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Hot-Carrier and Soft-Breakdown Effects
on VCO Performance
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Abstract—This paper systematically investigates the hot-car- o 130 T 065 5
rier- and soft-breakdown-induced performance degradation & 120 —=—U0 1os g
in a CMOS voltage-controlled oscillator (VCO) used in s 110 eVt // &
phase-locked-loop frequency synthesizers. After deriving the £ 100 A 1 0.55 ;
closed-form equations to predict phase noise and VCO gain, we re- S g0 / los
late VCO RF performance such as phase noise, tuning range, and 2 80 . -8
gain of VCO subject to electrical stress. The circuit degradations 5 /./,«/ "\“\ 1045 8
predicted by analytical model equations are verified by SpectraRF 2 70 ¢ R e £
simulation using parameters extracted from the experimental 60 04 F
data of 0.16um CMOS technology. BERT simulation results give 0 1 2 3 4

VCO performance degradations versus operation time. Stress Time (Hour)

Index Terms—Circuit reliability, dielectric breakdown, hot
carriers, MOSFETs, phase-locked loops, phase noise, timing Fig- 1. Threshold voltage and mobility degradation versus stress time.
jitter, voltage-controlled oscillators (VCOs).
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. INTRODUCTION .41 ’.'.ﬁ —
S CMOS device sizes shrink, the channel electric fieldin- € 3 ﬁ:':”ww_%““::'
. . o e
creases and the hot-carrier (HC) effect becomes more sig- £ 2.5 i e
nificant [1]. When the oxide is scaled down to less than 3 nm, o 2 BT ceesevsesesseensessesettnitttt
soft breakdown (SBD) often takes place [2]-[4]. As a result, ® “1" | o
oxide trapping and interface generation cause long-term perfor- e 0.5
mance drift and related reliability problems in devices and cir- 0
cuits. ] 0.5 1 1.5
A voltage-controlled oscillator (VCO) is the most important Drain Voltage (V)

circuit in the phase-locked loop (PLL). It dominates almost all

spectral purity performance of a frequency synthesizer. It is dfdg- 2. Drain current degradation versus stress time.

sirable for the VCO to generate low-noise signal with sufficient

output power, wide tuning range, and high stability. Howevelieduce the characterization time. The impact of HC and SBD
the VCO performance is very sensitive to the variation of devié@&n be characterized as the degradation of major device param-
parameters. The experimental results show that device perféliers such as threshold voltage and mobility. The combination
mance is degraded significantly subject to HC stress and SBffect of HC and SBD is indicted by experimental results.

[5]. Therefore, it is anticipated that the VCO circuit performance The devices tested are 0.1 technology nMOSFETs.

is degraded by hot electron stress and oxide SBD. The oxide thickness is 2.4 nm and the gatewidth is;/&0.

In this paper, the device performance drifts due to HC afddany transistors are tested to verify the statistical variance.
SBD are examined experimentally by measuring thresholdne wafer is tested with a Cascade 12000 Probe Station and
voltage, mobility, and transconductance before and after strégilent 4156B Precision Semiconductor Parameter Analyzer.
for 0.16.um CMOS technology. Phase noise, tuning range, aride gate and drain voltages used for overstress are at 2.6 V and
gain degradations of a CMOS five-stage ring-oscillator VCthen measured at gate and drain voltages of 0.85 and 1.5V,
are systematically evaluated. respectively, for reasonable operating condition. The source

and bulk are grounded. FdY¥-channel devices; the measured

Il. DEVICE DEGRADATION DUE TO HC AND SBD STRESS threshold voltage increases with stress time because of electron

] trapping and the measured mobility decreases due to the
To examine the HC and SBD effects, gate and substrate Ciifsrease of interface state generation. This is verified by the

rents are measured, respectively, with the device overstresgi&gradation of the extracted parameters of the BSIM3v3 model.
As seen in Fig. 1, the threshold voltage increases by 40% and

Manuscript received April 03, 2002. the mobility decreases by 45% after 4 h of overstress. The
The authors are with the Chip Design and Reliability Laboratory, School gfrain current decreases after stress due to the degradation of

Electrical Engineering and Computer Science, University of Central Florid - . .
Orlando, FL 32816 USA (e-mail: enjunx@yahoo.com). ﬂﬁreshold_volt.age and mobility. The drain current degradation
Digital Object Identifier 10.1109/TMTT.2002.804632 is shown in Fig. 2.
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Fig. 4. S5, as a function of stress time.

The SBD and HC effects also degrade the RF parameters of
CMOS devices. The same wafer is stressed and probed i 6. Noise model.
a Cascade 12000 Probe Station and the RF parameters are ex-
amined using an Agilent 8510C Network Analyzer. The device The NMOS and PMOS transistors are working in the satu-
S-parameters are measured and cutoff frequency of oscillatigiion and linear regions, respectively, whose channel thermal
is extracted before and after stress. From the experimental d&gise current power spectral densities are given by
S11 and Sy; degrade significantly after stress and the cutoff = _ALT A 1
frequency decreases greatly as well. The measured cutoff fre- YaNmoOs THE Tndm f @
quency anddy; degradations are displayed in Figs. 3 and 4, re- inpmos =4kTypgaAf (2)

spectively. . : .
P Y whereyg,, is the transconductance, is the noise factor of the

NMOS transistorsg, is the drain-to-source transconductance,
and-y, is the noise factor of the PMOS transistors.

Phase noise and jitter in VCOs have been studied [6]-[11]. To analyze the effect of device channel thermal noise on the
The VCO RF performance degradations are predicted by evatutput noise, the equivalent-circuit model, shown in Fig. 6, is
ating the dc parameter degradations of the transistors. The majsed. The contributions of every device noise source are dif-
parameters for VCOs are phase noise, tuning range, and gérnent for different working phases of the delay stage. For dif-
In order to predict the degradation of the VCO after stressferential pairhM/2 andM 3 during switching, each side switches
five-stage ring VCO composed of five fully differential delayfrom fully off to on andg,, changes dramatically; thus, their
stages is examined. As shown in Fig. 5, each delay cell consistsse contribution is not a constadt/4 and M5 contribute to
of NMOS differential pairs 2 and M 3) with PMOS resistive the output noise when the differential pair is working in the
loads (/0 andM 1). The biasing currentis provided 3y4 and balanced stateM 0 and M1 noise always contributes to the
M5. The gate voltag&; is controlled carefully by a replica bi- output. The noise contributions are approximately divided into
asing circuit (not shown here) so that the PMOS transistors @ constant regions. In the first region, the differential pairs
working in the linear region and the voltage swing is kept comre switching and the noise sources for the NMOS differential
stant. The purpose of derivation is to express VCO phase nogar and PMOS resistive loads make noise contributions. In the
and jitter as functions of device parameters [12], [14]. The majeecond region, the differential pairs have completed switching
concerns here are the device channel thermal noise sourcesalthe noise contributions include the noise sources for PMOS
their impact on the VCO timing jitter. Flicker noise is not confesistive loads and the current source.
sidered here because it will be filtered out by the PLL bandwidth The equivalent circuit for each delay stage is shown in Fig. 7
at low frequency. and Ry, is the equivalent output resistance. To find the output

I1l. ANALYTICAL DERIVATION
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given by
voI_tage noiseZ,, the_ autocorrelation functions f_or eac_h devicg2 _ 2, + 2%G{1 + Xy (14 X») — 1]
noise could be obtained. Suppose that the device noises are un- 2
correlated, the total output noise is then obtained by adding each 4t 312
device noise contribution. : (1 b, _2D> e~ 4o/ } (6)
First, the inter-stage amplification is ignored. From Fig. 7, the ™ b

au_tocorrelatlon func.tlon of the output voltage noise is calculated.l_he timing jitter for single delay stage is given by
using (3) as follows:

Ry (t1,t2) = Ri (t1,£2) @ h(t1) @ h (t2) ©) 0h = 5 15 *Cl. @)

whereh(t) = 1/C e~/ Ri(t1,t2) = 2kTgm(7) during FOr ann-stage ring oscill'atc.Jr, t.he output frequengyfts =
switching andrp = R;C; is time constant for the output ca-1/(2ntp) and the output timing jitter is = 2no?, given by
pacitance load. KT o o2

The voltage noise variance equals to the autocorrelation func- JJ%O == -
tion of the output voltage noise whéen= ¢, orr = t; —t, = 0. 2 Iss (Vgs = Vra) fo
The contribution of each device noise source is obtained by cal-rpe output phase noise of a ring oscillator is thus
culating (3) for each device.

For M2 and M3, v} = (kTv,G/Cr)(1 —e~?/™)andG  L{fn}

(8)

is the gain of delay stage. o UJZ‘O
For M0 and M1, v§ = kT~,/CL. =T
For M5 and M6, v2 = (kTv.G/CL)V2X1(1 + "o,
X5)e~2/70 where X, is the size ratio ofM5 and M3, _ (&) kTGo?
and X, is the size ratio of\/4 and M 5. Im w 9
The output voltage noise could be obtained by adding each nCox <f>M, (Voss=Vrn) (Voss —Vrn)
device noise contribution. The inter-stage impact is also con- ” (9)

sidered. The equivalent circuit is shown in Fig. 8.
Using the similar method above, the output voltage noise dueFor a PLL, the oscillator frequency is controlled by the bias
to the inter-stage impact is obtained as follows: current corresponding to the bias voltagg. The VCO gain
corresponds to a small change of output frequency caused by
—  kT~,G3 At 82 the control voltage with respect to the phase difference between
IO P <1 =D 4 QD)e—Qt/Tu] 4)

2
Y= o0,

the reference frequency and theV of the VCO frequency. The
differential control circuit is shown in Fig. 9. The input is from

By analyzing the impact of every device channel thermdi€ differential output of charge pump and loop filter.
noise on the output noise, including the time-varying effect and Te VCO gain is given by [14]

TD TD

inter-stage amplification, the output noise of single delay cell is dfo dfo
expressed as Gvco = W 8—Itngt (10)
» kT G?a? wherel, is the tuning current andl; is the size ratio of/6 and
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_ _ ' The normalized VCO phase noise and gain degradations sub-
Fig. 11.  Simulated phase noise versus offset frequency. ject to stress can be written as a function of shifting of threshold
voltage and mobility as follows:

IV. VCO DEGRADATIONS SUBJECT TOSTRESS AL{fn}

Using the analytical equations derived in Section IlI, the VCOL { fm }
performance degradation due to HC and SBD effects are exam- 1 1
ined. A five-stage ring oscillator is considered. First, the wafer - A AV, AVr, 2
of the 0.16pm CMOS process is stressed on a Cascade 12000 (1 + _N) <1 - m) <1 - W)
Probe Station and then measured via an Agilent 8510C Network ” " % " (11)
Analyzer. The measured parameters are used in both the mog veo
file for Cadence SpectraRF simulation and our analytical modet=——
The predicted phase noise change due to HC and SBD effects is' A AV
shown in Fig. 10 and the simulation results are shown in Fig. 11= (1 + —“) (1 — ¢> —1. (12)
It is clear that the phase noise increases by approximately 6 dB H Vos = Vru
after stress. Good agreement between the model predictions andis clear from (11) and (12) thaf,, — Vi, for each delay cell
simulation results are obtained. should be chosen as large as possible to reduce the degradation
The VCO tuning range changes dramatically after stressffect, but needs to be small enough to guarantee the gain greater
From Fig. 12, the VCO center frequency drifts approximatelyhan one to sustain oscillation.
55 MHz and the tuning range decreases approximately 20%,
from 344 to 274 MHz after about 2.25 h of stress. V. VCO AGING PREDICTION

. g o
From Fig. 13, the VCO gain is reduced by 24% after 2.25 h of The VCO degradations due to HC and SBD effects before

stress. The above figures show that the HC- and SBD-induced
and after stress are demonstrated based on overstress measure-

effects degrade the VCO performance dramatically. Afterstre%s,ém_ To examine the VCO performance under normal oper-

the phase noise will increase and the center frequency, tuni o ; . o
range, and gain will decrease. It is expected that the VCO pé)ﬁ%g or stress condition, the BERT aging simulation is per-

X rmed. BERT is a circuit reliability simulator that consists of

formance degradation would affect the performance of the PLL . ; . .
. . fe- and post-processors linked with a SPICE simulator. Itis de-

and then the whole receiver performance. The increased phas . R .

) - : veloped to predict CMOS circuit lifetime accurately for the cir-

noise would degrade the selectivity of the receiver and the low-. . . ) .
: ST L cuits suffering HC and breakdown [18]t is consistent with the
ered tuning range and gain will impact the locking time and sta-

bility of the receiver. 1The software is now called RelXpert by Celestry, San Jose, CA.
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normal SPICE modeling technique and has very high accuracy Aged Model Files
on the condition that all the parameters provided are accurate.
To calculate the HC-induced device degradation, BERT de-
fines a parameted ge that quantifies the amount of HC stress. e o o
Take NMOS as an example. Under dc conditiotige is calcu-

lated asAt, wheret is time and
Fresh Age Age Age
1 2 n
m
A= las [ Isw (13) Age(calculated from circuit
HW \ I operating conditions)

where H is a constantn is an acceleration factoly is the

device channel width, and,,;, and I4, are the substrate and

drain currents, respectively. SPICE parameters
To obtain thedge under ac conditions, one can use the quasi-

vV
static approximation as KoV

P
Il (L))" 2
ds sub
Age:N/HW(Id ) dt (14) Interpolation
0 ° P' ------
P

whereT' is a specified period an¥ is the number of periods.

HC-induced device degradation in MOSFETs is usually mea- P
sured by the change in transconductaiag,, /g, drain cur-
rentAl,/1,, threshold voltage shitA V-, etc. The degradation,

ression

generalized by using the symbAlD, is given by age, age age, age,
Fig. 14. Aged model interpretation.
AD = Age™. (15)
4 - :
AD can be further generalized to the degradation in any of 35 . I T S
the transistor's SPICE model parameters. The degradation 3 R ,»-./‘_'/'
as a function ofdge can be extended to the “aging” of transistor 25 ,/’/' | 1

model parameters. Thus, degraded SPICE models can be con-
structed for circuit aging simulation to examine circuit behavior
after HC degradation in MOS transistors.

SPICE model parameters are extracted from a device at a
number of dc stress intervals. These models form a set of “aged”
model files. Each of the files represents the transistor behavior 4 6 8 10 12
after HC stress. The amount of stress is given bytheparam- Age (Year)
eter. During the ac aging simulation, tAge for each individual
device is calculated. Usindge as a basis, a degraded transistdrig- 15. VCO phase noise versus operation time.
model for each device from the “aged” model files can be con-
structed by either interpolation or regression from these files i ¥ 1.15 - ,

VCO PN Degradation (dBc/Hz)

o -
o 0 - 0N

o
N

the linear—linear, linear-log, or log—log relations. The “aged"2 14 | @ Fresh
model file method of calculating “aged” SPICE model param- E 1.05 —a—05pear
eter is graphically shown in Fig. 14. The valygs p», andp; § 1 f
are the degraded model parameters in SPICE model files wit £ 0.95 | A e
Ageq, Ages, and Ages, respectivelyP; and P, are the respec- 5§ —— 2years
tive model parameters if interpolation or regression is selecte(§ 09 |

SPICE model parameters are extracted from QueBEMOS ~ § 0.85 &2 : n | TR
devices at a number of dc stress intervals. These models fornrS 0.8 | ——toyears
set of aged dc model files. By means of quasi-static approxime 0.5 0.6 0.7 0.8 0.9 1
tion, aged ac models for every transistor in the VCO circuit cat Iss (mA)

be constructed and used for circuit aging simulation. Shown in

Figs. 15 and 16 are the simulated VCO phase noise and tunfify 16- VCO tuning range versus operation time.

range degradations. It is shown that the VCO performance is de-

graded significantly in the first two years and then the degradion is approximately 3 dB. The VCO tuning range is decreased
tion slows down. For a ten-year period, the phase noise degraflam 250 to 180 MHz.
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The analytical equations to predict the VCO performanc
degradation subject to hot electron stress and oxide SBD hi
been derived. Device parameters of 0;,46-CMOS technology
have been measured before and after stress. The analy!
model predictions of VCO performance have been compar

with

model predictions and simulation results has been obtain

The

range have decreased with respect to stress time. BERT agﬂﬁg
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SpectreRF simulation. Good agreement between

simulation of VCO phase noise and tuning range degradations
under the normal circuit operation condition for ten years of
stress have been demonstrated. These results are useful for RF
circuit designers to build more reliable RF circuits.
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