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A new stability criterion for heterojunction field effect transistors (HFETs) is introduced and discussed in terms of our own stress-induced degradation experiments on the GaN varieties. The new criterion explains how to choose the sheet conductance of the 2 DEG electron plasma in the channel and the temperature dependence of the spontaneous polarization in the gate insulation for maximal stability against stress-induced degradation. According to this criterion, for maximal stability against thermal breakdown, the sheet conductance is chosen to be in a well defined vicinity of the resonance of the optical phonons with the plasma frequency of the electrons in the channel. The first steps toward studying this concept experimentally have been taken by monitoring the 1/f noise of the HFETs both at baseband and through phase noise, i.e., with exponential modulation, and comparing to the extent possible at this point with the results of the quantum 1/f noise calculation. Our measurements of 1/f noise on pristine devices and on stressed devices, degraded by sustained high drain bias, show that even a small 8% decrease in the maximal drain current produces some 5-10 dB increase in the 1/f noise power. The latter is thus a much more sensitive indicator of damage. The quantum electrodynamic (QED)- and quantum lattice-dynamic (QLD) quantum 1/f noise formulas have been refined for the case of AlGaN/GaN HFETs through a better definition of the coherence parameters s and s’.
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2. 

The lattice matched InAlN/AlN/GaN HFET structures were grown on (0001) sapphire substrates in a low-pressure custom-designed Organo-Metallic Vapor Phase Epitaxy (OMVPE) system using trimethylgallium (TMGa), trimethylaluminum (TMAl), trimethylindium (TMIn), and ammonia as the Ga, Al, In, and N sources, respectively [
].The structure consisted of a 250 nm AlN initiation layer grown at ~1030ºC, 3 µm of undoped GaN deposited at ~1000ºC, a 1 nm AlN spacer layer grown at 1000ºC, a 20 nm In0.15Al0.85N barrier layer grown at 800ºC, and a 2 nm GaN cap layer grown at 900ºC. HFET devices and a gated Hall bar were fabricated using Ti/Al/Ni/Au Ohmic contacts followed by etched mesa isolation in a SAMCO inductively coupled plasma (ICP) etcher in a Cl-based chemistry. Finally, the standard liftoff procedure was used to form gate electrodes of Pt/Au (thickness 30/50nm, length/width 2/90µm).  The devices were not passivated.  We subjected the HFET devices to high field stress (VD=20V) in the dark at room temperature. We stressed the devices for periods of time up to 20 hours, and observed the maximum drain current, peak transconductance, and channel access resistances every hour or half hour in order to quantify the device degradation, details of which can be found elsewhere [
]. In that work we simultaneously, measured the gate leakage current during the stress and observed the level of degradation, at a fixed electron density, as a function of the total charge passed through the drain and the gate electrodes. The degradation was observed to have a minimum at the optimum sheet density corresponding to the Plasmon- LO phonon resonance where the LO phonon lifetime is minimum. In this work we are interested in finding out the low frequency signature of device degradation.  In this vein, as-fabricated devices and those that underwent the above mentioned stress were characterized using an Agilent E5505 phase noise measurement system, following the single spur calibration method.


Our spectral noise measurements on stressed and non-stressed HFETS show a change in 1/f noise, due in part to a form of the breakdown instability mentioned above in Sec. 1, and also due to structural modifications that affect both the QED-type and the Quantum Lattice Dynamical (QLD), i.e., piezoelectric, type of quantum 1/f noise present.  


The increase in 1/f noise is what results when the effective width is reduced by about one order of magnitude, e.g., from 90m to 1 m.  Indeed, since the quantum 1/f (coherence-) s-parameter only slowly increases with the width W when it gets to be larger than the length, we can consider the conventional quantum 1/f noise contribution to be dominant.  The spectral density of the fractional quantum 1/f fluctuations is proportional to 1/W, so when the instability develops in the linearized system of equations that describe small fluctuations, an exponential increase of the most unstable mode leads to the creation of a preferred current path from source to drain, of width W’=W/a, where a is introduced here as the current concentration ratio. 
The width W’ of the damage area in damaged devices is expected to be of the order of the longitudinal diffusion constant for electrons in the direction of the width of the devices, which is  of the order of the effective longitudinal diffusion constant about W’=1 for our InAlN/AlN/GaN HFETs. Therefore, the quantum 1/f noise spectral density S’ will be increased in the stressed devices when compared with the unstressed devices, where it is denoted by S: S’(f)=(W/W’)S(f).


This inverse proportionality of the 1/f noise expected on the basis of the quantum theory of 1/f noise is displayed in the simplified expression of the quantum 1/f noise in FETs and HFETs,





The reliability measurements, as judged by the reduction of the drain current after stressing at 20 V drain bias and under various gate biases in an attempt to control the channel density, indicate that the minimum degradation takes place when the sheet density is consistent with the shortest LO phonon lifetime [
], as shown in Fig. 1.  
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Fig. 1. Density dependence of drain current degradation under drain voltage of 20 V for In0.15Al0.85N/AlN/GaN HFETs (reference 6). Curves represent calculations for resonance 2DEG densities: 9.5×1012 cm-2 (dashed curve) and 1×1013 cm-2 (solid curve).


We have undertaken low frequency measurements utilizing the phase noise route in AlInN barrier GaN HFET that have undergone various stages of degradation. As shown in Fig. 2, the group of devices that have undergone DC stressing which resulted in a change in the maximum drain current of >20% exhibits more low frequency noise, as com​pared to the group which has undergone DC stressing resulting in a change of the maximum drain current of <10%. The spikes in the spectrum are spurious contributions, to be neglected. The figure also indicates that the noise floor of the instrument with all the cabling, etc., is much lower than the low frequency noise component associated with the devices. 
More importantly, the effect of stress on the 1/f noise for a device that has undergone stress for 10 hrs at a drain bias of 20V is shown in Fig. 3. The fact that the device only suffered ~8% decrease in the maximum drain current after stress, yet showed a 5-10dB increase in the 1/f noise demonstrates that the 1/f noise measurement is more sensitive to device degradation than typical IV characteristic based techniques
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Fig. 2. Low frequency noise spectrum for two groups of AlInN barrier GaN HFETs that have undergone stress resulting in >20% and <10% changes in maximum drain current along with the noise floor of the measurement setup including cabling, etc. The low frequency noise spectra have been obtained using a phase noise measurement apparatus calibrated using the single spur calibration method with the aid of a spectrum analyzer.

In summary, what could be construed as a first step has been taken to illuminate the manifestation of defects in HFETs that have undergone various protocols of DC stress as low frequency noise. It can be stated that the current degradation has been unquestionably linked to LO phonon lifetime and in this framework the electron concentration leading to the shortest LO phonon lifetime exhibiting the least current degradation. In terms of the low frequency noise, we demonstrated that the noise level is very sensitive to device degradation and very importantly even in cases when there is little current degradation due to stress, the noise level is seen to increase markedly. One can then conclude that the low frequency noise measurements are very sensitive to minute levels of degradation in devices. While there is considerable work that remains to be done to explain the observations in terms of their physical origin, we have begun the process along this important journey.
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Fig. 3 Low frequency noise-spectral-density for a pristine device (no stress applied before measurement) and for the same device but degraded under 10 hours of 20 V stress applied prior to measurement. Although stress resulted in 5-10 dB increase in the 1/f noise power of the device, the change in maximum drain current after stressing for 20hr was only 1.5%. Gate (Vg) and drain (Vd) bias conditions are given in the figure legend. These parameters are set to operate the HFET at the maximum power output to feed the detector of our noise measurement setup.
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