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Abstract - This paper, for the first time, studies the 
influence “MOSFET gate oxide breakdown (BD) has on the 
performance of CMOS low noise amplifiers (LNA) and 
power amplifiers (PA) “sing au equivalent BF circuit model. 
Cascode LNAs are found to be more reliable than c~uuu”” 
suurce LNAs in terms of gate oxide reliability. It is shown 
for a Class-E PA oxide breakdown effects lead to an incresse 
in the switching transistor’s “on” voltage, which, in turn 
leads t” substantial decreases in the output power and drain 
emciency. 

I. 1NTR0DUCT10N 

Gate oxide breakdown has been studied extensively 
wer the past few years and many efforts that investigate 
the defect generation leading to breakdown and the nature 
of the conduction after breakdown have been presented. 
Recent research concerning the impact MOSFET gate 
oxide breakdown has on circuits has been reported m 
[1,2,3,4,5]. In [4] it was demonstrated that a nnnzem 
probability that digital circuits would remain functional 

beyond the first gate oxide hard breakdown exists, and an 
equivalent circuit was proposed to describe the gate 
current in an nMOSFET after gate oxide breakdown. In 
[5] an equivalent RF circuit model for MOSFETs after 
gate oxide breakdown has been proposed. In this paper, 
the effect of gate oxide breakdown location on circuit 
performance is examined using the equivalent model. 

II. EXPERIMENTS 

The devices used in this work are fabricated with a I.5 
V, 0.16 pm CMOS technology with channel length L = 

0.16 pm and channel width W = 10 pm. The oxide 
thickness t, is 24 A. The devices are tested with Cascade 
probe station, Agilent 4156B Precision Semiconductor 
Parameter Analyzer and Agilent 85lOC Network 
Analyzer. 

The stress condition is set at constant gate voltage of 4.5 
V and constant drain voltage of 2 V with the source and 
the substrate grounded. The stress automatically stops 
when a threshold gate current of I mA is met. After 
breakdown, S-parameters and J - V cntxs including J, - 

VP are then measured, and the BSIM3V3 model us well as 
other parameters are extracted. 

III. EQUIVALENT RF CIRCUIT MODEL OF 
A MOSFET AFTER GATE OXIDE BREAKDOWN 

The modified e@ivalent circuit, which aims at RF 
applications, is shown in Fig. 1. A resistor can be thought 
of to exist in the channel. Due to the breakdown position 
variation, the breakdown path resistor Rplh connects to 
any point of the channel resistor. Thus, the drain, gate and 
snurce form a star network, which can be transformed into 
a delta network. This is the origin of Rgd and Rge Due to 
the magnitude of the channel resistance and breakdown 
path resistance, channel resistance value remains roughly 
unchanged aftei the network transformation, therefore the 
transistor needs no modification. So with different values 
of Rgd and Rgs representing the conducting path from gate 
tn drain, from gate to source, or from gate tn both drain 
and snurce [6], the gate-to-channel or gate-to-extension 
breakdown can be distinguished and modeled. R, and the 
RC network between the drain, source and substrate is for 
mnre accurate RF modeling [6,7,8]. 

Fig. I. The equivalent RF circuit for nMOSFETs after BD. 

The validity of the moditied equivalent RF circuit is 
verified by the closeness between measured S-parameters 
data and simulation results obtained from the proposed 
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circuit, shown in Fig. 2. It can be used to determine how 
gate oxide breakdown affects RF circuit operation. 

The degradation of the S-parameters after breakdown is 
shown in Fig. 6 and Fig. 7 for the CS and cascode LNAs, 
respectively. The breakdown of only one finger is enough 
to defunct both LNAs in terms of S-parameters. Among 
the four S-parameters, S21 seems to be the strongest. It is 
still greater than generally required 15 dB after one finger 
breakdowns in both circuits. 

Fig. 2. Measured and simulated S-parameters before and after 
device breakdown (square: fresh nxasurenxnt, circle: postal) 
measurement, sohd line: simulation for fresh device, dash-dot 
line: simulation for post-BD device). 

IV.LNA PERFORMANCEANALYSIS 

The LNAs evaluated are shown in Fig. 3. One is a 
common source amplifier (CS LNA), and the other adopts 
cascade structure. All the devices are composed of 20 
fingers with each being IO pm wide. Both circuits are 
designed as narrow band LNAs at 1.8 GHz. Source 
inductwe degeneration is used to unprove linearity. The 
inductance at the drain creates a resonant load with the 
input capacitance of the following mixer stage. Cascade 
structure minimizes the Miller effect and increases the 
gain, which is demonstrated by the differences of S12 and 
S21 between the two circuits, at the expense of increased 
noise figure. 

It should be mentioned that not all fingers experience 
breakdown simultaneously. Fig. 4 shows noise figures of 
the CS LNA after up to 3 fingers breakdown. At 1.8 GHz, 
the noise figure can still meet the general requirement of 2 
dB even after 2 fingers breakdown. But IP3 degrades 
drastically dropping from 0.84 dBm to -13 dBm. Fig. 5 
shows the noise figures of the cascode LNA after up to 
two fingers of input device Ml breakdown. The noise 
figure degrades more drastically after 2 fingers of Ml 
have broken down than it does after only 1 finger has 
broken down. It is concluded that the breakdown of the 
input device will bring deadly impact on the operation of 
the cascode LNA. The greater noise figure vulnerability of 
cascade LNA in comparison to the CS LNA is due to the 
cascade structure. A wider transistor will lead to a larger 
noise figure and a greater likelihood that the noise figure 
will be affected by oxide breakdown. 

Fig. 3. Schematic of CS LNA (left) and cascade LNA (right). 

Fig. 5. Change of the noise figures before and a&r up to 2 
fingers of Ml breakdown of the cascade LNA. 

However, the breakdown of the cascade device is found 
to be not as crucial to the operation of the LNA. No matter 
whether none or one finger of the input device 
breakdowns, the breakdown of one OT several fingers of 
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the cascade device does not bring mnre significant 
damage to the LNA functionality. See Table 1 in [5]. 

Fig. 6. S-parameten of CS LNA before and afler 1 finger 
breakdowns. 

Fig. 7. S-parameters of cascade LNA 

V. POWER AMPLIFIER PERFORMANCE ANALYSIS 

The exceedingly high electric fields existing.within PA 
transistors during its operation can easily exceed the 
breakdown voltages in modem sub-micron technologies. 
Because of this, PA design in CMOS remains a 
continuous challenge. For it is known that the portion of 
the gate oxide near the drain ruptures most frequently in 
power amplifiers due to the exceedingly high drain 
voltages [IZ]. For example, the stand&d Class-E PA [13] 
is known to suffer from a maximum drain voltage of 
3.57Vno, therefore making this type of power amplifier a 
prime candidate for oxide breakdown in the gate tn drain 
region. In this section, the effects of oxtde breakdown on 
PA operation due to high voltage levels are presented. 

Fig. 8 displays the Class-E PA used in this analysis. The 
transistor, MO, has a gate length of 0.16 Ptn and is 
composed of 700 fingers each being 10 Pm apiece. The 

circuit was designed to supply 22 dBm of output power at 
an operating frequency of 950 MHz with a 0.8 V power 
supply, A finite dc-feed inductor [ 151 was used instead of 
an RF choke tn help provide snme relief on the load 
resistance and supply voltage. The proposed equivalent 
RF circuit model in Fig. 1 was inserted into 100 fingers in 
this design in order to analyze the breakdown effects 
within the transistor. 

Fig. 8. Class-E power amplifier 

When the power amplifier was simulated using the fresh 
transistor model tiles with no breakdown effects included, 
a drain efficiency (q) of 92% was achieved at the 
fundamental and held greater than 80% for nearly a 60 
MHz bandwidth. After the equivalent RF circuit model 
and the experimentally generated breakdown model tiles 
were applied, the drain efficiency at the fundamental 
dropped tn 73%. Fig. 9 depicts a comparison between the 
simulated pre-breakdown and post-breakdown drain 
efficiency values for various frequencies. 

Fig. 9. Drain efficiency versus operation frequency 

One of the main contributors to power loss in a 
switching mode PA takes place when the nnnzern switch 
voltage and the nnnzem switch current overlap, thereby 
dissipating power through the transistor. As noted in [l4], 
as technology scales down, the YXI” resistance acnw the 
transistor tends to become a greater problem. Below, in 
Fig 10, the minimum voltage acrnss the transistor when 
the transistor is in its conducting stage is displayed for 
various supply voltages. It was found that following an 
oxide breakdown, Vn,,, increases, thereby causing mnre 
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power to be dissipated through the transistor. The change 
in output power with respect to supply voltage is depicted 
in Fig. I I. Lastly, Fig. 12 displays how an increase in the 
number of tinrers affected by oxide breakdown leads to 
an increase in the degradation ofthe output power. 

Fig. 11. Output power before and after breakdown. 

ot7 

VI. CONCLUSION 

A large degradation in the RF performance of 
nMOSFETs can be attrit$d to gate oxide breakdown. 
For the CS and cascade LNAs, their performances 
degrade drastically after the input device breakdown. Yet 
the cascade LNA continues to work even after several 
fingers in the cascade device have undergone gate oxide 
breakdown. Cascade LNA is recommended in terms of 
gate oxide reliability. Oxide breakdown is a!so shown to 
dramatically effect the operation of the Class-E power 
amplifier. The transistor “on” voltage was found to almost 

double at the assigned supply voltage, therefore indicating 
an increase in power loss across the transistor. With only 
one-seventh of the fingers degraded, the drain efficiency 
and output power were shown to decrease by 20% and 
33% at the fundamental frequency, respectively. 
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