HFET Stability Criterion
Peter H. Handel*a, Taher Sherif a, Cemil Kayisb, Jacob Leachb, Congyong Zhub, and Hadis Morkoçb 
aPhysics & Astronomy Dept. and Center for Nanoscience, Univ. of Missouri, St. Louis, MO 63121

bVirginia Commonwealth University, ECE Department, Richmond, VA 23284



A new stability criterion for heterojunction field effect transistors (HFETs) is introduced and dis​cussed 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 tempera​ture dependence of the spontaneous polarization in the gate insulation for maximal stability against stress-in​duced 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 ex​ponential 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’.

1. 


In our previous paper we investigated how this instability can be reduced by balancing the local conductance increase caused by a random fluctuation that raises the local temperature with an opposing effect.
 Such an opposing effect is the reduction in spontaneous polarization of the specially designed AlGaN gate insulation layer, a reduction that would be triggered by the same random temperature increase.  Indeed, if the polarization decreases, then the carrier density would decrease as well, and that would keep the random temperature fluctuation from generating a local hot spot that could initiate breakdown in a snowballing process. The present paper includes experimental evidence of 1/f noise increase in damaged devices, and adds another opposing effect that can be used to stabilize the GaN HFET even better against the thermal runaway that is likely to occur under increased stress from large source to drain bias.  This second opposing effect is connected to the recently discovered resonance between the optical phonon frequency and the plasma resonance mode of the 2D channel.  The resonance, if present, provides an up to 30 times faster decay of longitudinal optical phonons through interaction with plasmons, i.e., quanta of electrostatic waves in the plasma of current carriers, usually electrons.  Since electrons strongly interact in GaN with longitudinal optical phonons, they are usually in thermal equilibrium with each other, perhaps at 600 K, when a strong drain bias is applied under stationary conditions close to breakdown.  We will consider this homogeneous, uniform, stationary pre-breakdown condition as the unperturbed initial state to which our stability investigation is applied. Consider an HFET that is uniform in the direction of the large width of the device (e. g., width W=200 m, with a submicron length L), with a uniform heat convection loss rate per unit width r(T-To), where r is the heat exchange coefficient of the electrons and optical phonons with the rest of the lattice and the surroundings that are at a temperature To. The heat diffusion equation along the width coordinate z is
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(1.1)

where C is an effective heat capacity per unit width in the z direction, 
[image: image2.wmf] the heat conduction coefficient in the z direction, 
[image: image3.wmf]is the source to drain electrical conductance per unit width, V=VDS the applied source to drain voltage, 
[image: image4.wmf]the conductance per unit width of the gate insulation, and VG =VGS the gate to source voltage. The unperturbed stationary form of Eq. (1.1) is 
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(1.2)

Consider now an arbitrarily small temperature perturbation. Without loss of generality, it can be considered as a superposition of Fourier components 
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(1.3)

with arbitrarily small 
[image: image8.wmf]. Substituting the solution T+T' into Eq. (1.1) and subtracting Eq. (1.2) we obtain the linearized equation
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(1.4)

This yields the heat stability criterion (H-criterion)
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(1.5)

Here we have set 
[image: image11.wmf] with l=1. The modes with higher n will then also be stable, having a negative time-dependent exponent, 
[image: image12.wmf], which exponentially attenuates the initial perturbation. If the parameters r, 
[image: image13.wmf], p and q, averaged over the length from source to drain, satisfy this inequality (1.5), the HFET or FET is expected to be stable against temperature fluctuations, which would otherwise lead to the filamentation instability, provided we neglect the self-constricting action [
] of the own magnetic field of the temperature and current fluctuation.  
Since q>0, this limits the applied gate voltage in general, for which stability can be achieved. It depends very much on p=p1+p2, which has two components of opposite signs. Indeed, since 
[image: image14.wmf] we write 


p=p1+p2, with  
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(1.6)

where 
[image: image16.wmf] is the relevant thermal activation energy for carriers in the (doped or unintentionally doped) channel.  Here 
[image: image17.wmf] is the derivative of the effective conductivity in the given high-bias stationary regime w.r.t. the temperature, modified by the plasmon resonance
 with the longitudinal optical phonon frequency.  We also introduced the usually negative




[image: image18.wmf]






(1.7)

Indeed, the spontaneous polarization of AlGaN/GaN HFET gate insulation layers decreases with temperature, although to a lesser extent in this displacive type ferroelectric than in order-disorder types. The polarization of high-
[image: image19.wmf]FET insulation layers also tends to decrease with temperature, in general. The carrier concentration in the channel is proportional to the spontaneous polarization of the AlGaN gate insulation in GaN HFETs, and therefore p2<0.  For stability, the absolute magnitude of p2 should be chosen large enough to satisfy the inequality (1.5), which also implies p<0. 
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