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ABSTRACT

This thesis describes research into circuit design techniques for realizing wide-band,

low-noise, matched impedance amplifiers in submicron MOS technology, and to identify

process and device parameters that determine the optimized submicron MOS technology

suitable for both high-speed digital and analog applications.

A new circuit configuration with multiple feedback loops has been synthesized and

fabricated in a lfim NMOS technology. The fabricated amplifier has an insertion gain of

16.35 db. a -3 db bandwidth of 758 MHz. amaximum input VSWR of 2.45. a maximum

output VSWR of 1.60 and an average noise figure of 6.7 db (with reference to 50G source
resistance) from 10 MHz to 758 MHz. The measured results were found to agree closely

with computer simulations within the -3 db frequency band. With improved process con

trol, computer simulations indicate that abandwidth in excess of 1GHz is possible with

this 1pm NMOS technology.

The design techniques used could also be applied directly to any submicron MOS or

GaAs MESFET/HEMT technologies.
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Chapter 1 *

CHAPTER 1

INTRODUCTION

MOS technology is the dominant IC technology for high density, low cost VLSI cir

cuits. Device dimensions have been constantly shrunk to achieve ever higher density and

higher speed. Device channel lengths have been reduced from 10/im in the early 70's down

to 1.5/xm in the early 80's. We are now in the era of submicron MOS technology as 1/im

and 0.75/im channel length devices are being used for 1 and 4 Mbits DRAM productions

[1.2]. with 0.5/tm MOS production technology [3] on the horizon and 0.25fxm MOS tech

nology being actively studied at various R&D establishments [4].

The main driving force of submicron MOS technology is digital VLSI. However, as

speed and circuit complexity increase, it becomes desirable to incorporate high-frequency

analog front-end amplifiers and output drivers on chip, such as in high-speed fiber optic

communication circuits. In the SSI/MSI domain, submicron MOS devices (which have high

fT) are apotential contender for microwave IC applications, such as wide-band amplifiers

in the GHz range. A brief survey of the current state-of-the-art in wide-band amplifiers

in the literature and commercial market is illustrated in Fig. 1.1. As can be seen, the dom

inant technologies are BJT and GaAs MESFET/HEMT. None is in MOS technology. Obvi

ously, there are problems associated with applying submicron MOS technology in such

applications, despite the high fT of the devices. In general, submicron MOS devices have

low device gain, high device output conductance, high device noise characteristics, high gate

and parasitic capacitance, which make such design difficult.

The purpose of this thesis is to investigate circuit design techniques that achieve

wide-band, low-noise, matched impedance amplifiers in submicron MOS technologies and

to identify process and device parameters that must be improved to achieve an optimized

submicron MOS technology suitable for both high speed digital and analog applications.

As a test vehicle, a 50ft matched impedance wide-band amplifier was fabricated in a l^m
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Fig.1.1 State-of-the-art in wide-band amplifiers

NMOS technology (SIGMOS*) to demonstrate the feasibility of the new design approach.

Extension of these design techniques for an on-chip front end amplifier with 50ft input

impedance will be discussed. The design techniques used can also be extended to any sub

micron MOS or GaAs MESFET/HEMT technologies.

In chapter 2. submicron MOS device characteristics are discussed. Detailed informa

tion of the SIGMOS technology and process enhancements developed for this project are

described. Measured device characteristics, including 1/f noise characteristics, are included.

SPICE MOS level 3 device model parameters used in numerical examples throughout this

.SIGMOS stands for Silicon Gigabit MOS and is a\»sti NMOS research process of AT&T Bell Laboratories.
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thesis are tabulated for reference. In chapter 3. the basic design issues related to MOS dev
ice in wide-band amplifier design are discussed, particularly the circuit noise and high-
frequency impedance matching. In chapter 4. new design techniques for achieving wide
band, low-noise, matched impedance MOS amplifier in short-channel MOS technology are
described. The proposed test circuit is analyzed and simulate In chapter 5. measure
amplifier performances are reported and discussed. In chapter 6. amplifier performance
and the important process and device parameters that must be optimized for high-
frequency analog and high-speed digital applications are summarized.

taportant information and experimental dau not directly related to circuit design
issues are included in Appendix Ato E. Appendix Aoutlines the process flow of the SIG
MOS technology and the design rules used in this project. Appendix Boutlines the 2nd
level mettl process developed for the SIGMOS process. Appendix Cdescribed the electrical
characteristics of the nitride capacitor. Appendix Dis abrief introduction to short channel
MOS device characteristics based on aset of simplified assumptions. Appendix Edescribes
the 1/f noise measurement set-up and 1/f noise model parameter extraction procures for
SPICE circuit simulations.
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CHAPTER 2

SIGMOS TECHNOLOGY AND DEVICE CHARACTERISTICS

2.1. Introduction

SIGMOS technology is a NMOS research process of AT&T Bell Laboratories at

Holmdel. New Jersey. The test circuit described in this thesis was fabricated using this

process. Information regarding SIGMOS technology can be found in [5]. A new set of

relaxed design rules is used for this project as compared with that used in [6]. However,

the nominal device effective channel length remains at 1/im. For easy reference, the pro

cess flow and design rules used are outlined in Appendix A. This chapter highlights the

features which make the SIGMOS process suiuble for high-frequency applications (besides

short channel length), its limiutions. and process enhancements developed specifically for

this work. Measured device characteristics, including device noise characteristics, are exam

ined. Device model parameters for circuit design considerations and for SPICE simulations

are extracted and tabulated.

2.2. SIGMOS Technology and Process Enhancement

A cross-section of a SIGMOS device structure is shown in Fig. 2.2.1. Nominal device

effective channel length is 1/im. Nominal gate oxide thickness is 200A and the gate

material is n* polysilicon. Nominal threshold voluges of the enhancement and depletion

NMOS devices are 1.0 and -1.5V respectively, with -5V substrate bias. There are two

features that make this particular technology suiuble for high-frequency applications:

(1) sidewall oxide of the polysilicon gate which reduces overlap capaciunce between

gate and n * source/drain;

(2) the n+ source/drain region consists of two parts: a shallow n+ arsenic

source/drain near the channel required for short channel structure and adeep n+

phosphorus source/drain away from the channel for contact purpose. The latter

has lower bottom-plate capacitance per unit area and is usually larger in area.
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CHANNEL IMPLANT

Fig. 2.2.1 SIGMOS device structure cross-section

Therefore the total n+source/drain to substrate capaciunce at this node is reduced

substantially.

The original SIGMOS process has only one layer of meul. Studies based on noise con

siderations and signal attenuation along a resistive gate showed that a second layer of

meul was needed for low noise and high frequency applications ( This will be discussed in

section 2J ). A second layer meul process has thus been developed as part of this thesis

work. Deuils of the process is outlined in Appendix B. The dielectric material used is

XU284. a low curing temperature (<325*C) polyimide material. This is aspun on material

and provides good planarization over steps. Both meul layers are aluminum with 1%

copper. The first layer is deposited by E-gun evaporation and aresist lift-off technique is

used to achieve 1.5/im line and 1.5/xm space design rules. The second layer is deposited by

conventional thermal evaporation and then wet etched. A relaxed 4/im line and 2fim space

design rules are used. The minimum via si2e is 3/*mx3/xm. Via opening is etched in Oz

plasma with photoresist acting as an erodable mask. A Upered sidewall profile in the via is
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obuined as shown in Appendix B. The second layer of meul is primarily used for power

line routing in this work.

An on-chip capacitor is also added to the process for frequency compensation and for
power-line decoupling. Anitride layer on top of the polysilicon layer is used as the capaci
tor dielectric. Field polysilicon forms the bottom plate and meul 1 forms the top plate of
the capacitor. The advantage of this arrangement is that there are no additional processing
complexities and thermal cycles added to the original process (except for the one extra
masking step and etching required to define the top plate which are required in any pro
cess). The total nominal thickness of the nitride layer is about 7<X)A. The relative dielec
tric constant of the nitride layer is 7.5. The nitride capacitor has been characterized for

leakage current and voluge coefficient and results are included in Appendix C. Leakage
current is found to be less than 300 pA/cm'2 and voluge coefficient is less than 40 ppm/V
within ±5V operation. There is no pin hole problem with this nitride layer and the

breakdown voluge is well beyond 20V.

The toul number of masks used in this process, including second level meul and

capacitor, is 10. It could be reduced to 9by using ablanket threshold implant for the
enhancement devices and adjusting the threshold implant dosage for the depletion devices

accordingly.

23. Device Characteristics

There are substantial differences in the electrical characteristics between long channel

and short-channel MOS devices. For easy reference, abrief introductory discussion of
submicron MOS device characteristics based on aset of simplified assumptions is included

in Appendix D. Although more deuiled submicron device models are available on circuit
simulators, such as SP1CE2 (MOS Level 3model or BSIM) [7. 8]. they tend to need alarge
number of model parameters and do not lend themselves directly to the physical under-
sunding of device behavior and their relationships to ac parameters for circuit design. The
"first order" model described in Appendix Dshows clearly the various short-channel
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device effects in relation to various physical variables. The model can predict device

behavior within ±25% of measured characteristics in most cases.

In this section, only the measured SIGMOS device characteristics are discussed. Dau

shown was taken from the actual process run in which the test circuit was made. It should

be pointed out that this particular process run had problems with the ion implanter. con-

uct oxide etch and no sputtering etch (equipment not available) for cleaning the via before

metal 2 deposition. The consequences are:

(1) the threshold voltages of both the enhancement and depletion devices are out of

the normal spread of values and both device types have lower rdt:

(2) the depletion device has an unintended buried channel and has much lower r*.

resulting in low device gain:

(3) the capacitor dielectric has been thinned down giving alarger compensation capaci

tance value which reduces the bandwidth of the amplifier:

(4) conuct resistance between the two layers of meul is high and not consistent,

causing high source resisunce which resulted in a lower effective device gm and

poor matching between devices.

Device characteristics are thus degraded significantly and the circuit did not perform as

well as expected with an optimum process.

The device characteristics of the enhancement mode SIGMOS device are shown in Fig.

2.3.1(a) to (c). The device has W=50 fim and Leff » 1/tm. Measurements are uken

with the HP4145A Semiconductor Parameter Analyzer. Fig. 2.3.1(a) shows the I-V

characteristics and Fig. 2.3.1(b) shows the ID vs. VG5 at low VDS (50mV) for
Vsub =OV and -5V. The threshold voluge of the device can be determined by the inter

cept of the slope at the VGS axis since the ID equation in the ohmic region is linear. The
slope of the line is related to fifff as discussed in Appendix Dand repeated here for con

venience:
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ID «* Mf// Cox W(VG5 - Vr Wds at very low VK (2.3.1)

„„ *- st*****- (2.3.2)

From the dau shown. VT » 0.8V with -5V substrau bias and /*.// =371 cm2/V-j.

Fig.2.3.1(c) shows the gm and ID vs. VGS characteristics at VDS =5V. Nou that gm

becomes constant and ID becomes linearly dependent on VG5 at high VGS when carrier

velocity saturates as discussed in Appendix D. As shown. gm/nax /W is 84 mS/mm. Atthe

bias point shown (dot). gm /W is 79mS/mm and r0 x «/ is 135 KCl-fim.

The corresponding set of curves for adepletion device are shown in Fig.2.3.2(a) to

(c). Note that in Fig.2.3.2(b). the device cannot be turned off atV^s » OV and that there

are two slopes at Vgja =-5V. indicating an unintended buried channel exists at low gate

voluge. The effective threshold voluge at VGS » 0 is -2.3V. gnW at the bias point is

75mS/mm. The I-V characteristics of a depletion mode device connected as a depletion

load is shown in Fig. 2.3.3. The equivalent resisunce at the bias point shown is about

67 KQ-iun. The suge gain of an inverter shown in Fig. 2.3.4 with We:Wd = 1:1 is there

fore only 3.5 instead of 4.6 expected from a normal, run.

" For circuit simulations. SPICE version 2G.6 MOS level 3 device model is used. The

model parameters and comparison of simulated and measured I-V characteristics are dis

cussed in section 2.6.

2.4. Noise Characteristics

The noise performance of awide-band amplifier is an important design consideration.

Both 1/f device noise and high-frequency device noise have to be considered in most

wide-band amplifier designs. Unfortunately, there is limited information available on

short-<hannel MOS device noise characteristics in the literature [9. 10]. However, accurate

circuit noise simulations can be obuined if device noise are characterized at the same bias

point where the device will operate in the circuit, using this technique, astraight forward

method of extracting the /// noise model parameters for SPICE 2G.6 is developed and
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described in Appendix E. There is good correlation between the measured and simulated
amplifier noise performance using this method (Chapter 6).

The basic MOS device noise sources are shown in Kg.2.4.1(a) and (b) [111
F.g.2.4.l(«) shows the gate current noise source. £. and the drain current noise source.
i&. Where.

p (2.4.1)

1JL =4*rrg„ +-J- ***r* *» - -^xr

This is the basic model used in SPICE for MOS circuit noise simulations. In practice, the
gate current /, of MOS device is small so that i* can be ignored. Tis 2/3 for long channel
MOS devices and had been reported to be 1.03 for ashort channel MOS device [12]. The
origin for the high Tis not clear and is generally ascribed to high-field effects in the chan
nel [13]. It may also be partly due to contributions from gate resistance and/or process
dependency. In circuit simulations, gate resistances, parasitic source/drain resistances and
contact resistances are all included explicitly for circuit simulations. The factor 2/3 is
used in SPICE and the fact that there is good correlation between the measured and simu-
Uted amplifier noise characteristics (Chapter 6) indicates that Tis close to 2/3 for the l^m
SIGMOS devices. For design considerations, the drain-current noise source is most often
referred to the input and represented by an equivalent input noise voluge. v,% and
current sources. i?„ as shown in Rg.2.4.l(b). where.

"AT "UA/ " *» ~&f

"ST ft" 'T

From Eqn 2.4.4. it is seen that at very high-frequency, the noise level will increase as /*.
However, it may be ignored when / «/r especially when the impedance level in the
input circuit loop is low. This is the case for the types of circuit under study and is
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therefore ignored. Only vs% is considered for subsequent discussions. From Eon. 2.4.3.
9?m can be reduced by increasing device size (W). as gm is directly proportional to W.

For MOS device using polysilicon gate process, where gate resistance *o can be
significant, noise contribution from 4, should be added to Eqn.2.4.3. So that in general.

v-2 AkTT ^ *n 1 (2.4.5)

In the test circuit, all devices are biased at WDD and all should have the same K„. The
value of K. can be obtained from the slope of the low-frequency device noise measure
ments at the same bias condition as described in Appendix E. Then for SPICE simulation
purpose, one may assume Ar =1and KF can be-derived by equating the /// noise
coefficients shown in Eqn. 2.4.2.

Device /// noise was measured with an HP8566A Spectrum Analyzer in the range
from 1KHz to 10 MHz. Atypical low-frequency device noise measurement result is
shown in Fig.2.4.2. The estimated /// noise corner frequency for the test device used is
about 30 MHz. Following the procedures outlined in Appendix Eand setting AF =1.

(2.4.6)
KF = S^IO-** (.F-A )

For design purposes, high-frequency noise will consist of mainly the gate resisunce
noise a*, channel thermal noise as given in the first two terms of Eqn. 2.4.5. Note that for
a MOS device.

^ u/ " (2.4.7)
&G ^-fc-Rtyoiy

where-*** *** *•* «*«— of ** *M ^^ ^^ " "^^ "**"*"
noise. *c must be minimized and Wshould be large. This apparent conflict can be resolved
by connecting small segments of devices together in parallel to form the required device
size. W. The optimum segment width to be used will be analyzed in the next section.
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2JS. Optimum Gate Width

From the previous section, it is evident that for low amplifier noise, a large W is at

least required for the input device. ( Input high frequency matching limits the input device

size to < 1000/im. as will be discussed in section 3.4.) In a n+ polysilicon gate process, a

single long gate width will have large resisunce which contributes significant input noise (

this is in analogy to the base resisunce of aBJT). In addition, thedistributed nature of the

gate resisunce and capacitance will affect the frequency response of the circuit. It is there

fore desirable to connect small segment of devices together via low resistive paths (meul

lines) in parallel to form the required large W device. On the other hand, too small a seg

ment will increase the toul source/drain junction sidewall capacitance due to increase per

imeter which will degrade high-frequency performance. Note that one layer of meul is

used for gate jumpers and output jumpers. A second layer of meul is therefore required

for connecting the power lines to the sources and drains.
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The distributed RC effect of a MOS device gate is illustrated in Fig.2.5.1. The seg

ment width is w in fim. Re is the conuct resisunce between the gate poly and meul 1.

The specific conuct resisunce is about 10"6 Q-cm2. Rp is the poly resisunce over the

field region. The sheet resisunce of polysilicon layer. Ra^,. is about 25 Q/U (worse case).

Rq is the gate resisunce. and C, is the parasitic gate capacitance over the field oxide

which is negligible except in a non-practical case when w-»0. Re is estimated to be

about 450 and Rp is about 41 ft for the minimum design rules in SIGMOS process ubu-

lated in Appendix A. Rq is calculated as follow.

A lumped equivalent of the distributed RC line can be approximated by a series resisunce

R/2.43 and a shunting C [14]. The frequency at which the amplitude of the gate signal

from the far end is at -3db from that of the conuct end is given by

f -*b * 2irCRc/ 2.43 +86>1.73«10~"w (2*52)
The variations of / -^ with segment width w is shown in Fig. 2.5.2. As a rule of thumb.

for an amplifier bandwidth of 1 GHz. one would liketo have / -^b > 10GHz. and that

corresponds to a device segment width w <29/im. For different segment widths used to

achieve a lOOOjun device width, the effective gate resisunce is different. The variation is

also shown in Fig.23.2. but normalized to 2/3g„. denoted by r„. For a segment width of

25pm. the effective gate resisunce is about 1411 but 2/3gm is only 8.3O and rn is about

1.7. This ratio is high for low-noise application. A segment width of 12.5/xm is therefore

preferred. rn in this case is about0.5. The optimum segment width is thereforedetermined

by noise considerations.

It is interesting to apply the same analysis to a silicide gate process (including poly-

cide gate process ). The sheet resisunce and conuct resisunce to meul in these process are

typically an order of magnitude lower than that of the polysilicon gate process [15]. The

variations of / -W6 and r„ for both the poly gate and silicide gate processes are shown in
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Fig.2£.l Top view of polysilicon gate MOS device and equivalent circuit

Fig.2^.2 /-Mb and rn vs. gate width
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Fig. 2.5.3. For a silicide gate process. rtt for the same segment width ( roughly same fre

quency performance ) is 10 times lower. Thus at w = 25pm. r„ = 0.17. Re no longer

dominates the input noise. The segment width may be extended to 45pm for rn = 0.5.

The trade off is between noise performance and bandwidth. The use of refractory meul as

the gate material will further reduce the gate resisunce but at the expense of cost and pro

cess complexity.

2.6. SPICE 2G.6 MOS Model Level 3 Parameters

Two sets of SPICE model parameters, as shown in Table 2.6.1. are used in this thesis.

Set A are the parameters for the normal device characteristics expected and are used in the

early stage of this work for design considerations. The bias point is at VGS = 2.5V and

VDS = 2.5V. SetBare the parameters for the actual fabricated devices discussed insection

2.3 and are used to compared the simulated and measured amplifier performance. The bias

2.
©

to 100
W (M»)

Fig.233 /_3dt and *» vs- gate widtn for ^^ P0^1110011 Sate <*>!*«*) and
silicide gate (dotted) processes.
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Parameters

Type

Level
VTO
GAMMA
CGSO
CGDO
CGBO
RSH
CJ
CJSW
TOX
NSUB

NFS
TPG

XJ
LD
UO
VMAX

KF
AF
THETA
ETA
KAPPA
DEFL

SetA
Nominal

Enhancement Depletion
3

-1.75

0.3
2J0e-10
4.20e-10
1.38e-10
0.0
2.73e-4
9.00e-10
2.00e-8
2.00el6
l.OOelO
1.0
3.00e-7
1.50e-7
6.50e2
2.50e5
8.00e-28
1.0
0.27
0.0

1.8
1.25

3
0.75

0.3
2J0e-10
4.20e-10
1.38e-10

0.0
2.73e-4

9.00e-10
2.00e*
2.00el6
l.OOelO

1.0
3.00e-7
L50e-7
6.00e2
2.00e5
8.00e-28

1.0
.0.27

0.0

2.0
1.25

SetB
LotlK3

Enhancement

3
0.56
0.235
2.50e-10
4.20e-l0
1.38e-10
0.0
2.73e-4
9.00e-10
2.00e-8
2.00el6
l.OOelO
1.0
3.00e-7
1.50e-7
6.50e2
1.750e5
8.00e-28

1.0
0.26
0.15
0.75

1.3

Depletion

3
-2.5
0.235
2.50e-10
4.20e-10
1.28e-10

0.0
2.73e-4
9.00e-10
2.00e-8
2.00el6
l.OOelO

1.0
3.00e-7
1.50e-7

6.250e2
1.80e5
8.00e-28
1.0
0.26
0.25
0.8

1.3

Table 2^.1 SPICE 2G.6 MOS level 3 model parameters
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point is at VGJ =3V. and V^ =3V. Due to limiutions in the model, it is impossible to
select aset of parameters that will agree with the measured dau over the entire range. The
model parameters are chosen so that there is abest fit at the bias point in urrns of dc and
ac parameter values. Simulated (Set B) and actual measured device I-V characteristics are

shown in Fig.2.6.1(a) and (b).

The typical device parameters used for design considerations are Ubulated in Table
2.6.2. The estimated nominal parameter variations with process and the measured param

eter variations over temperature from 0- to 100* C are also measured and ubulated in

Table 2.6.3.



Chapter 2

20

1D (mA)

10

20

Vcs(V)

1
— (b) dep

1
leuon moue

-

1

05^
• ^^^^^^^* ^t0^0*f00*0" 0^,

rr-^>^
• y^yr

. .^ . . -f

//* s*^Z~
. . • •

. • « •_
. « * '_

mKri^r *^M
^rv • L~

6

V«(V)

Vgs (V)

Fig. 2.6.1 Measured (dotted) and simulated (solid) device I-V characteristics.
Set Bparameters (a) Enhancement, (b) Depletion.
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Parameters

fTE

'UL
& /W

& /W

ZnAJenh.)
*n*(dep.)
rd% (enh.)
rds{dep.)
fjmrdg(enh.)
Zmrds(dep.)

Typical

1.0V

-1.5V

88p5/pm

80p5/pm

\7lnF/cm2

Q.02g,

O.Q2g,

160 KQ/ftm
110 KQ/fim

12.8

8.8

Conditions

at Vkue ° -5V
at V«r;» = -5V

at V„< -Vra l^V

at V„< - Vr » l^V

Table 2.6.2 Device parameters
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As an example, using the nominal device parameters, the fT of the SIGMOS device

can be calculated with reference to Fig. 2.6.2:

7 ~ *« TTc^TTc^T
(2.6.1)

where Cg,r =C,s +Cgnv =0.82 C„ W and C^ *Cfrfov =0.15 C„ W

thus for |A, |= 1. fT » 7.6 GHz

This is an impressive figure. As /j. is rougly inversely proportional to L for short channel

devices, the fT of a0.5pm device will be about 15 GHz. It should be noted that althought
the fT of the device is high, the useful frequency of a MOS device can be reduced

significantly with increased output capacitive load due to itsown parasitic capaciunce

Parameter

gm

Process

±10%

±10%

±10%

temperature

±20% decreases as temperature increases
±10% increases as temperature increases
±10% ________

Table 2.6.3 Parameter variations with process and temperature



Chapter 2
22

Fig. 2.6.2 AC model for short circuit current gain

which will be discussed in section 3.2.
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CHAPTER3

BASIC DESIGN CONSIDERATIONS

3.1. Introduction

In this chapter, the basic design issues of wide-band, low-noise. 50Q matched

input/output impedance amplifier in MOS technology is discussed. Specifically, bandwidth

shrinkage of cascading amplifying sUges. evaluation of amplifier noise figure for different

types of input matching configuration, and the effect of high frequency input impedance

matching due to reactive components are discussed in deUil. The feasibility of using short

channel MOS devices in conventional feedback circuits for such application is examined.

Numerical examples used throughout this chapter are based on the SIGMOS technology

discussed in Chapter 2. However, similar considerations can be directly extended to any

submicron NMOS/CMOS technologies orsubmicron GaAs MESFET/HEMT technologies, as

these devices have very similar device characteristics and similar problems in regard to

wide-band amplifier design.

To achieve wide bandwidth, a general rule of thumb is to keep the circuit

configuration as simple as possible. In SIGMOS technology, a simple depletion load

inverter shown in Fig. 2.3.4 is used as again suge. Input and output are biased at WDD

for direct cascading and for optimum gm/ID ratio. This can be achieved with

Wt :Wd = 1:1 in SIGMOS technology. The nominal gain is about 4.6 and r0 is about

60 KO-pm. These values represent the low end of most sute-of-the-art submicron tech

nologies. It is therefore appropriate to use these values for discussions and extend it to

cover submicron technologies without lost of generality.* This is because in wide-band cir

cuit, feedback is always used to widen the bandwidth and for impedance matching. Circuit

midband performance will, in general, improve as the suge gain and loop gain are

increased.

One of the main issues of using submicron MOS devices in wide-band amplifier appli

cations is that with low amplifier open-loop gain, the achievable loop gain with feedback is
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low. Conventional high gain approximations used in feedback circuit analysis are no

longer accurate in deurmining loop gain (T) and the overall transfer function. The

analysis must be carefully re-examined in order to obuin meaningful insight to the prob

lem. A few cases of simple conventional feedback circuits will be analyzed in this chapter.

Only midband frequency analyses are presented and discussed. High frequency perfor

mance is best analyzed by computer simulations due to the complexity involved. Closed

form expressions for transfer functions, loop gains, input and output impedances are

given. From these expressions and from the practical parameters given in section 2.6. it can

be shown that the usual terms that are ignored in the high loop gain situations can contri

bute as much as -30 to -50%. or more in some cases, to the closed looped functional

values. In such cases, one must use the exact closed loop expressions. The feedback

improvement is still given by (1+T). It should be noted that although low loop gain is not

desirable, it is accepuble. In fact, low loop gain iscommon in microwave amplifier design.

Also the loop gain near the edge of the band is always low. even when the low frequency

loop gain is high. It is often the performance at the edge of the band that determines the

specifications of the amplifier.

3_. Gain Bandwidth Product of Cascaded Stages

In the previous chapter. fT of the SIGMOS device is shown to be 7.6 GHz. But. fT is

not a good indicator for the frequency limiution of aMOS circuit. Fig.3.2.1 shows a cas

cading of identical amplifier stages. The toUl capacitance at the output node. Bis about

2CWH_ for minimum design rules (0.8C„W_ is from the amplifier on the left and

1_CM WL is from the amplifier on the right, assuming a gain of -1). The gain bandwidth

product. GBW. is given by:

GBW = h- = 5.6 GHz
2

This would mean that for a suge gain of 14db. the -3db bandwidth is 760 MHz (with no

impedance matching as yet and not driving any resistive load). When several of these

SUges are cascaded together to achieve larger gain, the bandwidth will shrink. This can be
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0.8 C,

I

Fig. 3.2.1 Cascading of identical MOS amplifier stages

calculated by considering cascading nidentical sUges. each with asingle dominate pole pas

shown inFig.3.2.2(a). The overall transfer function TF isgiven by:

G"
TV s

1 {1+s/pT
BW^b = p [2I/n - 1]*

and the —3db bandwidth is

(3.2.1)

The shrinkage factors are ubulated in Fig3.2_(b). Thus, for 3 cascaded sUges. the

bandwidth is reduced to 387 MHz. Of course, when the cascading suges are not identical,

the bandwidth can be different from that predicted above. In particular, when the follow

ing suge has smaller gate width, the -3db bandwidth can be widened. This can be used to
its advanuge in MOS amplifier design, particularly when the first suge normally has the

largest gate width for low noise design. Other approaches are to reduce the impedance at

each output node via local shunt feedback or reduce the capacitive loading effect by local

series feedback. Limiution of these latter approaches will be examined in sections 3_5 and
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Fig. 3.2.2(a)Cascading of n identical stages

n BW.m IP
1

2

3

1.00

0.64

0.51

Fig. 3.2.2(b) Bandwidth shrinkage for identical cascading amplifiers
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3.6. Another common approach is to buffer the critical suge with a source follower as

shown in Fig.3_.3(b) (Fig. 3.2.3(a) shows two cascading suges without source follower

suge for direct comparison). The idea isto reduce the capacitive loading at point Bby iso

lating device M2 from device Ml with a source follower consisting of M3 and M4. The

practical usefulness of such an approach at high frequency has been studied by computer

simulations. With the gate width of each device as shown in Fig. 3.2.3. the simulated

amplitude and phase responses of the amplifiers are as shown in Fig. 3.2.4(a) and (b)

respectively. The amplifier with a source follower suge does have a wider -3 db

bandwidth (at 1GHz) as compared to that without a source follower suge (at 600 MHz).

Although the buffered suges have lower midband gain (due to the fact that thesource fol

lower suge has a dc gain of 0.8). the high frequency gain between 600 MHz to 3 GHz is



Chapter 3

Cv

T— VDD
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Fig. 3.23(a) Cascading amplilfiers without buffered stage

f— VDD

Fig. 3.23(b) Cascading amplifier with buffered stage
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Fig. 3.2.4(a) AmpUtude response of cascading amplifiers with and without buffered suge
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Fig. 3.2.4(b) Phase response of cascading amplifier with and without buffered stage
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larger. However, the high frequency phase shift in the buffered amplifier increases sub

stantially beyond 1GHz. In fact, the phase shift at0 db gain is more than 180* making it

not suiuble for feedback application because of subilility problem. In comparison, the

phase shift of the unbuffered amplifer is less than 180* at 0 db gain and it is therefore

possible to use this with an additional wide-band inverter suge to form the basic open-

loop amplifier for negative feedback application. Although the phase shift could be reduced

by increasing the device sizes of the follower stage, the power consumption of the circuit

will be increased. In addition, because of the added stage and phase shift, it might be

necessary to over-compensate the frequency response for suble operation, resulting in a

smaller bandwidth. Excessive phase shift introduced by complex circuitry is precisely

why it is advisable to keep awide-band circuit as simple as possible. Buffered sUges are

therefore not used in this thesis work.

33. CIRCUIT NOISE CONSIDERATIONS

The noise characteristics of a SIGMOS device has been discussed in section 2.4. In

this section, the effect of input impedance matching requirements on amplifier noise perfor

mance is examined. The input noise of the amplifier may be represented by a equivalent

input thermal noise resistance*,, in the analysis. Three possible input impedance match
ing circuit configurations shown in Fig. 3.3.1(b) to (d) are considered. Since amplifier noise
is dominated by the input suge. the lowest noise is obuined with asimple depletion load

inverter gain suge. It is therefore reasonable to assume that Rn is more or less the same

for all four configurations shown. Figure 3.3.1(a) is used as a reference. The input

impedance is infinite at low frequency. The noise figure (NF). with respect to the source

impedance. Rs. is given by

NF. =1+i- (331)
Note that the NF specification is dependent on the value of *5- NF decreases for ahigher

value of *j. Typical value of NF for microwave amplifiers with 50G source resisunce in

BJT and GaAs technologies reported in the literature is in the range of 3to 8db. Lower NF
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(a) Reference circuit

(b) Direct shunt termtnmation

(c) Series termination

(d) Active termination

Fig. 33.1 Circuit configuration for input impedance matching to **
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is typically achieved in anarrow band amplifier in which lossless components are used for
impedance matching or when it is referred to its optimum noise resisunce which is typi

cally larger than 50&

Figure 3.3.1(b) is adirect shunt termination, and

NFk =2+^- =«NF. - 0.5) <3'3-2)

Figure 3.3.1(c) has amatched resistance in series with avirtual ground and

4*5 ,, _,_ R„ . *. i (3.3.3)NF.-NF. +1+-^-(1 +W +T>

Figure 3.3.1(d) uses aresistive shunt-shunt feedback to match the input resistance. The
input resistance is determined by the amplifier gain GO and RF. For aconstant A,

NF, **NF. +^ +__ +—
Variations of NF vs. normalized amplifier noise resistance. S. IRs. are plotted in Rg.3.32.
for the case of Rsl RF =0.05. The formulae were compared with SPICE simulations using
aresistor for R. and controlled voltage source for the amplifier. NF. and NF, are exact.
Due to the approximations involved in the derivations, the formulae given for NFe and
NFd are within *D.2Jb from the simulated noise figure in the range of interest. Le. from
2db to lOdb. and are considered accurate enough for practical purposes.

For low noise design, it is seen that configuration (d) is most preferred. However,
this requires astable open-loop voltage gain. A. >10. to be practical. This is not always
possible with conventional feedback configurations in submicron MOS technology.
Attempting to provide astable A, with local series feedback will necessitate aRE »50
ohm at the source of the input device. Also, thermal noise in RE translates to the input
directly and therefore negates the adv«tage of configuration (d) and the final NF achieved
will not be better than that of configuration (c). Configuration (b) has aconsistently
higher NF within the NF range of interest with amaximum increase of about 6db at the
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high NF regime with respect to NFd. This high noise figure will show up at the low 1/f

noise frequency range and at the very high frequency range. This configuration is therefore

not suiuble. Configuration (c) also has higher noise in the range of interest. It also has a

lower open-loop input pole than that of configuration (b) and (d) for the same gate width.

W. This can create a dominant pole for large W and limit the frequency response of the

amplifier. In addition, a virtual ground at the input of the amplifier cannot be realized in

practice due to the low open-loop gain limitation in submicron MOS technology. This

configuration is therefore not practical.

Lower noise figure can be achieved by increasing W. but the practical constraint on

power dissipation in the package, about 1 Watt, limits the toul width of enhancement
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device in the circuit to about 2500a*m. In addition, if the first suge gain is low. the noise

contribution from subsequent stages must be included according to Eqn. 3.3.5 [16].

. NFjL2nd stage)-1 , .
NF = NFitUt stage ) + -——-4 + ...... (3.3.5)

lAylt

As an example, assuming the same NF for all subsequent suges and W « lOOOfim.

AvX = 2. T = 2/3 and Rs = 50. Rtt per suge is

Rnl**2*¥l**nn and 4^- =0.34
gm KS

The factor of 2 in the above equation is due to the contribution from the depletion device

in a depletion load inverter gain stage. The effective Rn is

RR a 034 +5^1 a 0.43 From Fig. 3.33 NFd =1.8 db

Note that noise contributions from the 3rd suge and beyond are usually small and

can be neglected. Many other factors can degrade the NF estimated above. For example,

noise contributions from poly gate resisunce. conuct resisunce and parasitic source/drain

resisunce can increase the noise level significanUy. For example, if the gate resisunce is 4

ohms. NFd would increase to 2.1 db. Also due to high power dissipation, chip tempera

ture will rise, causing gm and device gain to decrease (as discussed in Chapter 2). thermal

nosie to increase, all of which will lead to an increase in the circuit noise figure. Finally.

Av is actually frequency dependent and rolls down at both ends of the frequency band.

Thus the noise figure will increase at these ends. 1/fnoise and high frequency noise (/

component) will also add to the average NF of the amplifier. The final average NFd will be

about 3 db. the corresponding values for NFb and NFC are about 7.3 db and 5.1 db

respectively.

It should be pointed out that the estimates shown above were based on idealized cir

cuit configurations shown in Fig.3.6(a) to (d). A practical circuit with a smaller second

suge and acombination of the above circuit configurations would certainly yield a higher

NF. As is clear from Eqn. 3.3.5 . any reduction of the first suge gain will increase the
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amplifier NF.

3.4. HIGH FREQUENCY I/O IMPEDANCE MATCHING

The input and output impedances of a wide-band amplifier typically consist of both

resistive and reactive components. In order that the low frequency impedance may be

matched to 50 ohms, the high frequency characteristics may be quite different. This is par

ticularly true at the input of a MOS amplifier which is donminantly capacitive. From the

discussion in the previous section, it is desirable to have a large width device at the input

suge to achieve low noise specification, but this will increase the input capaciunce and
therefore increase the high-frequency mismatch. This section discusses the effect of reac

tive components to high frequency matching.

I/Q impedance matching in wide-band amplifiers is usually quantified by voluge

sunding wave ratio (VSWR). With reference to Fig. 3.4.1. VSWR is related to the

reflection coefficient (p) as follows.

Zin vT/3

Fig. 3.4.1 A simple one port with a source resistance R«
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p=^7f° where Zm =S* +jQ» (3-4.1)

VSWR =I±£] (3.4.2)
1 —IP I

1 - V4Vr2 - 4Vr cosB + 1

where Vr is the relative voluge amplitude and 9 is the relative phase at the input port.

Eqn.3.4.3 provides a mean of calculating the VSWR from a SPICE output file. Note that

ideally, for perfect matching, p - 0. and VSWR - 1. A typical specification for wide-band

amplifier is VSWR < 2 over the entire frequency band for both the input and output

ports. Fig. 3.4.2 shows the VSWR variation with respect to frequency for asimple case of

5011 in parallel with a capacitor of various capaciunce values. The capacitor represents the

input of aSIGMOS device. The input capaciunce can be estimated from Eqn. 3.4.4.

C* sslCoxV/X +0.15C„ WL +0.3C„ WL. where L =1fim (3.4.4)

The first term is CfS. the second term is Cttw and the last term is the Miller capaciunce.

assuming a gain of -1. From Fig.3.4.2. it can be seen that for VSWR <2 at 1 GHz. the

maximum input capacitance is about 2pF which corresponding to a device width. W. of

about 1000 /tin.

In addition to thecapacitive component, the bonding wire contributes to a series reac

tive component to the input node. Bonding inducunce can be estimated from Eqn. 3.4.5

[17].

^«2Z[in(*)-i] (3^)
a

where the wire inductance L* is in nH. wire length I and wire diameter d are in cm.

Hence for a 1 mil aluminum wire.

_y- as0.8 nH/mm

Fig.3.4.3 shows the variations of VSWR with frequency for different L^ for the input port

shown in the insert. Note that a small amount of bonding wire at the input node helps to

lower VSWR at high frequency. However, the gain of the amplifier will be reduced. A

-1 (3.4.3)
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Fig3.4.2 High frequency VSWR variations with Ro parallel C

mismatch in Rm will also affect input VSWR. Fig.3.4.4 shows the variation of VSWR

with different effective Rm. Note that VSWR will increase when **>*<,. For the circuit

configuration shown in Fig. 33.1(d). Rm is expected to increase at high frequency due to

reduced loop gain which will cause the input VSWR to increase further in addition to the

increase due to capacitive component. The input VSWR may be improved with aseries RC

branch shunting across the input which will help to lower R* at high frequency.

At the output node of the amplifier, the capacitive component is much smaller than

that of the input and therefore will have abetter output VSWR characteristic in general.

36
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Fig3.4.4 High frequency VSWR variations with R*
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33. Single Suge Series Feedback [17]

A simplified single suge MOS amplifier with local series feedback is shown in

Fig.3.5.l(a) and the corresponding midband ac equivalent circuit is shown in Fig. 3.5.1(b).

It can be shown that at midband.
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Fig. 33.1(a) Singlesuge MOS amplifier with local series feedback
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Fig. 33.1 (b) Midband ac equivalent circuit
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Gr S^T =l+gl*E ^ *£~~~ (M-l)
r„U+g«lteJ

<A| = "imRE
r«

rot+i?£+J?l
(33.2)

v« _ 1JLa^-o = r+*£ If^L +ror) (3 53)

1+1 A; I

For RE =50 ft. We =1000/im. Wrf =800/tm (depletion load), gm *72mS.rK ^200 ft.

RL =r* * 150ft . hence. gmRE =3.6 and At =-1.8. Gr =0.1Sgm =13mS. so that

GrRL =1.9. If an external load of 50ft is added, the overall gain is 0.48. which is less

than one!

The following should be noted:

(a) RE contributes to the amplifier noise figure directly if it is in the first suge.

Hence RE <50 ohm is desirable. But from Eqn.3.5.2. reducing RE will reduce the loop gain.

(b) For 5V VDD supply voluge. due to the voluge drop across RE. Vp for the

driving device is reduced. Thus gm and fT are reduced. Lower gm also means higher chan

nel noise.

(c) In a multisuge circuit, local series feedback requires level shifting for direct

coupling, this further reduces the forward gain and the bandwidth as discussed in section

33.

The conclusion is that the series suge should not be used for the first suge for sub

micron MOS amplifier. The same arguments also applied to the alternate series/shunt

suges. series-shunt feedback pair, the series-series- shunt triple feedback circuits.
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3.6. Single Stage Shunt Feedback [17]

A simplified single stage MOS amplifier with local shunt feedback is shown in

Fig.3.6.1(a) and the corresponding midband ac equivalent circuit is shown in Fig.3.6.1(b).
Note that a source resisunce Rs is included expliciUy in the following analysis. It can be

shown that at midband.

*i« gm

At - —gmr<*
Rs

Rs+RF+r0

14,1

1+IA, I

where re

Rf+Rs

1+gmRs
//ra

= r„/IRi

(3.6.1)

(3.6.2)

(3.6.3)

(3.6.4)

Ideally, the shunt stage is to stablia Rt-+-Rf. As Rf increases, loop gain A, decreases
thus reducing the feedback effect. With aSIGMOS process using adepletion load inverter

as gain stage with We =Wd =1000Mm. Rs =50O. RL =SOOand RF =240O. the gain
is about 1.2 and the loop gain is about 0.35! Asingle stage with shunt feedback is there

fore not useful because ofthe low forward gain. Ashunt-shunt feedback over 3cascading

stages is a better alternative.
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Fig. 3.6.1(a) Single stage MOS amplifier with local shunt feedback
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Fig. 3.6.1(b) Midband ac equivalent circuit
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CHAPTER4

MATCHED IMPEDANCE MOS AMPLIFIER DESIGN

4.1. Introduction

The problems associated with the design of matched impedance, low-noise, wide

band amplifiers with submicron MOS technology are high device noise characteristics, low

gm. low rds. and high input capacitance. New design techniques must be developed to

achieve reasonable amplifier performance. Design procedures for a new amplifier

configuration that has 3 gain stages and two feedback loopsare described in this chapter. A

test circuit and the high frequency package used for testing are also described. Numerical

quantities used for discussions are based on the lfim SIGMOS technology. But the princi

ple involved can be applied directly to any submicron MOS technology or GaAs

MESFET/HEMT technologies.

4.2. Ideal Matched Impedance MOS Amplifier

Fig. 4.2.1 shows an idealized midband ac model for a MOS gain stage. The value of

r0 is assumed to be large and r0 is not included. Shunt-shunt feedback is used to achieve

input/output impedance matching. The following can be derived [18].

1 + gm*o

H" Rf s gn>R?' then R* = R^ = Ro and. A„ = 1 —gmRo- For a gain of -5. gm>6/Ro.

For a single stage MOS amplifier in SIGMOS technology, this requires W > 1500pm in a

50Q system. The previous discussion in section 3.4 has already indicated that the high fre

quency input VSWR would exceed 2 for an input stage with W> 1000pm. In addition, for

short channel devices. r0 is low for large W. For example, in the case of SIGMOS technol

ogy, the effective r0. including the effect of the depletion load, is about 40O! Clearly, this

has violated the assumption that r„ is large and above all. it is impossible to match the

output to a 50ft load. Series feedback will increase amplifier noise and reduce gain as dis-
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Ro

Fig. 4.2.1 Idealized AC equivalent circuit of aMOS amplifier

cussed in section 3.5. It is clear that amultistage design is necessary and the low r0 of the
output stage must be included into the design formula.

43. Resistive Shunt-Shunt Feedback

to this section. »generalized analysis of an MOS amplifier using resistive shunt-shunt
feedback to achieve input/output impedance matching is presented. The midband ac
equivalent circuit of abasic MOS amplifier is shown in Fig. 4.3.1. Note that r„ is
tocluded at the output, if, is an external resistor whose significance will be explained later.
In amultistage amplifier, the U shown would represent the effective *, and the r*
would be the r* of the last stage. For noise considerations, as explained in section 3.3. a
shunt-shunt resistive feedback is most desirable as shown in F.g. 4.3.2 with the terminat
ing resistor JJ. included. The short circuit Ymatrix of the circuit enclosed within the dot-
ted lines can be written by inspect:
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* V' Ri i C,

gmvl

* © T&s

Fig. 43.1 AC equivalent circuit of a MOS amplifier

Fig. 43.2Resistive shunt-shunt feedback MOS amplifier
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Y =
gF+gl "*'
gm ~gF ZF + gi*

This can be transformed into the scattering matrix S. where

5 = *21 *»
withy,, SVi.je,,. the scattering matrix parameters Jy are given by [19]:

_ (i-ynXi+y22) +yi2y2i
J"~ (i +yn)(i +y22)-yny2i

512 =
-2y 12

(i +5iiXi + 522)-yi2y2i

-2y2i
*21 = (i+yii)(i+y22)-yi2y2i

_ (i +yu)(i~y22) +yi2y2i
522 = (i +5ii)(i+y22)-y i2y2i

1+1*1 1 +U22VSWR.are related to su by VSW** » i-^* \and VS"/*^ =l-|jBl

For perfect impedance matching. *n=J22 =0 ""* VSWH* =VSH/^ =1.

The results of the transformation are:

1_ \*f
A;

2

Rf,„=_*.\^il+R.g«)-R.<4m+g«)-^-^+*<>X^

Jl2 =

^--^(g^-l)

with A, s2+i?0(g/n +g*) +-^-(1 +g**.) +-^ +XT(1 +*'**}

*f
J22 -
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(43.1)

(4.3.2a)

(4.3.2b)

(4.3.2c)

(4.3.2d)

(4.3.2e)

Note that A! is normally alarge value ( typically >50 ). as it is inversely proportional to

the reversed transmission gain. j2i. which should be small. From Eqn. 4.3.2d. for *22 - 0.

i.e. VSWR^ =1.
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Rfigm +gds +gl)
*F " (l+iJoglXl--Ko«i.^

Thus *F >0implies rd, >R.. that is to say that for the output impedance to match 22,.
r* must be larger than R.. as expected. It is interesting to note that from Eqn.4.3.2(a)
and Eqn.4.3.2(d).

- 1RF (o - * )

. _ 2
*" +J22- A7 £-*(«.+I*)-J^ +«**'>'

Perfect low frequency matching at both the input and output is achieved when

*n""*22a..O and.

ThXm^of* is now apparent. Without *,. Eqn. 4.3.3 implies that at least one of
the amplifier ports cannot be matched. When r* is large. i.e. p. is small, the mismatch
may be tolerable. But for short channel devices, r* is small (U. g* is large) and the
mismatch could be large even at low frequency. From Eqn.4.3.3. Eqn.4.33. is satisfied as
long as *»- r*. independent of .11 other device parameters. Note that even with process
variations that affect r„ and R,. the mismatch at the input/output port is greatly reduced
by *.. Hshould be noted that Jt, is directly shunting across the input and will increase
the input noise level of the amplifier. However, as long as r„ of the output stage is afew
times larger than M.. the increase will be tolerable. For low r*. the trade off is between
the degree of midband impedance matching and the noise level of the amplifier.

From Eqn.4.3.4. Eqn.4.3.6 is satisfied when

Rf = fo^»

1 +
gds +*1

gm

(1- Ro2gdxgl>

Under these ideal conditions (denoted by asuperscript o).

(4.3.3)

(4.3.4)

(4.3.5)

(4.3.6)

(4.3.7)
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(43.8a)

RF=gmZo2

S\l = 0

2gd*
1 + -^-

gm

i-{Rogd*r

2 (4.3.8d)

(4.3.8)

(4.3.8c)

S°n =

sli =
Ro(gm + fer«)-1 (4.3.8e)

(1 + *ogj,J

*22 - U

2[1 +Roign, +**)1 (4.3.8g)
With- ^l= (l-*og*>

The above set of equations gives the design formulas for resistive shunt-shunt feedback to

achieve simultaneous input/output impedance matching in the present of finite r*. Evi

dently, alarge gm is desirable to achieve reasonable gain. Alarge gm can be obtained by
cascading 3stages, so that gmf - f-Cft.*** But g^ will have large variations. In the

next sections, an alternative circuit will be examined.

As an example, consider 3cascaded stages, with W3 =500m"i. Using nominal SIG

MOS device parameters, *, =(4.6)2M0«10-3 =846.4 mS. rM =120O. Four matching

conditions will be evaluated:

(1) £i -»«t 522 = 0 i.e. output port matched:

(2) Rt -♦ «l s n « 0 i.e. input port matched:

(3) Rt -o**n + ^22 = 0 *•«• VSWR* = VSWR^ :

(4) Ri = r*3 . j„ • J22 » 0 i.eboth ports matched.

The results are tabulated in Table 4.3.1. Note that the midband VSWRs that can be

achieved without R, are larger than 1.8 even at midband. The high frequency VSWR

undoubtedly will grow even larger with increasing frequency as discussed in section 3.4.

The addition of R4is therefore necessary for a technology that has a low device rds.
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Variable Cased) Case(2) Case(3) Case(4)
Ri -•« Ri -»oo J?i -*oo ^1 = ^3
J22 = 0 Jn = 0 J11 = *22 Jl1 =522 = 0

RF(® 3663 1508 2137 2611

Ax 148.5 87.5 105.3 150.0

VSWR* 2.4 1.0 2.0 1.0

VSWRn, 1.0 1.8 2.0 1.0

s2i(db) 32.4 29.3 30.7 29.4

itAtt) -37.4 -32.8 -34.4 -37.5

49

Table 4.3.1 Amplifier midband performance under various matching conditions

These results can be explained intuitively as follows. Since RF is usually large, the

input impedance of the loaded open-loop circuit is large, whereas the output impedance is

low for short channel device so that there isa large mismatch between these two values to

begin with. As RF is decreased, both the closed-loop input and output impedances will

decrease due to shunt feedback. When the output is matched, the input impedance is still

large, thus giving alarge VSWR* (case 1). As RF is reduced further such that the closed
loop input impedance equals Ro. the output impedance would be reduced to avalue that is
much below R.. resulting in a large VSWR^ (case 2). There is an RF value in between

these two extreme cases such that the input impedance is larger than *. and the output

impedance is lower than *, by the same ratio. This will be the case when su» -*&.
resulting in VSWR* =VSWR^ (case 3). However, if both open-loop input and output

impedances are equal and greater than Ro to start with. sn equals s^ for all values of RF
and there is one particular value of RF that makes both the closed loop impedances equal

to Ro at the same time (case 4).

As shown in Table 4.3.1. although case(4) has good midband performance for typical

parameter values, the g^ is subjected to large process variations and affects all other stj
parameters. In the next two sections, alternative circuits will be examined that will reduce

the g„r variation.
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4.4. An MOS Voltage Amplifier

Fig.4.4.1 shows aMOS voltage amplifier with an active shunt-shunt feedback. Simple
depletion load inverters are used as gain stages. W, refers to the width of the enhance-
ment devices. Midband analysis gives

Wi 1
A„ =

1 + T

where T is the loop gain and is givenby:

T «

1 +
W

1 +

(4.4.1)

(4.4.2)

Variations of T and Av with Wl/W4 ratio are shown in Fig.4.4.2 For reasonable gam.
Wl/w4 =20 is chosen, giving T=4.65 and Av =-16.5 or 24.4 <fc (no impedance match
ing as yet). An additional resistive shunt-shunt feedback is needed to achieve I/O
impedance matching. However, because of the shunt node at the last stage, the effective r0

Fig.4.4.1 MOS voltage amplifier with active shunt-shunt feedback
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Fig. 4.4.2 Loop^ain and voltage gain vs. Wj/W4

is lower than r*, by afactor of U+T) which is typically lower than M.. As an example,
in SIGMOS technology, to drive aSOOload. W, ^OOfim. r*, «120fland r. «20O! It
is therefore not possible to design RF to match the output impedance to M.. An alternative
will be discussed in the next section. The circuit configuration discussed can be used as an
on-chip wideband amplifier where only the input impedance needs to be matched. The
low output impedance is good for driving on chip capacitive loads.

4J. An Alternative

Fortunately, aMOS device is voltage controlled. With reference to Fig.4.5.1. consider
voUage v,. which is required to provide an output v." analyzed in the previous section.
With matching devices between suge M3 and MS. the same v, should produce an identical
v0. Thus v. /vt has the same relationship as v./v,. But now. the output impedance looking
il v. is L. which is larger than «.. It is then possible to applied an additional resistive
shunt feedback from v. to v, to achieve impedance matching at both the input and output



Chapter 4
52

°^4[ "

Fig.4.5.1 An alternative circuit

nodes according to the design procedures outlined in section 4.3.

Fig.4.5.2(a) shows the ac circuit of atest circuit based on this principle. Fig. 4.5.2(b)
shows the full schematic of the test circuit. Note that stage M3 is not driving the 50ft

load and is made smaller and equal to W4. Ws =500M is chosen to provide sufficient drive

to the 50O load with at least ±0.5V swing with less than 3% distortion in the worst case.

rdsS is about 120ft in SIGMOS technology but is typically at least a factor of two higher

in other technologies. W2 is made equal to the sum of «/3 and Ws. Ri is added to M3 to
provide similar loading effect to M3 as seen by M5 but scaled by a factor of «/5/W3 for

•

matching purposes, i.e.

. W5 RqRf
Rl = W3 *0 +RF

gm in equation 4.3.8 is then givenby
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•to O-

Ri
(I20ti>
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(50um)

(1000/im) (550um)

(1062 Q> Rp

1 WW—f
I 11 '

Cf (550fF)

O •«

Fig. 4.5.2(a) AC equivalent circuit of the test circuit

1 *Mfr 1

VDD

A
MD1 rjl«rj[«r^ MD5

IP" 3h-i HE"

ill r„
e=H

ME5

Fig.4.5.2(b) Full schematic of the test circuit
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p =ZiZiJ L- (4.5.0*• W4W3RL 1+|

where RL =r.*ff*i. and Tis the loop gain of the circuit given in Eqn. 4.4.2 with RL
replacing r** Rf * determined to be 1062Oaccording to Eqn. 4.3.8. CF is added to pro-
vide afeedback zero to widen the bandwidth. It is determined to be 550 fF from simula
tion. The simulated amplitude response of the test circuit based on nominal SIGMOS dev
ice parameters (set A) is shown in Fig. 4.5.3. Abandwidth of slightly above 1GHz and an
insertion gain of 19 db are expected. More simulated results will be presented in Chapter
5. Field polysilicon is chosen to realize RF instead of N+ diffusion because of the lower
parasitic capacitance. The effect of additional phase shift in RF is simulated by represent
ing it as adistributed RC network. The phase shift does degrade the frequency response:
the bandwidth is reduced and the gain is peaking slightly. VSWR» has increased slightly

also. These results are illustrated in Fig. 4.5.3 and Fig. 4.5.4.

4.6. Amplifier Package

Due to high power consumption (about 1watt) and high frequency nature of the

amplifier, the amplifier is carefully mounted on a microwave package as shown in
Fig.4.6.1. Chip size is 1.3 mm x 1.3 mm. including bonding pads and scribe lines. The
package material is aluminum. As the substrate of the chip is to be biased at -5V. it must
be isolated from the case. This is achieved by placing iton aMOS capacitor and the capaci

tor oxide provides the necessary isolation. Also the thin oxide and the silicon bulk of the

MOS capacitor provide alow thermal resistance path from the chip to the case. The capaci
tor is in turn secured directly onto the aluminum block with silver epoxy. chosen for its

good electrical conductivity and thermal conductivity. Fig.4.6.2 shows the printed circuit
board used for the testing. The board is made of teflon loaded fiber and the printed lines

are gold plated for wire bonding purpose. The bottom of the circuit board serves as a

ground plane and is secured onto the case for good grounding. The ground from the top is
connected to the bottom via plated through holes. The center ring is one of these holes.
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Fig. 4.5.3 Insertion gain of test circuitwith andwithout distributed Rf
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Fig.4.5^4 VSWR^ of test circuit with and without distributed Rf
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DIE BONDING WIRE
, 4 TEFLON LOAD PCB

TED LINE. ^-~-\l / >L ^jsGOLD PLATED LINE

OXIDE CAPACITOR

ALUMINUM BASE PLATE

Fig.4.6.1 Microwave package for the amplifier

OUT

VDD
VSUB

IN

Fig. 4.6.2 Art work for the teflon loaded PCB
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The input and output lines are 50CI microstrip lines. The er of the PCB used is 2.5. board

thickness t is 1/32" and the line width for 50 microstrip is calculated to be 0.08" [20].

A die photo of the test circuit is shown in Fig. 4.6.3. The circuit is laid out with two

fold symmetry. Ground pads are located on all four sides of the chip and bonded to the

center ground ring on the PCB to minimized ground lead inductance and for shielding

between signal wires. The total ground lead inductance is estimated to be 0.3nH. Chip

capacitors for power-line decoupling and AC coupling to ground are placed at locations

shown in Fig. 4.6.2. The package for the amplifier is actually a four terminal package:

VDD. VSUB. V2N and V^r. The other leads were included for other purposes, such as

bias voltage monitoring.



Chapter 4 58

^^^^i^^^^^^^^^^P^^^^^^^P^^^P

k^^^c^l^Z~^£ Fig. 4.6.3 Die photo
jggi -•!..-^tttaafaMjfc wtfaiaiii SiS
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CHAPTER 5

MEASUREMENT RESULTS AND DISCUSSIONS

5.1. Introduction

The test circuit shown in section 4J was fabricated in lfim SIGMOS technology at

AT&T Bell Laboratories. Holmdel. NJ. Device characteristics taken from this particular

run have been discussed and SPICE level 3 model parameters (set B) have been tabulated

in Chapter 2.6. There are several process related problems with this particular run. The

threshold voltages of the enhancement and depletion devices are 0.7V and -2.3V instead of

1.0V and -1.5V respectively. The problem was due to incorrect ion implant voltages. Dev

ice characteristics and circuit performance are degraded as a result and the supply voltage

must be increased to 6V for proper operation. The dielectric layer of the capacitor is

thinner than expected and the capacitance per unit area is increased by about 55%. The

bandwidth of the amplifier thus shrinks significantly due to excessive frequency compen

sation.

In this chapter, measured and simulated amplifier characteristics are presented. Pred

ictions of circuit performance in other submicron MOS technologies will be discussed. The

frequency response of the packaged amplifier was measured with aHP 8510A Vector Net
work Analyzer*, and a HP 8756A Scalar Network Analyzer. The amplifier noise figure

was measured with a HP 8970A Noise Figure Meter*.

5.2. Measurement Results

The S parameters of the amplifier were measured with a HP8510 Vector Network

Analyzer. The measurement procedures are as follow:

1. Calibrate short circuit terminations:

2. Calibrate opened circuit terminations:

• Courtesy ofMicrowave Semiconductor Division of Hewlett Packard Co. at San Jose. Ca.
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3. Calibrate 50ft terminations:

4. Calibrate 50ft through line;

5. Measure S parameters with amplifier in place.

The frequency range used is from 45 MHz to 1.5 GHz. The lower limit is set by the equip
ment and the upper limit is chosen to be consistent with the upper limit of the Noise Fig

ure Meter. The frequency response below 45 MHz is essentially flat as confirmed by meas

urements taken with aHP 8756A Scalar Netwrok Analyzer down to 10 MHz. Open, short,

and 50ft terminations are all laid out on an identical circuit frame with the same number

of bonding pads and supplies lines and packaged identically as the amplifier chip itself.

Fig. 5.2.1 shows the measured (solid line) and simulated (dotted) insertion gain of the

amplifier. The midband insertion gain is 16.35 db and the -3db frequency is at 758 MHz.

Fig.5.2.2. shows the input VSWR. It is 1.38 at low frequency and less than 2.45 at 758

MHz. Fig. 5.2.3 shows the reverse transmission gain. It is less than -30db at midband and

less than -25db at 758 MHz. Fig. 5.2.4 shows the output VSWR. It is 130 at low fre

quency and less than 1.60 at 758 MHz. Fig.5.2J shows the noise-figure measurement. An

expanded view of the noise measurements on linear-linear scale is shown in Fig. 52.6. The

average noise figure from 10 MHz to 758 MHz is 6.7 db. Insertion gain can also be meas

ured by the noise figure meter. This is the raw or actual insertion gain as the package

effects are included. The measurement result is shown in Fig. 5.2.7. The -3db frequency is

at about 600 MHz. It appears that there is an uncertainty in the gain measurement of

about 1 db between the noise figure meter measurement and the vector network analyzer

measurement which could be due to instrumentation and/or calibration errors.

As can be seen, the simulated and measured data agreed very well within the -3 db

frequency band. The higher than expected VSWR* and VSWR^ at midband are due to

lower amplifier gain caused by degraded device characteristics, and hence an increase in the

impedance at midband. Note that both VSWR* and VSWR^ are roughly equal at mid-

band even under such adverse conditions, confirming the advantage of including R i as dis-
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S21 (db)
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Fig.5.2.7 Insertion gainmeasured by Noise Figure Meter
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cussed in section 4.3. If the amplifier gain had been correct, or RF could be trimmed

lower, the midband VWSR for both input and output would havebeen much lower.

For completeness, a full set ofamplitude and phase measurement of the S parameters

are shown in Fig. 5.2.8 to Fig. 5.2.12 in various forms obtained directly from the vector

network analyzer measurements. Amplitude and phase measurements of s2\ are shown in

Fig. 5.2.8. VSWR* is shown in Fig. 5.2.9(a) and the complex input admittance is shown

in Fig. 5.2.9(b). VSWR^ is shown in Fig. 5.2.10(a) and the complex output admittance is

shown in Fig. 5.2.10(b). A polar plot of s2\ is shown in Fig. 5.2.12. At midband. the

input impedance is equivalent to 69ft in parallel with 3.9pF. the output impedance is

equivalent to 64.4ft in parallel with l.lpF. The reason for the higher resistive components

has been discussed earlier in this section. The input capacitance (C* ) of the amplifier is

unexpectedly high causing VSWR* at the edge of the band to be greater than 2. This is due

to the unexpected high Cgd . a new short channel effect described in [22].
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MARKER FREQ.(GHz)

1 0.045

2 0.500

3 0.758

4 1.000

5 1.500

c* = cvisa.) + (1 + \av1 \ycgd +C,
C, is due to other stray capaciunces not accounted for. including capacitances that are not

compensated completely with the calibration measurements due to unavoidable differences

in the layout used in the calibration chips.

Cpisa.) ^Cpo. + 0.7C„ WL,f1 + Cp/
where the last term is due to the fringing field.

C,rf ^Crdw + iCo, W L.„ + C,,,
where the second term is due to short channel effect and the last term is due to fringing

field. From recent work [23], { is found to be about 10% for a l^m device. As a result.

the Miller capacitance reflected to the input has been increased. All of the above, not

including C,. amounted to 3.2pF instead of 2.2pF estimated from the classical capacitance

model. This is a significant increase and should be taken into account in future design.
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53. Performance Comparisons

The performance of the amplifier tested is summarized in Table 5.3.1. The perfor

mance of other commercially available wide-band amplifiers fabricated in other IC techno

logies are tabulated in Table 5.3.2 for comparisons. It can be seen that despite the various
disadvantages in the SIGMOS technology as compared to other technologies such as

microwave BJT and GaAs MESFET/HEMT. the performance of the test circuit is fairly

.comparable with the commercial products in the specifications shown.

With improved process control, simulations indicate that a gain of 19 db. and a

bandwidth of about 1.2 GHz is possible with the SIGMOS technology.

5.4. Discussions

It is interesting to estimate quantitatively the performance of the circuit in other

MOS technologies. For process with silicide gate, the noise figure could be expected to be

Specifications Measured

Insertion gain (db) 16.3

BW_3db(MHz) 758

VSWR* <2.45

VSWR«,t <1.6

NF(db) 6.7

Table 5.3.1 Performance summary of test circuit

Company Part No. Freq.(MHz) Gain(db) NF(db) Dated

Avantek GPM-552 5-500 37 4.5 July 1986
Avantek GPM-1052 5-1000 23.0 7.0 July 1986

Avantek PPA-1005 5-1000 12.6 6.0 July 1986

Aydin Vector MHT-1075 5-500 20.0 3.0 July 1986

Aydin Vector MHT-1013 5-1000 14.5 3.3 July 1986

HP HP8447A 0.1- 400 20.0 5.0 before 1984

HP HP8447D 0.1-1300 26.0 8.5 before 1984

Table 53.2 Partial specifications of commercial wide-band amplifiers
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about 5 to 5.5 db due to the reduction of gate resistance. Most modern MOS short channel

technologies have higher rds per unit width than the SIGMOS technology. This will allow

a larger R\ at the input and reduce the noise level of the amplifier further, r* could be

increased by reducing source/drain junction depth and/or with retrograded substrate dop

ing profile. Afactor of two increase in Rx would reduce the noise figure by about ldb. A

combination of the two would bring the noise figure down to the 4.5 db range. Modern

submicron MOS technology often has self-aligned silicide source/drain, which will increase

the effective gm and reduce source/drain resistance, both will reduce device noise. The fre

quency response is expected to improved as well, since the minimum gate width per seg

ment can be increased, thereby reducing the parasitic capacitance at the output node of the

gain stages. For shorter channel length without scaling the gate oxide thickness. gm per

device width is increased and a smaller W may be used for the same gm. This will reduce

the input capacitance because of smaller Wand L and therefore improve the high fre

quency input VSWR performance. Bandwidth is expected to increase inversely proportion

ally to Uff In a fully scaled technology however, the gate capacitance will increase as

well and the high frequency input VSWR wll not be improved as much. But because of

reliability issues of thin gate oxide ( *„ «200 A), the trend toward scaling is such that

the channel length is scaled more than the gate oxide thickness. It is therefore reasonable

to expect that the amplifier performance in such asubmicron technology will have gain in

the 20db range. -3db frequency bandwidth in excess of 1GHz. input/output VSWR of less

than 2 and a noise figure of about 4 db.

Amplifier frequency response can also be improved by reducing the parasitic capaci

tance of the MOS device. An example of this device structure is reported in [21] and is

shown in Fig. 5.4.1. The technology is known as COO MOS. contact over oxide MOS tech

nology. Note that the source/drain area is on lop of field oxide 1 and surrounded on 3
sides by field oxide 2. The source/drain capacitance is therefore mostly eliminated. With

reference to Fig. 3.2.1. it is estimated that the total capacitance at node Bis now reduced to

about 1.5C WL for the similar 1/xm device, which is a 33% reduction. However gm is
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CVD Oxide

SUBSTRATE

Fig. 5.4.1 Cross-section of a COO MOS device

degraded by 10% in this technology and therefore the gain bandwidth product. GBW is

estimated to be about 23% higher. The bandwidthof the amplifier built in this technology

is therefore expected to increase by about the same percentage (23%).
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CHAPTER6

CONCLUSIONS

Circuit design techniques for realizing wide-band, low-noise, matched impedance

amplifiers in submicron MOS technology have been investigated and discussed. It is con

cluded that a resistive shunt-shunt feedback with a shunt terminating resistor at the input

gives low-noise performance and good impedance matching in the present of low device

output resistance. A new circuit configuration has been developed and fabricated in a lfim

NMOS technology. The measured amplifier performance is found to agreed closely with

computer simulations. The amplifier has 16.35 db insertion gain. 758 MHz bandwidth. 6.7

db average noise figure (50 ft source resistance). The input VSWR is less than 2.45 and the

output VSWR is less than 1.60 from 10 MHz to 758 MHz. Improved circuit performance

can be achieved through improvements in device structure and process technology such as

reducing source/drain parasitic capacitance, increasing device output resistance, using poly-

cide or silicide gate and self-aligned silicide source/drain. Two levels of metal and on chip

capacitor are essential for high frequency, low-noise amplifier design in submicron MOS

technology.
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APPENDIX A

SIGMOS* PROCESS OUTLINE AND DESIGN RULES

A.1 Process Outline

1 Field Oxidation

1.1 Clean wafer, p type.
1.2 Oxidation, wet oxide, plus N2 anneal. ( Use dry-wet-dry sequence ;

2 Field Implant

2.1 Blanket implant. B2+ implantation.
2.2 N2 anneal.

3 Active Area (N2)

3.1 Resist coating, prebake.
3.2 Active mask (N2). expose, develop, postbake. descum.
3.3 Etch field oxide.
3.4 Remove resist.

4 Gate Oxide

4.1 Clean wafer. m
4.2 Oxidation. 200A. N2 anneal.
4.3 Thin Poly CVD deposition, undoped.

Threshold Implant

5.1 Blanket implant. As*.

6 Threshold Implant ( N4)

6.1 Resist coating,
6.2 Enhancement II mask (N4). expose, develop, postbake. descum.
6.3 B+ implant.

* SIGMOS is a 1m« NMOS process of AT&T Bell Laboratories.
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6.4. Remove resist.

7 Threshold Implant ( N5)

7.1 Resist coating.
7.2 Depletion II mask (N5). expose, develop, postbake,descum.
7.3 As* implant.
7.4 Remove resist.

8 Backside Implant

8.1 Resist coating on front side.
8.2 B* implant on back of wafer.
8.3 Remove resist.

9 Buried Contact (N3)

9.1 Clean wafer.
9.2 Resist coating.
9.3 Buried conuct mask (N3). expose, develop, postbake. descum.
9.4 Wet etch poly.
9.5 Wet etch 200A gateoxide.
9.6 Remove resist.

10 Gate Poly (N6)

10.1 Clean wafer.
10.2 Poly CVD deposition.
10.3 Blanket implant. P+.
10.3 Piranha clean.
10.4 100:1 HF dip.
10J Nitride CVD deposition.
10.6 Resist coating.
10.7 Gate mask (N6). expose, develop, postbake. descum.
10.8 Dry etch Nitride and dry etch Poly.
10.9 Remove resist.

11 Sidewall Oxide

11.1 Clean wafer.
11.2 Regrow sidewall oxide.

12 Source/Drain Implant
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12.1 Blanket implant. As*.
12.2 Nitride CVD depositon.

13 CVD Oxide

13.1 Phos. doped CVD oxide.
13.2 Densify and reflow.

14 Contact (N7)

14.1 Resist coating.
14.2 Contact mask (N7). expose, develop, postbake. descum.
14.3 Etch oxide, wet-dry sequence.
14.4 Remove resist.
14.6 Clean wafer.
14.7 Reflow.
14.8 Dry etch nitride.

15 Capacitor (Nl)

15.1 Clean wafers.
15.2 Resist Coating.
15.3 Capacitor mask (Nl). expose, develop, postbake. descum.
15.4 Wet etch oxide.

16 CVD Poly {optional)

16.1 Clean wafer.
16.2 Poly CVD. undoped.
16.3 PBr3 predeposition. N2 drive in.
16.5 Resist coating.
16.6 Remove junk on back of wafer: poly. CVD oxide, nitride, poly, gate oxide.
16.7 Remove resist.
16.8 Clean wafer.
16.9 Resist coating.
16.10 Metal 1 mask (positive), expose, develop, postbake. desum.
16.11 Dry etch poly.
16.12 Remove resist.

17 Metal 1 (N8)

17.1 Clean wafer.
17.2 Resist coating.
17.3 Metal 1 mask (Negative).
17.4 Develop and post-bake.
17.5 Metal deposition. E-Gun. Al with 1% Cu.
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17.6 Resist lift off. in Acetone.
17.7 Dip wafer in cold Al etch for 30 sec.
17.8 Rinse and dry.
17.9 Forming gas sintering.

18 Polyimide (N9)

18.1 Spinon adhesion promoter and XU284 polyimide. Ciba Geigy.
18.2 Bake in oven. 85"C. 30 min.. 150*C. 15 min.. 240°C. 15 min.

bake on hot plate. 280°C. 10 min.
18.3 Resist coating.
18.4 Via mask (N9)
18.5 Dry etch in 02 plasma.
18.6 Post bake. 300°C. 5 min.

19 Metal 2 (N10)

19.1 Etch wafer in cold Al etchant for 30 sec.
19.2 Rinse and spin dry.
19.3 Metal deposition, thermal evaporation in vacuum.
19.4 Back sputter about 100A Al ( not available ).
19.5 Resist coating.
19.6 Metal 2 mask (N10).
19.7 Wet etch Al in Al etchant. 45-C.
19.8 Rinse and dry.
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A.2 Design Rules

Design Rules

Features min.(/_m)

Wa 1J

Wb 1.5

Wc 1.5

Wp 1.5

Wml 1.5

Wm2 4.0

Wv 3.0

Saa 5.0

Sam lJ

Sec 1.5

Spa 1.5

Spp 1.5

Smml 1.5

Smm2 2.0

Sw 6.0

Eba 1.5

Ebp 0.5

Eca 1.5

Epa 1.5

Epc 0.75

Eia 1.5

Eip 1.5

Emlc 0.75

Emlv 1.5

Em2v 2.5

Wx : Width of layer x
Sxy : Separation between layer x and y
Exy : Extension of layer x over layer y
a:Active area

b: Buried contact
c: Metal 1 to poly contact
p:poly
i: ion implant
ml: metal 1

m2: metal 2
v: via between metal 1 and metal 2

78
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APPENDIX B

SECOND LEVEL METAL PROCESS OUTLINE

B.1 Process Flow Outline

1 Pre-treatment

1.1 If first level metal was done by a resist lift-off technique, the edges may be rough.
dip wafer in cold Al etchant for 30 sec at room temperature, etch rate is about 13 A/sec.

2 Polyimide Coating

2.1 Rinse and spin dry wafer.
2.2 Apply promoter: 1 cc XU289 cone : 9 cc XU 290 diluunt. 5000 RPM. 20 sec.
2.3 Spin on XU284 polyimide from Ciba Geigy. 3000 RPM. 30 sec.
2.4 Dry polyimide as follows:

(a) 85*C. oven. 30 min..
(b) 150t:. oven. 15 min..
(c) 240#C. oven. 15 min..
(d) 280*C. hot plate. 10 min.

3 Via Mask (N9)

3.1 Resist coating. 2(im thick, prebake. 90*C. 30 min.
3.2 Via mask (N9). 365nm. 110 mJ.. develop, postbake HOC. 15 min.. descum
3.3 Etch polyimide in 02 plasma ( resist will be completely etched)
3.4 Bake wafer on hot plate. 300*C. 5 min.

4 Metal 2 (N10)

4.1 Dip wafer in Al etchant for 30 sec. at room temperature.
4.2 Rinse and spin dry wafer
4.3 Back sputteringof Al (Not available)
4.4 Evaporate metal 2. Al with 1% Cu. Ifim thick
4.5 Resist coating
4.6 Metal 2 mask ( N10. positive for wet etch, negative for lift-off )
4.7 Wet etch of resist lift-off metal
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Fig. Bl SEM photo of etched via hole of various sizes (mask dimensions)
after process step 3.4.
Note gentle tapered sidewall achieved with this process.

gPf'IPI
r&£**£ w&tim. W£&$4
I •ruin* litiTii-m mmtoiXM

L5p

m V>l\W TOM I M

80

Fig. B2 Metal 2 (horizontal) over metal 1 (vertical) steps,
showing good planarization achieved by spinned on polyimide.
Metal 1 and metal 2 are both 1/xm thick and defined by resist lift-ofif technique.
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APPENDIX C

ELECTRICAL CHARACTERISTICS OF NITRIDECAPACITOR

CI Nitride Capacitor Structure

The capacitor in this process uses a nitride layer as dielectric in between field poly

and meul 1 as shown in Fig. CI. The dielectric consists of 200A CVD nitride that has

gone through 950°C 20 min. oxidation cycle plus another 5<X)A CVD nitride which also

went through a 950°C 30 min. CVD oxide densification and reflow cycles. These thermal

cycles ensure good quality nitride layers with low leakage current. No pin hole problem

has been observed. The top plate opening is done by wet etching CVD oxide in 10:1 BHF

at 32#C.

The capacitor is meant for on chip frequency compensation and power line decou

pling. Dimension control and linearity are thus not very critical. The capacitance value is

FIELD OXIDE

BOTTOM

PLATE

(POLY)

Fig. CI Nitride capacitor structure
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about Q.95fF/fjm2. The relative dielectric constant isabout 7.5.

C2 Capacitor Leakage Current

Capacitor dc leakage current was measured with Pico-Ameter from 0 to 20V. The

test area is 200MmX200Mm in size. The result is shown in Fig. C2. The leakage current at
5V is about 300 pA/cm2.

C3 Voltage Coefficient

Variations of capacitance with applied voltage is measure with a LCR meter biased

from -20V to 20V. The result is shown in Fig. C3. The voltage coefficient within the ±5V
range is about 40 ppm/vok. The breakdown voltage is beyond ±20V and is not a concern
for this project.

• 12 16 20
DC BIAS VOLTAGE (tVl)

Fig. C2 Capacitor leakage current, area is 200/xm X 200/im.
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APPENDIX D

SUBMICRON CHANNEL MOS DEVICE CHARACTERISTICS

Dl Introduction

There are substantial differences in the electrical characteristics between long channel

and short channel MOS devices. The purpose of this chapter is to review the differences

and to describe a simple model for evaluating the electrical parameters of short channel

MOS devices, particularly in regard to ID. gm and gds. which are the most important

design parameters for analog circuit applications.

Accurate modeling of short channel MOS device electrical characteristics is extremely

complicated and is a special field by itself. Elaborate models are available in several circuit

simulation programs such as SPICE MOS level 3 model or BSIM (details of which may be

found in their respective documentations [7.8]). These programs require large numbers of

model parameters and do not provide intuitive insight of various short channel effects for

the circuit designer. The simplified model* described here is useful in providing the physi

cal insight and estimating first order effects, ac small signal parameters in thtf early stage

of the design cycle, and to predict trends in the short channel MOS device characteristics

as the device is scaled down further.

Throughout this appendix, measured device characteristics are illustrated and realistic

numerical examples are given to substantiate the discussion. It is shown that despite the

substantial deviations from the long channel behavior, several simple equations are

sufficient to predict the ID and gm of most state-of-the-art submicon MOS devices to

within *25%. and &/,. which is sensitive to device structure and substrate doping profile,

to within a factor of 2.

• The model described heTe is extracted from the EECS 231 class materials provided by Prof. P.K. Ko of UC
Berkeley in Spring. 1986.
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Although only short channel NMOS devices are discussed (because NMOS technology

was the technology available for this project), similar behavior in PMOS devices are

expected except that the numerical values of various coefficients are different and that the

"hot hole" effects should be less significant than the"hot electron" effects.

D2 Model for Long Channel Devices

For long channel MOS device, assuming gradual channel approximation (GCA) and

charge sheet model (i.e. taking an average voltage between the gate and the channel to be

Vgs - V> - yhVDS). the I-V characteristics are described, as in most standard texts, by:

Id = vC„ W(VGS - VT - VfeVjjj)
For low field operation, v = /i0£. E = VDS /L. giving

"oC2'W(VCs - VT - WDS)VDS for Vds KVjto

(D2.1a)

In = ^^•(VC5-Vr)2s/^ at V^-V*. (D2.1b)
2L

/o^C.*^) = jDta,[ l+X^s - V^) ] for VDS >VDm

where Mo is the low field mobility and

Vxto = VC5 - V7
(D2.1c)

x= * d/* for VDS >VDuB (D2.1d)
J*> &VDS

(Note that V^ is included in the last line of Eqn. D2.1b as it may not be negligible in

comparison toV^ in the range of <5V.)

In saturation, from Eqns. D2.1b to D2.1d.

_ MC««Wri/ -v ^ (D2.1e)gm = —2—Was -Vt>

o -X7« (D21f)gds "" hJDsa

Note that for long channel devices in saturation.
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Ihuu "(Vos-Vr)2

gm «(vG5-vr)

and gds is essentially a constant with respect to VDS. These features are in agreement with

measured data of a long channel NMOS device as shown in Fig. D2.1(a)-(d). Data are

taken from a p-well CMOS device processed in the MICROFAB VLSI facilities at UC

Berkeley. The device has channel length L = 100/zm. width W = lOOfim and gate oxide

thickness t„ = 800A

D3 Model for Short Channel Devices

For short channel NMOS devices, still using GCA and charge sheet model.

Id = vC„ W(VGS - VT - Was)

For device operates at high field, v is no longer proportional to E. A simple piece-wise car

rier drift velocity model may be used:

f*<ffE

1+;tf for E$Ee (D31)
V s=

for E >Et

. Mo
where ftrff = , —_ . ^t0 is again the low field mobility

and © where t^ is m cm

(D3.2)

(D3.3)

G represents the effect of mobility degradation due to high traversed field at the surface

due to thin gate oxide. In addition, there is also high longitudinal field due to short chan-

nel length which also reduces carrier mobility. This effect may be represent by:

v- M%£ and£ =^L
ECL

As E approaches Ec. carrier drift velocity tends to saturate, and Me// can no longer be

used. vOT for Silicon material is about 107 cm Is. Eqn. D3.1 is shown in Fig. D3.1 at a
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moderate traversed fields where fieff = 600 cm2/V-s. Another commonly used model for

drift velocity is

^ffE
Vi =

h*f
Eo *7 2rV7cmforbulk silicon

(D3.4)

Vl is also shown in Fig. D3.1. The model in Eqn. D3.1 is not perfect around the knee point

but is used in the following discussions for its simplicity and for providing analytical

solutions for the following:

/**// Ce
W

L 1+ VDS
lVGs-Vr-WDS)VDS

for VDS <VDsat

(D3.5)

at VDS = Vjyta

for VDS >VDtat

In »

v„,C„ W(VGS - VT - V^ )
2tfvfarC<Mf"/(VC5 -VT)=Ihua

IDm L —x +ISUB

2*10

ELECTRIC FIELD (104 V/cm)

Fig. D3.1 Carrier velocity model
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Ee =i^- =^-[1+9(VC5 - Vr)] (D3.6)
Me// Mo

V^ o (1 - K XVGS - Vr ) (D3.7)

r- *
. ££ (D3.8)
1+ Vc5-Vr

Not included in Eqns. D3.5 are hot electron gate current and drain/substrate junction leak

age current which are negligible under normal circuit operation, which is true, particularly

in analog circuit applications. Isub »s the hot electron substrate current which is normally

much smaller than Id^ (typically. Isub IId <10"2 at low VGS -VT and high VDS).

However, a more significant effect of Isub on Id is the fact that Isub reduces substrate

bias, which reduces VT. and in turn increases ID • (This is why IDsat is used in Eqn. D3.5

instead of I%m as in Eqn. D2.1b.) There is no analytical form which relates this effect of

Isub to Id as yet. This is the reason why it is difficult to estimate gds of a short channel

device accurately at large VDS. As Isub increases with VDS. the incremental changes in ID

in high field with respect to changes in VDS can be large. gds can therefore increase

siginificantly even at moderately low Isub •

In saturation, i.e. VDS >Vn^,. based on theabove equations, it can beshown that [25]

Xd =-*-ln [*<v»-jfr->**] (D3.9)
Ed = y/E2 + A2 (VM - V^* (D3.10)

where A2 *= ——— and x« ,tn are in cm (D3.ll)
**i . «*y 'ox

/ *~A* (v -V M - ^Vaf-W " (D3.12)'SUB «-vV2>5 — Vota, )lDsate

The values of Aj and Bj are estimated from [24] and shown in table D3.1. These

coefficients are related to the impact ionization coefficient of the carrier, a as follows.

A -<5-> (D3.13)
a = i4/e *
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electron hole

*l 7.85«105 2.23* 10^

*l 1.21*106 2.00»106

90

Table D3.1 coefficients for a expression in Eqn. D3.13

For long channel device. V> is a function of substrate bias. In short channel MOS

devices. VT is also a function of VDS. especially at high value of VDS. due to drain induced

barrier lowering (DIBL) effect. This is reflected as a horizontal shift in the subthreshold

conduction characteristic when VDS is increased as shown in Fig. D3.2. It is common prac

tice to relate this by:

VTo is the VT at V^ = 0 and t\ is typically less than 0.03 for 1/xm channel length MOS

ID
( A) TOH-11 50/1.3 NMOS 55

mC ft 4 —
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Fig. D.3.2 VT shift due to DIBL effect
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device. Note that f) can be a major contributor to gds as indicated in Eqn. D3.16.

Note that for a given fw. Xj . L and measured values Mo and "n> most of the electrical

parameters of a short channel MOS device can be estimated from the above formulas.

There are also ways where Me// can be estimated without measurement [26] and if one

ignores *n or assumes a typical value of i). the electrical parameters can be estimated

without the need of probing any device. This is useful when one must study a particular

circuit configuration before any device is available, which may be encountered in a research

environment.

From the above equations, one can derive

gm*XlvmCtxW (D3.15a)

where Kx =[2 - K{1 +2VsaBL)) (D3.15b)
Mo

g4* >vttrCoiWt, +̂ (/txj (°316)
The reason for using a > sign in Eqn. D3.16 is because of the lack of any explicit relation

ship for the Isub «ffect on VT that affects gdt. as explained in section D3. Note that as

L -»0 and/or very high (VGS - VT ). K -»1 . Kx -• 1 and from Eqn. D3.5 and D3.14:

/x>««(Va5-VY)

gm jnax " *V*ar **ox W

which are the ultimate relationships for very short channel MOS devices. A typical set of

measured short channel NMOS device characteristics are shown in Fig. D3.3. Data are

taken from a p-Well CMOS device processed at the MICROFAB VLSI facilities at UC

Berekeley. The device has channel length L = 1.3^/n. width W = 50/im and gate oxide

thickness t„ = 200A

D4 Calculated Short-Channel NMOS Device Characteristics
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Submicron device electrical characteristics can be studied with'this simple model. For

example, aNMOS devices with L =lfim. *„ =200 Aoperating at ahigh VDS so that the

carrier velocity is saturated at the drain region, the variations of gm. K and Kx vs.

VG5 - VT. are calculated and shown in Fig.D4.1(a) and (b). As shown, gm. K and ifi
tend towards saturation at high VGS - Vr. in agreement with the trend shown in Fig.

D3.3(c). The gm . ID at saturation for a particular (VGS - Vr) can be estimated from

Eqns. D3.5 and D3.15a with the corresponding Kand Kx values given in Fig. D4.1. For
example, at VGS - VT =1.5 Kx =0.5 and g„, =K^ Cw W=86 mS/mm. The measured
gm of the typical l^m NMOS SIGMOS device is about 80 mS/mm which is in good agree
ment with the calculated gm considering the simplifications used in estimating the value of

Kx. As another example, the meausred gm of an 1.3#tm NMOS device in an experimental
p-well CMOS process is 71 mS/mm as estimated from Fig. D3.3(c). The gate oxide of this
device is 200A. The lower gm in this device is due to the longer effective channel length.

From Fig. D.4.4(b). the Kx value of a 1.3Aim device with 200A gate oxide is 0.43. and

therefore the calculated gm should be about 74 mS/mm. which again is in good agreement

with the measured gm value.

Fig. D4.3(a) shows the computed Xd at VGS - VT =1.5V for the l^m device and

Fig. D4.3(b) shows the gds vs. VDS at VGS - VT =2.1V for the 1.3/nn device for direct
comparison with that shown in Fig. D3.3(d). Note that the computed gds did not account

for the Isub effect and therefore does not increase at high VDS. Xd is about 0.2 to 0.3 fim
with V^ in the range of 2.5 to 5.0V. Hence, the effective electrical length of the device

under normal bias condition is about 0.7 to 0.8 /im. The computed rdt at VDS = 3V is

about 230 Kfl-/im. The corresponding rd, from Fig. D3.3(d) is about 280 KO-/un.

Fig. D4.4(a) and (b) shows the trend in g« and K.KX factors vs. device length

below 2Aim for t„ =100 A(solid lines) and 200 A(dotted lines). As expected. gm

increases with decreasing Ltff . and Kx approaches 1 as Ltf1 approaches 0. It should be

noted that gm will not double in value as Ltff reduces from 1/im to O.Sfim while keep^

ing tos constant.
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FBAPPENDIX E

NOISE MEASUREMENTS

In SPICE 2G.6. MOS device noise is modeled based on the input and output current

noise sources as shown in Fig. 2.4.1(a). The 1// noise component in the drain current is

calculated as follows:

M_ a Kf *»[ * (E1)
A/ C„X2 /

Although the exact process parameter dependency in the above formula for short channel

devices operated at velocity saturation is in doubt, the 1// noise characteristics do exist in

real short channel devices as shown in Fig. E3. This component can be represented by:

Q _£»_ (E2)
"ST" /

the Kn factor can be estimated from device low frequency noise measurements. The setup

is shown in Fig.El. A low noise BJT pre-amplifier is used to isolate the device from the

HP8566A spectrum analyzer. The pre-amplifier was built from SL560. which is a low

noise wideband BJT amplifier IC. The frequency-response of the pre-amplifier isshown in

Fig. E2. Midband gain is 29 db. or a gain of 28 and is flat below 10 MHz. The Iff noise

spectrum of an enhancement SIGMOS device is shown in Fig. E3. The test device has

W S3 200/xm and Ltfi » \fun. The bias point is at VGS =2.5V and VDS =2.5V. The

drain current ID = 23.6mA. The noise spectrum as shown has been corrected for pre

amplifier noise. Since the gate current is negligible, the device drain current noise id„ is

given by

Q _ Po • 50 i (E3)
W~1a7TW

where P0 = 10 10 «10~3 and RL « r^ //Rbiia
where Pm is the measured noise spectrum density in dbm/Hz. Ay is the pre-amplifier vol

tage gain. RL is the AC load at the drain of the MOS device under test. The input
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impedance of the pre-amplifier is high and therefore is not included in Rf Kn can be

determined from the device 1// noise measurement shown in Fig.E3 at the bias and chan

nel length of interest. The KF factor used in SPICE can then be calculated by equating the

Iff coefficient in Eqn. El and E2. assuming AF • 1. thedefault value.

For the 1m*i SIGMOS device under test. Rbias = 50(1 RL is about 48 a taking into

account the loading ofr* of the device itself. At 1 KHz. from Fig. E3. noise level isat -94

db. hence Kn = l.l«Hr14. Since ID is 23.6 mA. C„ = 172.6nFfcm2. equating the ///

coefficient gives KF = 8»10-28tF-A ). This value were used in SPICE to simulate circuit

noise performance in Chapter 6. Good correlation between measured and simulated

amplifier noise is obtained.
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