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ABSTRACT

SNTs (surrounding-gate nanowire transistors) are@dye@andidates to implement low power electroniciacbes,
They provide full gate control over the channel amidimize short channel effects. Design of a higéesl opamp
is presented in this paper. It consists of two afyiply stages and an output buffer and is frequermypensated
for stable operation. Transistors used have 10nanael length and 2nm channel radius. The amplifigerates
from 1.8V supply and has a voltage gain of 40dB amdase margin of 42°. The current gain cutoffjfrency of
the amplifier is 5.1THz and it provides 40dB commmte rejection ratio and 54dB power supply refattiatio
with a slew-rate of 2V/ns. The amplifier area i98h by 250nm.
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INTRODUCTION

Semiconductor technologies and integrated circuimve enormously contributed to the progress of
communications, electronics and computer industigsce 1960’s, the number of transistors have koun
systems realized by every new generation of the IMeBhnologies while the feature size of the tratwgs has
reduced as described by Moore’s law [1]. The sriediture size of the transistors used to realize ptexn
integrated circuits help to in-crease the functiitpaf these systems while reducing their costeTihcreased
functionality is achieved by integrating the digitck-end circuits of a communication system wAtalog and
RF (radio frequency) circuits on the same silicahsirate. The small feature size also enablesdheus circuits

to operate at higher speeds and transfer morennaftion from a transmitter to a receiver [2-3].

Recently, the downscaling of the Bulk MOSFETSs (rhekéde semiconductor field effect transistors) @agached
the nanometer range, which is close to the phytimé predicted by the ITRS (industrial technologyadmap for
semiconductors) [4]. After the Bulk MOSFETS reacthannel length of less than 45nm only a few atdayers
will exist among the transistor junctions, causingny undesired short channel and reliability efe@herefore,
other alternative silicon based transistor strietuwith high speed and low power characteristiesaeded.

A variety of silicon compatible technologies such&0I (silicon on insulator) MOSFETSs, FInNFETs armthatube
FETs are being designed and scaled down to nanordateensions [5-10]. Due to the quantum-level issue
associated with these nanoscale devices, the rraeens fabrication of these transistors has beedenéd and the
high frequency behaviour and accurate modellinghege transistors have not completely been inwastig[11-
14]. SNTs (surrounding gate nanowire transistors) amnong the most promising nanoscale silicon cdifripa
transistors which offer high performance and highkel of integration while exhibiting better downkeg
characteristics [15-18].

Increasing the performance, functionality and tigtmaut of the wireless communication systems arentlan
reasons to increase the operating frequency anelditce the feature size of the mainstream semiatod The
continuous shrinking of the conventional Bulk MOSBEmetal oxide semiconductor field effect trarmis} has
introduced many undesirable short channel effeatstherefore, alternative silicon compatible tratwi devices
such as SOl (silicon on insulator) MOSFETSs, FinFafd nanotube FETs have been designed and dowdgoale
nanometer dimensions for improved performance. Sdtan the mainstream MOSFETSs reach their phydiicais
and exhibit undesired performance, the choice daltarnative technology will be invaluable for irstiies to find

a suitable replacement for conventional Bulk MOSEET
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Among these structures, SNTs seem to have the dbast channel effects. Similar to the industrients of the
semiconductor technologies, the prior work of théhars on SNTs concentrated on optimizing theseststors for
digital applications and exploring their functioitalusing simple transistor models. The accuratelellong and
the high speed properties of these devices for dgnabpplications are investigated by authors [19]isTpaper
presents an accurate modelling of these transisting BSIM-SOI compatible modelling and the detditiesign
of a high speed and low power operational ampliftgng SNTSs.

DESIGN AND ANALYSIS

The three dimensional view and the correspondinggiic components of SNT are shown in Fig.1. Otihg
dominant parasitics are considered to simplifydineuit model. The intrinsic transistor is modellasing a BSIM-
SOl compatible model to ensure all the input angbaitransfer characteristics of the circuit andide simulators
match each other. The parasitic capacitance bettheesource contacts and the metal gate is demstégl, in the
figure. The parasitic capacitancg{between the metal gate and the concentric sounmtct and the junction well
is the largest dominant capacitors of the SNT devidie gate and drain capacitorgg@nd Ggq,) and the drain and
source capacitors (G and Gsy) can be lumped into ggand G, respectively. Compared to planar Bulk transistors
Cya is very small and there is no junction to bulk acifance, therefore, Cis quite linear. The well resistancg R
can be quite large and is the major drawback ofvéirécal SNTs compared with planar transistorse fitagnitude
of this resistance can be reduced drastically bgipg a concentric (ring shape) source contactnalfel with the
well, as shown in the figure. If the transistorpi®perly designed to ensurey@,»gys (Where g, is the intrinsic
transconductance andsgs the intrinsic output conductance of the traos)s the performance of the nanowire
transistors in analog circuits exceeds those afgsl&ransistors. This will be shown in the nextises.

The simplified parasitic components associated WithOS and PMOS SNTs are shown in Fig.2 (a) and Kby.
accurate circuit level simulations, the intrinsid® (M, and M, are modelled using BSIM-SOI. For simplified
hand calculations and finding the AC parameterghefamplifiers designed using SNTSs, the linearizell-signal
model shown in Fig.3 can be used. Using this maté&w frequencies, the DC voltage gain and outpsistance
of various amplifier stages can be calculated.
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Fig.2 Simplified Parasitic Components Associated with (a) NMOS and
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Fig.3 Linearized Small-Signal Model of SNT



Hamedi-Hagh and Bindal Euro. J. Adv. Engg. Tech., 2015, 2(10):1-11

Operational amplifiers are one of the most impdrtanlding blocks of analog integrated circuitsffBiential pair
amplifiers, common source amplifiers, cascode dmpdi and common drain amplifiers are the basidding
blocks of any opamp, as shown in Fig.4. Before gilesg an opamp and measuring its characteristtos, t
performance of each of these basic amplifiers ballinvestigated. The low frequency small signal ehaxf the
differential pair amplifier designed using SNTsslsoown in Fig.5. The differential pair amplifier usually used in
the first stage of opamps.
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Fig.4 (a) Differential Pair, (b) Common Sour ce, (c) Cascode and (d) Common Drain Amplifiers
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Fig. 5 The Low Frequency Small Signal Model of the Differential Pair Amplifier

The resistor Ris given by

1
R3; =Rg + (rds3 Il —) (1)
. . 8m3
The voltage at node A, A/ is given by
Va= '[1+ rdsS(G55+gm5)]Vgox5 (2)
The output voltage Y/; can be expressed by
Vout = _[ 1+ Tdsa (654 + gm4-)]Vgox4- - Gis3[1 + rds4Gs4](Vin - VA - Vgoxl) (3)
And
Vout = —Tds2 GSZ VA - [1 + Tasz (GSZ + gmz)]Vgoxz (4)
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The KCL at output branch results in

GSZ (VA + Vgon) = Gs4 Vgox4 + Gs4Gis3 (Vm - VA - Vgoxl) (5)
The KVL at input branch results in
Vi - Vgoxl = Tus1 Gsl (VA - th) + Tas1 (651 + gml)Vgoxl + R3651 (VA + Vgoxl - VLn) (6)
The KCL at node A results in
GSS VgoxS = GSZ(VA + Vgon) + GSI(VA + Vgoxl - Vi ) (7)
The voltage gain of the differential pair amplifisrgiven by
T 452 @m2+Gs2)
Vout _ gm27rds2 + srdsT
Vin 1— Im2 Tdsz[rds1(gm1+551) +551(Rs3+r#‘mr—l)] (8)
9m1Tds1Gs1 Gsa Tasa(Rsz - 23—)

1+gmaTde

For G»gn?gqs the voltage gain is approximately given by

Vout

Vi~ 9m2 rds?2 (9)
The resistance seen from drain oft@ansistor of the differential pair amplifier iszgn by
9Im1Gs17ds17ds2(Gs2+gmz2)

Tds3
Tas1(Gs1+ +G (R +7))
ds1(Gs1+gm1) s1{fs3 T 7 + 9m3Tdss

Im2Tas2 +
Gsz(
Ry, =

(10)

Imi"ds1Gs1

Tds1(Gs1 + gm1) + Gsl(Rs3 +

Tds3 )
1+9m3rgs3
and the resistance seen from drain gti@nsistor of the differential pair amplifier iszgn by

Tas(Gsat9ma) Im1Gs1Tds17ds2(Gs2+Gm2)

Gss ImaTds2 + Tds3
l Gs2 (Tds1(Gs1 +gm1)+Gs1 (Rs3 +m))

(11)

Ry, =

Rgg+——ds3 ) Irdsz(Gszﬂimz))
1+gm37ds3 Gs2
Tds3 ) + Im2Tds2

1+gm37ds3

Im17ds1Gs1 (gm4rds4(

Tas1(Gs1+gm1)+Gs1 (Rs3 +

For G»gn?gqs the output resistance is approximately given by

Rout = Ro4 “ Roz ~ [rds ( 1+ @ﬂ ” Tdsa (12)
Im1

To achieve high accuracy in the transfer functiohsarious analog circuits such as switch capadittars and

amplifiers, it is important that opamps providedtage gain higher than 1000. Due to limited vadtagin of the

differential pairs, another amplifying stage mustdilded to satisfy the high gain requirement ofapp@mp. This

second stage can also be used to improve the phaggn of the opamp and to ensure a stable oparathile

using the opamp in the closed loop.

The common source amplifiers are usually used & gbcond stage of an opamp and function as theerMill
compensating stage. The low frequency small sigradel of the common source amplifier realized uSiNTs is
shown in Fig.6.

The KCL at output branch results in

GsZVgOXZ = Gsl (Vin - Vgoxl) (13)
The output voltage ¥(; can be expressed by
Vour = (1 + Tgs1 Gsl)Vin - [1 + Tas1 (Gsl + gml)]Vgoxl (14)
And
Vour = —[1+ 1452 (Gsz + gmz)]Vgon (15)
The voltage gain of the common source amplifiggiv@n by
Vout _ —Y9mi1 Tas1 [1 + Tas2 (Gsz + gmz)]
Vin (16)

Gs
[1 + Tas2 (Gsz + gmz)] + G_sj [1 + Tdas1 (Gsl + gml)]

For G»gn?g4s the voltage gain is approximately given by

Vout
Vin

= _gml(rdsl | I'dsz) (17)
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The intrinsic gain g.rgs of the SNTs can be as high as 15 for a commorceaamplifier which is not enough to be
used in the Miller stage of the opamp. The SNTshary high unity-gain cutoff frequency and verwlaurrent
handling capability. Therefore, using a large Miltepacitance is not feasible to achieve frequexeypensation
and other amplifier structures which provide muatgér gain need to be investigated for use in thieistage.
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Fig.6 The Low Frequency Small Signal Modd of the Common
Sour ce Amplifier

Fig.7 The Low Frequency Small Signal Model of the Cascode
Amplifier
A cascade amplifier provides inverting gain as memn source amplifier, but, with a much larger gdihe low
frequency small signal model of the cascade arapli§ shown in Fig.7.

The KCL at output branch results in

Gs3 Vg0x3 = Gg1(Vin — Vgoxl) (18)
The output voltage ¥{; can be expressed by
Vour = —[1+ 7y4s3 (Gs3 + ng)] Vg0x3 (19)
And
Vout = Tus2 Gslvin — Tas2 Gslvgoxl - [1 + 7”dszgmz]vgoxz (20)
Where
Vgoxz = _(1 + Gsl (rdsl + Rsz))Vin + (1 + Gsl (rdsl + Rsz) + gmlrdsl)Vgoxl (21)
The voltage gain of the cascode amplifier is gikign
Vout — _Gsl [1 + Tds3 (GS3 + gmB)][(l + gmzrdsz)(ZRsl + ZRSZ + Tas1 (2 + gmlel))] (22)
Vin  Gg3 [(1 + gmzrdsz)(Rsl + Ry + 145 (1+ gmlel)) - rdsz] — 1 —1453(Gs3 + Gma)
For G»gm?gqs the voltage gain is approximately given by
@ _ —29m2 Tas1Tas2 Tasz Gs1 (23)
_ ) Vin  GmiGmaTasiTas2 Rs1 — Tas3 o
Which can be very high due to the denominator. ditput resistance of the cascode amplifier isrgiwe
Rout = [Rsz + gmaTas1Tas2(1 + gmiRs)I[Tas3(1 + gmsRs3)] (24)
For G»gm?gqs the output resistance is approximately given by
Rout I'ds3(1 + 8m3 R53) (25)
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The opamp needs to drive the capacitive loads.€fbis, it is very important to isolate the opernataf the Miller
stage and the load using a buffer stage desigriad ascommon drain amplifier. The low frequency Brsmnal
model of the common drain buffer amplifier realizesing SNTs is shown in Fig.8.

gmlvgoxl
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Fig.8 The Low Frequency Small Signal Model of the Common Drain Amplifier
The KCL at output branch results in

GS3Vg0X3 = _gdslvin + (gdsl + gml)Vgoxl (26)
The output voltage ¥(; can be expressed by
Vout = (1 + Rs194s1 )Vm —(1+Ry (gml + gdsl))Vgoxl (27)
And
Vout = -1+ Tds2 ng)Vgoxz — Gs3 I'gs2 Vgox3 (28)
Where
Vgoxz =-(1+ Gs3 (rds3 + RsZ) + gm3rds3)vgox3 (29)
The voltage gain of the cascade amplifier is gilvgn
Vout _ Imi [_rdsz + (1 + gmzrdsz)(rds3 + Rsz + Rs3 + gm3rds3Rs3)] (30)

Vi B 1+ (gml + YGas1 )(Rsl — Tas2 + (1 + gmzrdsz)(rds3 + RsZ + Rs3 + gm3rd53R53))

For G?gm?ggs the voltage gain is approximately given by
Vout _ Imi

=—J7 31
. . . . Vi Im1 t Gas1 . . ( )
Which is very close to unity. The output resistaotthe cascode amplifier is given by
1
Roue = |Rox + (st 11 = )| Il [gme7iasarass (32)
Im1

For G»gm?gq4s the output resistance is approximately given by

Rowe =~ Y/g, . (33)
And is very small. Using differential-pair, commeatirce Tgnd buffer amplifiers studied above, therallvdéow
frequency voltage gain of the opamp is given by

Vout - —29mazTasa1Vasa2Tasa3Gsan Ims3
v Im3aTas3a X X
in

(34)

Imar9mazVasa1Tasaz2Rsa1 — Tasas  Gmss T Gasss
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The location of the first pole of the opamp is givey

fi = 35
21‘[[61 % 29ma2 Tdsa1 Vdsa2"dsa3 iszu % ( [7,‘1534 ( 1+ Im3a )] || rds31)] ( )
9Ima1 9maz Tdsa1Tdsa2Rsa1— Tdsa3 9m32

and the location of the second pole of the opanaferchined by the load capacitor, is given by

Ims3
fi = gme (36)
The opamp slew rate (SR) is given by
Ids33
SR ~ —— 37
c (37)
MEASUREMENT

Using the analysis performed so far, a good chofaealizing a high performance SNT opamp involusig the
first stage differential pair amplifier followed tthe second stage cascode amplifier and finallpgusie buffer
stage, as shown in Fig.9.

The transient and frequency response of the SNferdiitial pair amplifier is shown in Fig.10. The @ifier
provides a gain of 16 with the first pole locatedlB0GHz and the second pole located at 100THz. bising

control resistance (s adjusted to create a reference current ofl@7ih the current mirror circuit. Therefore, the
drain-source currents of the biasing transistgygs|lgs2s lasazand hssiare 67QA and bsszzis 1.4mA.

The impact of the Miller capacitance on the loaataf the poles and the comparison of the compedsainel
uncompensated opamps are shown in Fig.11. Theclmagensation realized by using series combinatioasistor
R1 and capacitor C1 helps to improve the unityagstgain cutoff frequency of the opamp withoutigasng any
power.

The layout of the opamp is shown in Fig.12. Themteansistors of the input differential pair amigiifare realized
by parallel combination of three p-type SNTs towasa large transconductance and the possibilingatize the
second Miller stage by n-type SNTs. The resistgrisRused to control the biasing current of the opaand is
realized by using an n-well implantation with 8nnidtlhi and 320nm length dimensions. The opamp frecpen
compensation is achieved by usingd@d R components. The {8Capacitor is realized using metal-1 and metal-2
layers with 36nm spacing, 150nm width and 63nmtleniimensions. The resistor B realized by using an n-well
implantation with 8nm width and 48nm length dimems. The width of the metal interconnects are seteto be
14nm to reduce their resistivity and four paraliels are used to connect metal-1 and metal-2 lagersnimize the

signal loss. Each via with 4nm by 4nm dimension &6mim height has a resistance of @0Each overlap
capacitance between metal-1 and metal-2 routireydohnects is 0.2aF for 14nm by 14nm dimension 361
height. The layout area of the opamp includingitiasing circuit and all compensation componenis=B30nm and
y=250nm.

The frequency response of the two-stage opampadwrshn Fig.13. The designed opamp has a very higtyu
voltage gain cutoff frequency of 5.1THz and onlgsipates 7{2V. The opamp has a phase margin better than 90°
for frequencies less than 1THz and achieves astabje operation.

The open loop transient response of the opampoisrsin Fig.14. The low frequency voltage gain of hpamp is
about 7760 and for an input swing with peak gfi\8Q the output swing of the opamp reaches to 233mV.

The spectrum of the output waveform of the opamghiswn in Fig.15. The opamp has a very good litgari
characteristics and the total harmonic distortiohthe opamp is only 3% for £233mV output swingcBwa high
linearity is due to the source resistancgaRting as the degeneration resistance and mimigitie harmonic
distortions of each amplifier stage used in desigtie two-stage opamp.

The common mode rejection ratio (CMRR) and the pawpply rejection ratio (PSRR) of the opamp am@shin
Error! Reference source not found. (a) and (b). The CMRR has a corner frequency @GHr and the PSRR
has a corner frequency at 1GHz. The CMRR achie@d8 4nd the PSRR achieves 54dB signal rejectioa. pidst
layout characteristics of the opamp are listeffmor! Refer ence source not found.. The high performance of
the SNT opamp indicates these transistors are gbodtes for future integration of high speed and |{wower
mixed signal circuits.
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Fig. 9 The Schematic of Two-Stage Opamp
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CONCLUSION

Design of a standard two-stage opamp using suringrghte nanowire transistors with 10nm channefjtlierand
2nm channel radius was presented in this paper.affi@ifier has an area of 320nm by 250nm. It osrditom
1.8V supply and has a voltage gain of 40dB and as@margin of 42°. The current gain cutoff freqyeatthe
amplifier is 5.1THz. The common mode and power Supgjection ratios are 40dB and 54dB, respectively

10
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The opamp presented in this work provides a lowgroand high-frequency performance suitable for iappbns
such as internet of things and high speed wired@ssmunications. Using nanowire transistors withraumding
gate structures is a suitable candidate for geingraiture VLSI technologies.

Table -1 Post layout Char acteristics of the Two-Stage Opamp

Supply Voltage 1.8V
Biasing Circuit Power Dissipation 2.4uW
Opamp Circuit Power Dissipation 4.8uW
Maximum Output Linear Signal Swing 0.5V
Input DC Voltage Level 0.7V
Open Loop Voltage Gain (at 1 GHz) 7760 or 38.9dB
Open Loop Phase Margin (at 1 GHz) 42°
Open Loop Unity Voltage Gain Cutoff Frequency 5.1THz
Load Capacitor 20aF
Common Mode Rejection Ratio 40dB
Power Supply Rejection Ratio 54dB
Total Harmonic Distortion 3%
Slew Rate (High to Low) -2VIns
SLew Rate (Low to High) 2VIns
Area 0.0825 pm2 or (330nmx250nm)
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