,, gxh|b|ts a negatlvg primary temperature coefﬁment.
2 together with a small negative secondary temperature coeffi-
= GgateM1 — PgateM2 (3) cient due to the strong temperature dependenu?e_oﬁg. 1(b)
shows experimental measurementd/gf as a function of tem-
where perature, which is well fitted by a quadratic regression equation
. by
Epn— Ei KT N, given
pgate, = _Em =B KT ()
q q N; Von=—46x 107" x T2 —4.9x 1074 x T+1.0. (7)

for n-type gates and . . . . .
ype g Differences inV,,,, between simulation and experiment may

(E; — Ef,) KT . N, 5 originate from both inaccurate estimations of active impurity
q T 9 N () concentrations and simplicity of the model used.

pgate, = —
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Fig. 4. Basic N-channel MOSFETSs voltage reference. Circles indicate p
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Fig. 6. Voltage reference with opamp.

For a pair of transistors with gates of the same conductivity
type, having gate impurity concentrations of gP*: 1.7 x
10 cm3) and n* (P*: 5 x 10%° cm™3), the V;,, difference From the primary temperature coefficients &f,, =

Il. V OLTAGE REFERENCE

Van between the n and n* gate transistors is given by —0.49 mV/°C andV,,, = 0.17 mV/°C given in (7) and (9), it
is evident thatl,,, andV,,, could be combined in such a way
Vin = dgaten— — dgate .+ that the primary temperature coefficient of a voltage reference
LT | N,_ < ET | Nn+> (Vief) cancels out, giving
= ——-1n — —— - In
q N; q N; 0.17 —7 2
Viet = —— X Vpu + Vi = 2.8 x 107" x T 4+ 0.36. (10)

kT 1y Vot @© 0.49
=—-In——.

q N The remaining secondary coefficient of %807 is equiva-

Both simulation and experimental determinations of the terha—nt t0 18,:V/°C over the temperature range-650°C-100°C.

perature dependence B, show positive primary temperature In this section, a circuit that utilizes the difference between
n . . . . . .
coefficients and small positive secondary temperature coe ork functions, thatis, differences Iy, is described. For pairs

cients, as shown in Fig. 2. The data is well fitted by a quadraf?é trgnsstors, Ml. and M2, dnv&_en by the_same current and op-
erating at saturation, the following equation holds:

regression equation
-7 2 —4 -2 _1 W 2
Von =44x 107" x T? +1.7x 1074 x T+ 1.4 x 1072. (9) lasata, —Lasatno =5 Coxny * M1 * m(Vgle ~Viby,)

Primary temperature characteristicsgf, depend on the im- _10 Mz - @(V
purity concentration of thehgate. Fig. 3 shows measurements g oz TN, e
of temperature coefficient versus impurity concentration qf
the gate electrode. Note that temperature coefficient levels o
around 1.4x 10 cm—2, which is used to make the voltage

reference robust with respect to process fluctuations.

- Vvtth)2 =0. (11)

tching the geometries of the transistors M1 and M2 gives

Wy Wh
Cox; = Coxy, =po, and — = —=
1 2 1231 H2, Ll L2
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Fig. 7. Conventional and LOCOS offset N-channel MOSFETS. (a) Conventidngate. (b) Conventionalmgate. (c) Conventionatpgate. (d) LOCOS offset
nt gate. (e) LOCOS offsetmn gate. (f) LOCOS offset p gate.

and so To implement the theory in a circuit, two points need to
be taken into consideration. First, (12) is valid only when the
Vibar = Vitae = Vasyy, — Vesao - (12) transistor pairs are placed in separate wells but have the same
structure. Second, voltage reference has to be provided with
The difference inV;;, between the two transistors can then beespect to ground. Thus, a voltage reference circuit comprised
calculated from the difference iv. of N-channel MOSFETSs, as shown in Fig. 4, has advantages
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over circuits comprised of P-channel MOSFETS, as shown in 420

Fig. 5, because N-channel MOSFETSs in separate P-wells can 415 +

directly produceV,s relative to ground. This is not the case —_
for P-channel MOSFETSs without using triple wells, because E 410 )
P-channel MOSFETs can only generate the voltage reference '%‘ 405 | v
with respect toV,., meaning that the output is offset from <
ground. 400 r

All transistors in the basic voltage reference circuit shown in 395

Fig. 4 are N-channel MOSFETS in separate P-wells to which 390 P P -
source electrodes are connected. The pair of transistors con- 50 =25 0 25 50 75 100
sisting of n* gate transistor M1 and'pgate transistor M2 are o
connected in series between the power supply and ground so Temperature [*C]
that the difference betweériy,,, andViy,,, is produced a¥, @)
of M2 (= V4 = V,,,). Transistor M1 is then a depletion mode
transistor acting as a current source, whilg,,, andV;y,,, are 1.050
about—0.30 and 0.88 V, respectively. 1045 F

The other pair of transistors consists df gate transistor M3

and I gate transistor M4. Note thaf,; of M3 (= V5 — Viet) = 1.040 ,'
is equal to the difference betwedfy,,, and Viy,,,, (=—Vin) % 1035 [T ° ® Tt
because the gate electrode of M4 is connected to ground. Tran- >

. . . . . 1.030
sistor M4 is then a depletion mode transistor acting as current
source, andiy,,, and Vi, are about-0.30 and—0.35 V, 1025
respectively. 1020 . . . ! .

Transistor M5, withV;,,,, of about—0.30V, sits between the
two pairs of transistors, and in combination with the resistors
forms a source-follower circuit that works as a level shifter to
define the drain voltage of M2. In addition, the voltalg, is

divided using R1 and R2 and then input to the gate of M3. T@%ﬁh i

-50 -25 O 25 50 75
Temperature [°C]

(b)

100

/et @S a function of temperature. (a) Circuit shown in Fig. 4. (b) Circuit

. . . Fig. 6.
final output voltagéV,.¢ is then given by 9
where
R2 R1+ R2
VYTB = 51 1 Do Vi n Vnn- 13 = -
‘= Rt R2 X Vpn + (13) V2 2 X Van-
Then
The ratio of R1 to R2 can then be adjusted to make the primary R1 + R2
temperature coefficient zero. The sum of the resistances of R1 Vs = TRy X Van + Vpn.

and R2 can be chosen depending on the current consumption

target. Resistances of R1 and R2 were chosen to be 2976 aRgitrary reference voltage... is then given by

20240Q/sq., respectively, for all following experiments.

For the voltage reference circuit composed of P-channel tran-
sistors placed in separate N-wells, as shown in Fig. 5, the pair of
transistors M1 and M2 generdltg,,, which is equal td/;. — V;.
The voltagel, generated by dividing/,,, using R1 and R2 is
then input to the gate of ngate transistor M3, similar to the
circuit shown in Fig. 4. Note thdt,, of n™ gate transistor M4
produced/ relative to ground that is shiftgdk2/( R1+ R2) x
Vpn) relative toV,y,.

Output reference voltagg. is then given uniquely by,

IV.

R3
Vrrcf = (1 + _> X VB-

T (15)

Furthermore, temperature characteristics of the circuit block
driven by V¢ can be also be compensated for by simply ad-
justing the ratios of R1 to R2 and R3 to R4.

EXPERIMENTS AND RESULTS

andV,,, as shown in (13). A. Device Structure

To generate an arbitrary reference voltafg, an additional ~ Voltage reference circuits were fabricated with conventional
amplifier is required. Fig. 6 shows a circuit that utilizes the dif€MOS technology using a high-resistivity resistor process,
ferential input from - gate transistor M3 andfpgate transistor producing separate P-wells and N-wells in the N-substrate.
M4, which are simultaneously part of an operational amplifisdOSFET gate-oxide thickness is 30 nm and poly-Si gate
(opamp) circuit. In the circuitV},,, is derived from thickness is 500 nm. Gate electrodes of all of the transistors and
resistors were composed of the same poly-Si, but were doped
using different processes. Phosphorous doping was performed
using PSG deposition to formtn(heavily doped) gates.?P

Vpn = V3 - V2 (14)
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TABLE | 0.8
Vret CHARACTERISTICSVERSUSPROCESSVARIATION 07 ]
Process Parameter Deviation(30) Temperature 06
Variation of Vref at 25°C Coefficient < 09 i
Tox 7% 17% 56ppm/°C 3 g: i
Vth +23% 1.6% 59 ppm/°C 2 0:2 i
Poly Si Resistance +20% 1.7% 80 ppm/°C 01 F
0 f L ) L 1

-50 -25 O 25 50 75 100
Temperature [°C]

0.5
L (@)
04 08
— L 07 r
s 0.3
- 02 : 06
; - | rz 05
o1 204
9 03
0.0 : L L L L ~ 02 F
0.0 1.0 20 3.0 0.1
Vee [V] 0.0 ! L
0 1 2 3
Fig. 9. Vier as a function of supply voltage. Vee [V]

(b)
(he_avily doped) gatesm(light_ly QOped) _gates, and resista.nce]s_ig. 10. I.. as a function of (a) temperature and {b).
regions were covered by SiCfilm during the nt (heavily
doped) gate-doping processt Bates, m gates, and resistors
were doped by ion implantation with impurity concentrationghenomena. Conventional transistors with dimensléiis, =
of Bt: 4 x 10 cm™3, P+: 1.7 x 10 cm=3, and P: 8.0 x 10 pum/100 pm were chosen for the rest of this work.
10'® cm3, respectively. The boron ion implantation process

was used to simultaneously dope” Rjates and P-channelB. Temperature Characteristics

N:EOSFE,[T szyf;ce grfld dr«;l]n.t Tfhe prtmsplr;?rr]oushconﬁentratmr‘l:ig. 8 shows the measuré&gl¢ of the voltage reference circuit

of resistors diitered from that orngates. € PROSPROTOUS ¢ 4 function of temperature without trimming. A ratio of 0.405

concentration of the resistors had been chosen to be the sTgp?he series resistors R2/(RIR2) was used. A small negative

23 tza;é);;h;%gna;f:a one step in the fabrication process cou mperature dependence that is not well expressed by quadratic
v ' ' ' ) . regression equations remained, due to the small temperature de-
Both conventional and LOCOS offset transistors with sepgz.,qence of R1/R2 ratio for temperatures below @5Tem-

rate source and drain from the active region were manufacturgd oy re coefficient of the reference voltage measured using the

In the case of conventional transistors, as shown in Fig. 7( bx method was 50 ppfC. The ratio R2/(R1+ R2) may also

phpsphorous |mplantat|on for source/(jram was F:arned 0!5% adjusted by trimming to achieve even more accurate voltage
using the self-alignment method, leading to an increase Mo ence circuits

phosphorus concentration near the edge of thgpr gate. In
order to avoid this, LOCOS offset structure transistors were
fabricated, as shown in Fig. 7(b), in which ion implantatioﬁ;' Robustness
beneath the LOCOS was carried out to reduce parasitic resisk principle, since the proposed voltage reference is based on
tance. This ion implantation represents an additional procdgg, andV,,,, which are derived from differences in gate work
that is not needed in fabrication of conventional transistors. function as given by (3), output voltage of the system should
Differences in characteristics of the two structures were evalet fluctuate under process variations as long as both pairs of
uated from the dispersion &f.;. There was no appreciable dif-transistors are subject to the same process variations. Diffusion
ference between the two structures for transistors with chano&impurities to the poly-Si gate electrodes is the only indepen-
lengths of over 10Q:m, but deviations i, for conventional dently controlled process during fabrication. Because poly-Si
transistors became larger than for LOCOS offset transistors forpurity concentrationV,, can be chosen so that temperature
channel lengths of less than »@n. Deviation of conventional coefficient ofV,,,, is very stable with respect to changes in im-
transistors wass = 0.9% and that of LOCOS offset onespurity concentrations, as shown in Fig. 3, the proposed voltage
30 = 1% for transistors with, = 100 um. This is due to reference circuit is expected to be robust to process variations.
the gate length being too large to have any influence on edgrperimental results, as summarized in Table |, show 3hrat
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TABLE I
VOLTAGE REFERENCEPERFORMANCE BENCHMARK INDICATORS

Temperature

Type Veer 30 Le Vee Coefficient
Circuit in Fig, 4 041V 1.7% 0.6pA >1 <80ppm/°C
[81* 1.2V 5% (max/min) <lpA >2 +30 ppm/°C
[10]* 030V 4% (max/min) 9.7nA >1.4 <62 ppm/°C

[18]** 0.51V 3% 2pA 2.1 -
[19]** 0.65V 6% <1.2pA >0.85 57ppm/°C

* : MOS Vy, difference based,

deviations ofV,.¢ for circuits fabricated under a wide range of [3]
process variations were kept withir?%, while temperature co-
efficients of less than 80 ppA were obtained without trim- [4]
ming the resistors.

D. Operation Voltage and Electrical Current Consumption (5]

Fig. 9 showsV,.s characteristics as a function of supply
voltage, indicating that the minimum operating voltage is about[6]
1 V. Minimum supply voltage of the circuit in Fig. 4 is given

theoretically by 7
(8]
Vmin = Vpn + I/thM5 - ‘/thMl . (16) [9]

Electrical current consumptiof.. is 0.6 pA at 25°C, with
no exponential increase, even up to temperatures of€CN@s  [10]

shown in Fig. 10(a). Even if thermal junction leakage current
increasesV,.r remains relatively constant because it originates
from work function differences, which are relatively indepen- 17
dent of leakage currents... is also largely independent &f...,
as shown in Fig. 10(b).

Table Il shows a list of measured voltage reference perfor[-12]
mance benchmarks. Properties of the circuit presented in Fig. 4
are shown in the first row, with values from other works shown

for comparison. [13]

[14]
V. CONCLUSION

A CMOS voltage reference based on two pairs of transisy; s
tors was presented. One pair of transistors consisted afnd
pt gate transistors, and had a negative temperature coefficient
of threshold voltage difference-0.49 mVFC). The other pair
consisted ofnt andn~ gate transistors, and had a positive
temperature coefficient{0.17 mVFPC). Measurements were [17]
conducted without trimming adjustments, and confirmed that
the voltage reference had: 1) excellent output voltage reprgsg,
ducibility within +2%; 2) low temperature coefficient of less

than 80 ppnf/C; and 3) a low current consumption of Qué. [19]

[20]
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