
US 20090250766A1 

(19) United States 
(12) Patent Application Publication (10) Pub. No.: US 2009/0250766A1 

Dix (43) Pub. Date: Oct. 8, 2009 

(54) WORK FUNCTION BASED VOLTAGE Publication Classification 
REFERENCE (51) Int. Cl. 

HOIL 27/088 (2006.01) 
(75) Inventor: Gregory Dix, Tempe, AZ (US) HOIL 2/8232 (2006.01) 

(52) U.S. Cl. ................... 257/392; 438/276; 257/E27.06; 
257/E21.644; 257/E21.618: 257/E21.623 Correspondence Address: 

King & Spalding LLP (57) ABSTRACT 
401 Congress Avenue, Suite 3200 A Voltage reference is created from an operational amplifier 
Austin, TX 78701 (US) circuit having two substantially identical P-channel metal 

oxide semiconductor (P-MOS) transistors with each onehav 
ing a different gate dopant. The different gate dopants result 

(73) Assignee: Microchip Technology in different threshold voltages for each of the two otherwise 
Incorporated substantially identical P-MOS transistors. The difference 

between these two threshold voltages is then used to create 
(21) Appl. No.: 12/098,660 the voltage reference equal to the difference. The two P-MOS 

transistors are configured as a differential pair in the opera 
tional amplifier circuit and the output of the operational 

(22) Filed: Apr. 7, 2008 amplifier is used as the Voltage reference. 

102 104 
N N 

Drain A Gate A Source Gate B Drain B 

N-Type Well/Region 

  



Patent Application Publication Oct. 8, 2009 Sheet 1 of 4 US 2009/0250766A1 

S 

i 

s 

X 

en 
C 
wn 

s 

  



Patent Application Publication Oct. 8, 2009 Sheet 2 of 4 US 2009/0250766 A1 

A 
32 

1 5 
C 
ym 

S. 
p en 

s & 2 gld 

s at P 
gs 
O CD 

s s 
Z. 

/ s 3 
vm 

i 

  



Oct. 8, 2009 Sheet 3 of 4 US 2009/0250766 A1 Patent Application Publication 

H. 94 e5) 

qZZZ 
{{ 33. In0S 

V 90.InoS 

V 94e5) 

  



Oct. 8, 2009 Sheet 4 of 4 US 2009/0250766 A1 Patent Application Publication 

++++++++++++++++++++++++   



US 2009/0250766 A1 

WORK FUNCTION BASED VOLTAGE 
REFERENCE 

RELATED PATENT APPLICATION 

0001. This patent application is related to commonly 
owned U.S. patent application Ser. No. /IMTI-2549, 
filed entitled "A Temperature Compensated Work 
Function Based Voltage Reference' by Gregory Dix, and is 
hereby incorporated by reference herein for all purposes. 

TECHNICAL FIELD 

0002 The present disclosure relates generally to voltage 
references, and more particularly, to a Voltage reference based 
upon the work function difference between two differently 
doped gates of P-channel devices used as a differential pair of 
an operational amplifier. 

BACKGROUND 

0003 Voltage references, such as bandgap voltage refer 
ences, are widely used in various analog and digital integrated 
circuit functions, e.g., analog-to-digital and digital-to-analog 
conversion. The operation of a bandgap Voltage reference 
relies upon the voltage difference between two diodes, often 
operated at the same current and having different junction 
areas, that is used to generate a proportional to absolute 
temperature (PTAT) current in a first resistor. This current is 
used to generate a Voltage in a second resistor. This Voltage in 
turnis added to the voltage of one of the diodes (or a third one, 
in some implementations). If the ratio between the first and 
second resistors is chosen properly, the first order effects of 
the temperature dependency of the diodes and the PTAT cur 
rent will cancel out. The resulting voltage is about 1.2-1.3 
Volts, depending on the particular technology used, and is 
close to the theoretical bandgap of silicon at 0 K. 
0004. However, the diodes used in the bandgap voltage 
reference generate noise that is introduced into circuits 
coupled to the bandgap reference (voltage--noise). The diodes 
and Support circuits used in the bandgap Voltage reference 
require a lot of integrated circuit die real estate and consume 
a fair amount of power during operation thereof. Initial output 
Voltage distribution from the bandgap Voltage reference dur 
ing startup is not stable until a certaintime passes. The Voltage 
from the bandgap reference also varies with temperature. 

SUMMARY 

0005 What is needed is a better way to generate a low 
noise, low-temperature drift, stable upon startup Voltage ref 
erence that uses less integrated circuit die real estate and 
consumes less power during operation thereof. 
0006. According to the teachings of this disclosure, a volt 
age reference is created from an operational amplifier circuit 
comprises two substantially identical P-channel metal oxide 
semiconductor (P-MOS) transistors with each one having a 
different gate dopant. The different gate dopants result in 
different threshold voltages for each of the two otherwise 
substantially identical P-MOS transistors. The difference 
between these two threshold voltages is then used to create a 
voltage reference equal to the difference. 
0007. The two P-MOS transistors are configured as a dif 
ferential pair in an operational amplifier circuit. The two 
P-MOS transistors, each having a different gate dopant, are 
Substantially identical otherwise so that temperature depen 
dence of the threshold Voltage is minimal and may be com 
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pensated for by changing the gain(s) of the associated P-MOS 
transistor(s). By implementing the two P-MOS transistors 
having the different gate dopants into an operational amplifier 
type of circuit, the total variation of the output reference 
voltage is minimized. Since P-MOS transistors are less sus 
ceptible to Substrate noise than are diodes, noise generation/ 
immunity is much better when using the P-MOS transistors 
then with a standard diode based Voltage reference, e.g., 
bandgap voltage reference. Positive feedback in the opera 
tional amplifier circuit allows for quick startup and good 
stability. The simplicity of the operational amplifier circuit 
requires only a small area for fabrication on the integrated 
circuit die. 
0008 According to a specific example embodiment of this 
disclosure, a Voltage reference fabricated on an integrated 
circuit die comprises: a first P-channel metal oxide semicon 
ductor (P-MOS) transistor having an N-type polysilicon gate, 
wherein the N-type polysilicon gate causes the first P-MOS 
transistor to have a first threshold voltage; a second P-MOS 
transistor having a P-type polysilicon gate, wherein the 
P-type polysilicon gate causes the second P-MOS transistor 
to have a second threshold Voltage; the first and second 
P-MOS transistors are configured as a differential pair of an 
operational amplifier, and the operational amplifier has an 
output voltage substantially equal to a difference between the 
first and the second threshold voltages. 
0009. According to another specific example embodiment 
of this disclosure, a method of fabricating a Voltage reference 
on an integrated circuit die comprises the steps of providing 
an N-type well/region in a silicon semiconductor integrated 
circuit die; covering at least a portion of the N-type well/ 
region with an oxide layer in an area used to form gates of 
P-channel metal oxide semiconductor (P-MOS) transistors 
for an operational amplifier, covering the oxide layer with a 
polysilicon layer, implanting a PT dopant into the polysilicon 
layer; covering a portion of the P doped polysilicon layer 
with a first resist mask; implanting an N dopant into the P. 
doped polysilicon layer wherever the first resist mask does 
not cover the P doped polysilicon layer; removing the first 
resist mask; covering a portion of the N" doped polysilicon 
layer and a portion of the P doped polysilicon layer with a 
second resist mask; and removing the N" doped polysilicon 
layer to forman N-type polysilicon gate where not covered by 
the second resist mask, the P doped polysilicon layer to form 
a P-type polysilicon gate where not covered by the second 
resist mask, and the oxide layer where not covered by the 
second resist mask. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0010. A more complete understanding of the present dis 
closure thereof may be acquired by referring to the following 
description taken in conjunction with the accompanying 
drawings wherein: 
0011 FIG. 1 is a schematic circuit diagram of an opera 
tional amplifier utilizing two substantially identical P-chan 
nel metal oxide semiconductor (P-MOS) transistors arranged 
in a differential pair with each one having a different gate 
dopant, according to specific example embodiments of this 
disclosure; 
0012 FIG. 2 is a schematic diagram of a cross sectional 
elevation of a pair of P-MOS transistors as shown in FIG. 1 
and having a common source well, according a specific 
example embodiment of this disclosure; 
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0013 FIG. 3 is a schematic diagram of a cross sectional 
elevation of a pair of P-MOS transistors as shown in FIG. 1 
and having individual source wells, according another spe 
cific example embodiment of this disclosure; and 
0014 FIGS. 4(a)-(d) are schematic process diagrams of 
process steps used in fabricating N-type and P-type polysili 
congates for the pair of P-MOS transistors shown in FIGS. 1, 
2 and 3, according to the specific example embodiments of 
this disclosure. 
0015 While the present disclosure is susceptible to vari 
ous modifications and alternative forms, specific example 
embodiments thereof have been shown in the drawings and 
are herein described in detail. It should be understood, how 
ever, that the description herein of specific example embodi 
ments is not intended to limit the disclosure to the particular 
forms disclosed herein, but on the contrary, this disclosure is 
to cover all modifications and equivalents as defined by the 
appended claims. 

DETAILED DESCRIPTION 

0016 Referring now to the drawings, the details of 
example embodiments are schematically illustrated. Like ele 
ments in the drawings will be represented by like numbers, 
and similar elements will be represented by like numbers with 
a different lower case letter suffix. 
0017 Referring to FIG. 1, depicted is a schematic circuit 
diagram of an operational amplifier utilizing two Substan 
tially identical P-channel metal oxide semiconductor 
(P-MOS) transistors arranged in a differential pair with each 
one having a different gate dopant, according to specific 
example embodiments of this disclosure. An operational 
amplifier circuit, generally represented by the numeral 100, 
comprises P-MOS transistors 102 and 104 configured as a 
differential pair, N-MOS transistors 106 and 108, constant 
current sources 112 and 114, and an output transistor 110. The 
N-MOS transistors 108 and 106 are used as loads for the 
P-MOS transistors 102 and 104, respectively. Since the 
N-MOS transistors 106 and 108 are configured as a current 
mirror circuit, each of the P-MOS transistors 102 and 104 
operate at Substantially the same current. 
0018. The P-MOS transistors 102 and 104 each have a 
different gate dopant so as to produce a different threshold 
voltage, Vt, for each of the respective P-MOS transistors 102 
and 104. For the P-MOS transistor 102 the threshold voltage 
is about -1.4 volts and for the P-MOS transistor 104 the 
threshold voltage is about -0.3 volts. Otherwise, the P-MOS 
transistors 102 and 104 are substantially identical so that 
temperature dependence of the threshold Voltage is minimal 
and may be compensated for by changing the gain(s) of the 
associated P-MOS transistor(s) 102 and/or 104. By imple 
menting the P-MOS transistors 102 and 104 with the different 
threshold Voltages into an operational amplifier type of circuit 
100, the voltage at the output of the operational amplifier 
circuit 100 is the difference of the aforementioned threshold 
voltages, i.e., Vout 1.1 volt. The variation of the output ref 
erence Voltage is minimized since the structures of the 
P-MOS transistors 102 and 104 are substantially identical 
otherwise. Since the P-MOS transistors 102 and 104 are less 
Susceptible to Substrate noise than are diodes, noise genera 
tion/immunity is much better when using the P-MOS transis 
tors 102 and 104 then with a standard diode based voltage 
reference, e.g., a bandgap Voltage reference. Therefore the 
output, Vout 1.1 volt, of the operational amplifier circuit 100 
may be used as a very stable and low noise Voltage reference. 
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0019 Referring to FIG. 2, depicted is a schematic diagram 
of a cross sectional elevation of a pair of P-MOS transistors as 
shown in FIG. 1 and having a common Source well, according 
a specific example embodiment of this disclosure. The 
P-MOS transistor 102 comprises a P' drain 220, a gate oxide 
226, an N-type polysilicon gate 230 and a P" source 222. The 
P-MOS transistor 104 comprises a P' drain 224, a gate oxide 
228, a P-type polysilicon gate 232 and the P" source 222. The 
P" source 222 is common for the pair of P-MOS transistors 
102 and 104. The P' drain 220, the P' source 222 and the P" 
drain 224 are in an N-type well/region 234. The aforemen 
tioned elements of the P-MOS transistors 102 and 104 may be 
covered with a protective oxide layer 236. The source, gate 
and drain connections are schematically represented by 
heavy black lines. 
0020 Referring to FIG.3, depicted is a schematic diagram 
of a cross sectional elevation of a pair of P-MOS transistors as 
shown in FIG. 1 and having individual source wells, accord 
ing another specific example embodiment of this disclosure. 
The P-MOS transistor 102 comprises a P" drain 220, a gate 
oxide 226, an N-type polysilicon gate 230 and a P" source 
222a. The P-MOS transistor 104 comprises a P" drain 224, a 
gate oxide 228, a P-type polysilicon gate 232 and a P" source 
222b. The P' well sources 222a and 222b are separate for the 
pair of P-MOS transistors 102 and 104, but otherwise func 
tion substantially the same as the pair P-MOS transistors 
shown in FIG. 2. The P' drain 220, the P" source 222a, the P" 
drain 224 and the P" source 222b are in an N-type well/region 
234. The aforementioned elements of the pair of P-MOS 
transistors 102 and 104 may be covered with a protective 
oxide layer 236. The source, gate and drain connections are 
schematically represented by heavy black lines. 
0021. The N-type polysilicon gate 230 configuration gives 
the P-MOS transistor 102 a threshold voltage, Vt, of about 
-1.4 volts. The P-type polysilicon gate 232 configuration 
gives the P-MOS transistor 104 a threshold voltage, Vt, of 
about -0.3 volts. The difference between the threshold volt 
age (-1.4 volts) of the P-MOS transistor 102 and the threshold 
voltage (-0.3 volts) of the P-MOS transistor 104 is approxi 
mately equal to the difference in the work function of the gate 
electrodes. Adding an additional light P-type implant, e.g., 
boron, into the channels of both P-MOS transistors 102 and 
104 can reduce threshold Voltages, e.g., approximately -1.1 
volts and approximately 0.0 volts, respectively. Having this 
small a threshold voltage may push the P-MOS transistor 104 
into a depletion type mode of operation and can create 
increased operational headroom for lower Voltage operation 
of the Voltage reference operational amplifier circuit, accord 
ing to the teachings of this disclosure. Fabrication of the 
N-type polysilicon gate 230 and the P-type polysilicon gate 
232 are discussed more fully in the description relating to 
FIGS. 4(a)-(d) hereinbelow. 
0022 Referring to FIGS. 4(a)-(d), depicted are schematic 
process diagrams of process steps used in fabricating N-type 
and P-type polysilicon gates for the pair of P-MOS transistors 
shown in FIGS. 1, 2 and 3, according to the specific example 
embodiments of this disclosure. In FIG. 4(a) P dopant 442 is 
implanted into a layer of polysilicon 440a. In FIG. 4(b) a 
resist mask 444 covers a portion of the P dopant implanted 
polysilicon 440b, and then N' dopant 446 is implanted in the 
portion of the polysilicon 440b that is not covered by the resist 
mask 444. In FIG. 4(c) the layer of P dopant and N' dopant 
implanted polysilicon 440c has mask pattern 448 placed over 
those portions of the multiply doped polysilicon 440c that are 
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to be retained, then the polysilicon 440C is etched away where 
not covered by the mask pattern 448. This leaves an isolated 
N-type polysilicon gate 230 and an isolated P-type polysili 
congate 232 as shown in FIG. 4(d). The P' drains 220 and 
224, and the P' source(s) 222 shown in FIGS. 2 and 3 are then 
created and self-aligned with the respective N-type polysili 
congate 230 and the respective P-type polysilicon gate 232 to 
produce the pair of P-MOS transistors 102 and 104, as 
described hereinabove. The aforementioned optional light 
P-type dopant may be implanted into the N-type well/region 
234 before a gate oxide layer (e.g., thermally grown oxidation 
is used to create the gate oxides 226 and 228) and a polysili 
con layer (e.g., polysilicon deposition is used to create the 
polysilicon gates oxides 230 and 232) are placed over the 
N-type well/region 234. 
0023. While embodiments of this disclosure have been 
depicted, described, and are defined by reference to example 
embodiments of the disclosure. Such references do not imply 
a limitation on the disclosure, and no Such limitation is to be 
inferred. The subject matter disclosed is capable of consider 
able modification, alteration, and equivalents in form and 
function, as will occur to those ordinarily skilled in the per 
tinent art and having the benefit of this disclosure. The 
depicted and described embodiments of this disclosure are 
examples only, and are not exhaustive of the scope of the 
disclosure. 
What is claimed is: 
1. A Voltage reference fabricated on an integrated circuit 

die, comprising: 
a first P-channel metal oxide semiconductor (P-MOS) tran 

sistor having an N-type polysilicon gate, wherein the 
N-type polysilicon gate causes the first P-MOS transis 
tor to have a first threshold voltage; 

a second P-MOS transistor having a P-type polysilicon 
gate, wherein the P-type polysilicon gate causes the 
second P-MOS transistor to have a second threshold 
Voltage; 

the first and second P-MOS transistors are configured as a 
differential pair of an operational amplifier; and 

the operational amplifier has an output Voltage Substan 
tially equal to a difference between the first and the 
second threshold Voltages. 

2. The Voltage reference according to claim 1, wherein the 
first threshold voltage is about a minus 1.4 volts. 

3. The voltage reference according to claim 2, wherein the 
second threshold voltage is about a minus 0.3 volts. 

4. The voltage reference according to claim 3, wherein the 
output voltage of the operational amplifier is about 1.1 volts. 

5. The voltage reference according to claim 1, further com 
prising a lightly doped P-type implant in an N-type well/ 
region of the integrated circuit die where gate channels of the 
first and second P-MOS transistors are located. 
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6. The voltage reference according to claim 5, wherein the 
first threshold voltage is about a minus 1.1 volts. 

7. The voltage reference according to claim 6, wherein the 
second threshold voltage is about 0.0 volts. 

8. The voltage reference according to claim 7, wherein the 
output voltage of the operational amplifier is about 1.1 volts. 

9. A method of fabricating a voltage reference on an inte 
grated circuit die, said method comprising the steps of: 

providing an N-type well/region in a silicon semiconductor 
integrated circuit die; 

covering at least a portion of the N-type well/region with an 
oxide layer in an area used to form gates of P-channel 
metal oxide semiconductor (P-MOS) transistors for an 
operational amplifier; 

covering the oxide layer with a polysilicon layer; 
implanting a PT dopant into the polysilicon layer, 
covering a portion of the P doped polysilicon layer with a 

first resist mask; 
implanting an N' dopant into the P doped polysilicon 

layer wherever the first resist mask does not cover the P. 
doped polysilicon layer, 

removing the first resist mask: 
covering a portion of the N" doped polysilicon layer and a 

portion of the P doped polysilicon layer with a second 
resist mask; and 

removing the N' doped polysilicon layer to forman N-type 
polysilicon gate where not covered by the second resist 
mask, the P doped polysilicon layer to form a P-type 
polysilicon gate where not covered by the second resist 
mask, and the oxide layer where not covered by the 
second resist mask. 

10. The method according to claim 9, further comprising 
the step of forming a P" source and P' drain in the N-type 
well/region for each of the N-type and P-type polysilicon 
gates to form first and second P-channel metal oxide semi 
conductor (P-MOS) transistors having different threshold 
Voltages. 

11. The method according to claim 10, further comprising 
the step of covering the N-type and P-type polysilicon gates, 
and the P" source and the P' drain with a protective oxide 
layer. 

12. The method according to claim 10, further comprising 
the step of configuring the first and second P-MOS transistors 
as a differential pair of an operational amplifier. 

13. The method according to claim 9, further comprising 
the step of implanting a light P-type implant into the N-type 
well/region before performing the step of covering at least a 
portion of the N-type well/region with an oxide layer. 

14. The method according to claim 13, wherein the light 
P-type implant is boron. 
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