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Abstract—A systematic study of RF circuit performance degra- 50
dation subject to oxide soft breakdown (SBD) and hot-carrier (HC) 40 ¢ '
stress is presented in this paper. DC and RF characteristics be- 30 | stressed at VG=VD=+5V

#42 nMOS: 13.5um/0.18;m, tox=2.8 nm

<

fore and after stress are extracted from the experimental data. The _5” 20
effects of SBD and HC stress ors-parameters, cutoff frequency, 8 10}

third-order interception point, and noise parameters are exam- 2 o
ined. The performance drifts of gain, noise figure, linearity, and A 10 f
input matching of the RF low-noise amplifier are demonstrated by 3 20 |
SpectreRF simulation results based on measured device data. _§ 30 b

Index Terms—CMOS, constant voltage stress, hot carriers, g 40
low-noise amplifier, power amplifier, scattering parameters, soft 2 -50 |
breakdown. 2 60
-70
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|. INTRODUCTION 0 40 80 120 160
UE TO continued scaling, deep-submicrometer CMOS Time (s)

transistors could produce a cutoff frequengfy) over
70 GHz and a noise figure (NF) lower than 0.5 dB [1]. Thedgd- 1. Gate and substrate currents versus time.
features are more and more attractive for RF application up to

5 GHz [2], [3]. CMOS technologies also offer low-cost and |n, this paper, typical RF parameters such as cutoff frequency
high-integration capability. However, hot-carrier (HC) stresg. maximum frequency of oscillatiorf,,., and noise fac-
and soft-breakdown (SBD)-induced device degradation poseogs (7., R,., Gopt, and B,,t) subject to SBD and HC stress
limit to the device scaling. Moreover, transistor aging and SBfye studied. Gain, NF, linearity, andparameters of a CMOS

induced degradation will seriously reduce the design margin|gfy-noise amplifier (LNA) using 0.18- and 0.1&n CMOS
the RF circuits. Itis important to understand the impact of stregg:hnologies are evaluated.

on RF circuit performance using deep-submicrometer processes.

Gate oxide break(_jown and the HC effeg:t are two_crit?cal i_s— Il. EXPERIMENTAL EVIDENCE OF HC AND
sues of deep-submicrometer CMOS device and circuit relia- SBD
bility [4]. The performance drifts due to HC stress could be ex-
amined by the transconductance degradation, threshold voltag&/Vhen the oxide is scaled down to a 2-nm regime, SBD would
and mobility shift. The increased random thermal motion of cai@ke place before HBD. SBD, however, has not been commonly
riers in the channel after HC stress increases the channel therfggPgnized to degrade device and circuit characteristics. In this
noise, a critical factor in low-noise-amplifier design. Compare@@Per, experimental evidence of the impact of SBD (along with
with hard breakdown (HBD), SBD becomes more prevalent € HC injection) on the RF circuits is presented.
thinner oxides and for oxide stress at relatively lower voltages The devices used are 0.18- and 0,48-CMOS transistors.

[5]. Moreover, HC injection triggers more SBD in addition tol he gate oxide thicknesses are 2.8 and 2.4 nm, respectively. The
conventional Fowler—Nordheim (FN) injection [6]. wafers are tested with the Cascade 12000 Probe Station and Ag-

ilent 4156B Semiconductor Parametric Analyzer for dc mea-
_ _ surements, while the RF experiments up to 50 GHz are carried
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TABLE |
KeY BSIM3v3 PARAMETERS OBTAINED FROM EXPERIMENTS
Parameters Vo K; Ve Ly Vor N-factor P
% change 11.7 100.2 -84 -68.8 163.3 -31.4 -96.8
1.8 — 40
solid points:fresh nMOS, #42 & 50/0.16um tox=2.4nn
, 5 | open points:stresseg p E 32 (essed VG=VD=2.6Y
5k Y /
Q -
§ 2 S
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Fig. 3. Transconductance versus gate-source voltage measured at
Vps = 1.5 V before and after stress.
VD (V) 12 \ I
Fig. 2. Measured drain current versus drain—source voltag¥cat = 8 [y —before stress —1
0.8.1.3, and1.8 V. ‘f\'}\ —+—siress 12000 s
@ 4 \: ——stress 31000 s |
2.8-nm oxide nMOSFET. The accelerated stress condition is 5 o0 N
— — i i ”
then carefully set ate = Vp = 5 V. A typical time-depen- Incr a;;-g\m
dent dielectric breakdown (TDDB) result is shown in Fig. 1. -4 ress Time -..,,."“‘WM
In this figure, many SBD events take place in the gate and sub- s M

strate currents. One observes that the HC injection triggers more
SBD occurrences. The drain current decreases due to the elec-
tron trapping and interface state generation as the degradation
percentage goes up. The drain current shows considerablefd®4. Measured.; versus frequency (fresh device, stressed after 12 000 and
press, as evidenced in Fig. 2. Electron trapping may result3ff" 31000 S)-
the increase of threshold voltage, while the interface state gen-

0 1 2 3 4 5
Frequency (GHz)

eration could decrease the electron mobility in the channel. The “32 T Increasing '

device dc parameters before and after the stress are extracted -40 |—Stress Time W

using BSIMpro. The key device parameters extracted from ex- & -48 | |

periments are summarized in Table I. S s v ——before stress
Fig. 3 shows the measured transconductapges a func- g —— stress 12000 s

tion of Vs before and after stress. The transconductance is de- -64 —e—stress 31000 s | |

graded over the entire saturation regiSpparameters are mea- 72 13

sured in the common source—bulk configuration for 046 .80

(tox = 2.4 nm) devices. On-wafer dummy structures are used 0 1 2 3 5

to calibrate the pad parasites. Since the transistors in RF appli- Frequency (GHz)

cations are usually biased in the Saturatior_’ region, the_ RF PEE.5. Measured,. versus frequency (fresh device, stressed after 12 000 and
formance at/qg = 0.85 V andVpg = 1.5 V is characterized. 31000 s).

Fig. 4 shows the effect of the stress on the forward transmission
scattering paramet¢f.; ). The magnitude of,; decreases as IIl. DEGRADATION OF RF PARAMETERS

the stress time increases. The decreas® pfs consistent with . ) )
the degradation of the transconductance. It is interesting to notd N€ important parameters considered here are gate resistance,
from Fig. 5 that the reverse transmission gis only decreases threshold voltage, mobility, transconductance, and parasitic ca-

slightly, while the input reflection coefficiens,, is changed pacitances. The impact of these parameters on the cutoff fre-

significantly, as shown in Fig. 6. The large changeSef may dUency/fr is expressed as

attributed to the significant degradation of the gate capacitance Ve — Vi

C4gs and transconductangg, . For the output reflection coeffi- 3 Jlest Legar + -5
cientSs,, the change is not noticeable. All measured dc and RF fr= gﬁ(vgs - Vr) (Lewat + Vs — V)2 @)
parameters are transported into SPICE model files and an .s2p > &

file for RF circuit simulation using Cadence SpectreRF. whereeg,y = 2Usat/ teft -
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B ' TABLE I
3.7
EQUATIONS FORNOISE PARAMETERS
Noise Expression
parameter
NFmin
= 8-
37 Increasing - 1428 ‘/ a-|d’ )[;/(1 R ) +gm R,
: Stress Time - fr &40
3 R, 7’840
1240 (1 + wC,R,)' + R,
m
. b3, Gop [ s’cia-|d)
)
a. 45”—”3(l+a)cﬂR&)z+5ng!
&
p—2. Bopt mcg,rvylgdo . Em | ) 2 wC
5. \/yé,',,,(HwCﬂRg)Z*»R 6,2 Gaoll+@Cy R, )l ij 8
14
2
2, 1.5
/ 12 /¢
=Z5 =13 . 4. =513 10 ,

T - 28 =

Fig. 6. Measured; versus frequency as a function of stress time.

Cut-off frequency
degradation (%)

™

The maximum oscillation frequencf,.« is approximated by

[7] 0 1 2 3 4 5
Stress Time (Hour)
~ fr
MAX 2 - 2 . .
87ng ng Fig. 7. Measured cutoff frequency degradation versus stress time.
The noise performance is usually characterized by the following 10

four noise parameters [8]:

(4]

o

R,
NF = NFoin + 5 [(G Gopt)? + (B, — Bom)“’] 3)
whereNF ,,,;, is the minimum NF that a circuit can achieve with
the optimum source admittance conditi@i, = Gopt, B, =
Bopt). R, determines the sensitivity of the NF whéh, and
B; differ from Gopy and Byt Expressions for the four noise : . . ;
pa:jameters i_nclzo_le Epeb Ief“fﬁc[t9 ?f gate resistance and are derived 23 24 25 26 27
and summarized in Table .
The input third-order intermodulation powEyp3 is given as Ga

S-parameter (dB)
3 &

-
o

8
R

5 Fig. 8. S.; andSy, versus frequency of a single transistor LNA before and
Pips = M _ 24:(s) 4) after stress.
2Rs  |3As(s1,52,53)Rs

where A;(s), As(s1, s2,53) are Volterra series coefficients of IV. RF GIRCUIT PERFORMANCE DEGRADATION

the circuit. These coefficients are a function @f, Cys, wr, RF circuit performances such as the NF, gain, impedance
operation frequenay, and circuitcomponentd(,, L.,andk,). matching, and linearity (third-order intermodulation point and
Sinceg,,, Cys, andwy are changed after SBD and HC stress, RE-dB compression point) are evaluated using the QuiB-
circuit performances are thus degraded after stress [10]. Melavice parameters before and after stress. Fig. 9 shows the
sureds-parameters are converted into admittaggearameters, schematic of a CMOS RF LNA under test at 2.4 GHz. The
and the intrinsic device characteristics are calculated usinglifferential architecture is selected for better noise rejection of
deembedded technology. In Fig. 7, the measured degradatioec@ihmon-mode interference. The gate indudigrand on-chip
cutoff frequency versus stress time is displayed. It is clear frospiral inductorL, are used for the input impedance matching.
Fig. 7 that the cutoff frequency decreases rapidly at the initi@he drain inductol is used to get the maximum power gain.
stage of stress and then saturates at much longer stress timeA&ascoded second stage reduces the Miller effect and improve
LNA operated at2.45 GHz is simulated using measured pri6- the output—input isolation. The transistors of the circuit are
device s-parameters. Freskparameter results are comparedperated in the saturation region with an effective gate voltages
with two sets of stressed ones, as shown in Fig. 8. With th&; .x| = |Viqs — V4| of several 100 mV and the drain voltages
increase of stress time, the magnitudesef is reduced and the of several 100 mV. With the change of the input signal level,
inputimpedance matching degrades at the center frequency. the drain—source voltages of transistors M1-M5 may be high
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enough to induce a hot electron effect. The diode connection §'3° -30 T “:
M6 has a fixedVpbs = Vgs. Therefore, M6 is not affected by 3'40 -40 N
HCs. The MOS transistor model used is the RF simulation is 5-50 S0 T
BSIM3v3. £-60 -60 +—+——+—
Fig. 10 showsS;; versus frequency before and after stress. O-70 70 : : : :
The dc stress applied is®ys = 5V andVps = 5V for 155 s. -80 14 7 -80 +— ]
In Fig. 10, the minimumS;; position has been moved away 2.41 2.43 2.45 2.41 2.43 2.45
from 2.45 GHz by 600 MHz after stress. At 2.45 GHfi, is Freq. (GHz) Freq. (GHz)

changed from-27 to —9 dB. Fig. 11 shows the NF degrada_Fig 13. Two-tone simulation before and after stress
tion of the LNA subject to stress. At 2.45 GHz, the NF of the ™ ™™ '
LNA is increased from 2 to 3 dB. The fluctuations of carriers ] ) )

in the transistor channel current causes noise at the gate efd@m the above equation, the degradatiory,ofand the drift
trode. This increases the NF of the circuit. Fig. 12 displays tif Ces after stress change both the real and imaginary parts of
voltage gain versus frequency. The voltage gain is reduced ¢ nPut impedance. The mismatch causes to shift away

5 dB around the center frequency. Fig. 13 compares the outfi@M the designed center frequency. The NF is degraded because
spectra of the LNA before and after stress. The third-order ifit & reduction off7 and the derivation of impedance from its
termodulation to first—order term (3IM/1ST) ratio of the LNACPtiMUm value. Sinc&ain = Qingnfr, both the degradation
before stress is-50 dBc, while it is—18 dBc after stress. The Of the input stagé?i, andg,,, can be attributed to the decrease
linearity property is degraded after stress. Table Il summariZ869&in. _ _ ,

the RF performance degradation of the LNA under stress. Forl conjunction with HC degradation, the gate oxide break-

the common-source input stage of the LNA, the single-endgewn is an important reliability issue for the design of power
input impedance is amplifiers (PAs). Since the PA handles a relatively large signal,

both oxide and channel electrical fields can be very high. The
output power and power efficiency could be degraded due to HC
and SBD stress. Examine Fig. 14 for typical operating points of

. L
+ ]w(Ls + Lg) + gm——- (5)

T =
Cos

JwCes
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Fig. 14. Typical operating points of different PAs.

PAs. Classes A, B, AB, C, and F are biased in the saturation re-
gion. The order of the oxide stress frdras for those classifica-
tionsisA> AB > B > C, Fin standby. The peak drain—source
voltage is about 2, to cause HC degradation. The transisto
in classes D and E PAs are operated ideally as a switch in eit
the zero voltage or zero current region. When the transisto
operated at the zero drain voltage region, the device suffers 4
nificant gate oxide stress. On the other hand, when the transis
is operated at the zero current region, the device suffers sig
icant channel HC stress due to a very large drain voltage. _

peak drain-source voltage for a class-E PA can be as hig : foeigé%‘fbhrg"xgg‘:té’r;j'\ﬂgs technalogy. From 1998
3.6 Vpp. This gives considerable HC and gate oxide stress (diag Microwave Circuit Laboratory, Beijing Institute of Technology. From 1991
to the drain—gate overlap region stress [11]) to degrade PA prl996, he_ was an Analog _Design En_gineer_ at the Northeast Resear_ch Institute
formance. More experimental and design studies are ongoin@f lectronic Technology, Jinzhou, China. His research interests are in the area

. . . MOS RF integrated circuit (IC) design for wireless communications and
the University of Central Florida (UCF), Orlando. CMOS device reliability.
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V. SUMMARY

The impact of SBD and HC stress on the CMOS RF lowg
noise amplifier has been examined in detail using 0.18- a/
0.16.um CMOS technologies. HC aging reduces the drain cu =
rent, transconductance, cutoff frequency, @&ad of the MOS
transistors. Consequently, the gain, NF, third-order intermoo
lation, ands-parameters of the RF LNA show significant per;
formance degradation. After accelerated stress at 5 V for 15%
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