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ABSTRACT

   To utilize the great potential of nitride compound semiconductors and improve their characteristics for a variety of high power applications, physical theories describing the device performance and reliability are needed. Introducing the quantum theory of 1/f noise as a way to understand device noise, we provide noise-based reliability indicators. We develop new physical theories of FET and HFET failure, based on the new concept of "heat instability."  This allows suggesting stability criteria and new ways to increase the reliability of HFETs, FETs, HEMTs and ModFETs. The quantum 1/f noise formulas have been recently refined for the case of AlGaN/GaN HFETs of other heterostructures and FETs through a better definition of the coherence parameter s, with much better agreement with the experiment.  This allows for the first time to verify the reliability of a device by comparing the measured 1/f noise with its calculated value.

   Quantum theory based studies of the noise behavior of FETs and HFETs under the influence of ionizing radiation induced damage, allow for radiation hardening.  They also clarify the failure mechanisms and suggest ways to reliability optimization.  Results obtained for the first time in this paper show that under certain conditions, limited doses of radiation may improve HFETs and reduce their channel 1/f noise.  At the same time, the noise of junction-based devices will always increase, according to the results obtained here.  Finally, the new quantum 1/f noise methods developed here are applied to compound semiconductor MQW infrared and THz photodetector heterostructures.

Keywords: Reliability testing by noise, Quantum 1/f noise, AlGaN/GaN HFETs, 1/f noise in Heterostructures, 1/f Noise and reliability of HFETs and FETs, Radiation hardening, QWIPs.

1. INTRODUCTION

The conventional quantum 1/f effect (Q1/fE) was introduced as a fundamental fluctuation dj of all currents of charged particles j, of all scattering cross sections s, recombination cross sections r, tunneling rates or transition rates  of any kind, in short of all physical cross sections  and process rates , given by the universal formula Sds/s(f) = Sd/(f) =2A/fN (conventional quantum 1/f equation1-6) for small devices (s<<1), and Sdj/j(f) = 2/fN (coherent quantum 1/f equation2-6) for large devices (s(1).  These two Q1/fE forms can be combined into a single general formula Sdj/j(f) =2eff/fN, where eff =(2/fN) [s+A]/(1+s).  Here S(f) is the spectral density of fractional fluctuations in current, j/j, in scattering or recombination cross section  or in any other process rate .  =e2/c EQ \O(h,´) =1/137 is Sommerfeld's fine structure constant, a magic number of our world depending only on the charge of the electron e, on Planck's constant  EQ \O(h,´) and the speed of light in vacuum c.  A=2(v/c)2/3 is essentially the square of the vector velocity change in units of c v/c of the scattered particles in the scattering process whose rate or cross section fluctuations we are considering.  The coherence parameter s is the ratio between the magnetic energy Lj2/2 and the kinetic energy mv2/2 in the hamiltonian. Here v is the drift velocity of the carriers and L the autoinductance.  Finally, N is the number of particles used to define the notion of "current j", of "cross section " or of "process rate ."  We are speaking about fluctuations in the "physical" cross sections, process rates, and currents here, because we introduced new notions, representing the expectation values with respect to anything but the soft photons and infraquanta in general and still displaying the macroscopic quantum fluctuations caused by the infrared quasi-divergence of 1/f1-aA.  The quantum expectation values of these directly observed "physical cross sections" are constant and include the well-known (constant) infrared radiative corrections of QED, dependent on the energy resolution (or on the very long measuring time in our case1).  These (constant) infrared radiative corrections are of magnitude similar to to the quantum 1/f fluctuations introduced here, which distinguish the "physical" cross sections from the conventional cross sections.


The extreme width of AlGaN/GaN HFETs and other modern heterostructures, up to 3 orders of magnitude larger than the length, has been introduced technologically in part by trial and error, based on experience, in order to minimize 1/f noise while increasing the transconductance gm=∂ID/∂VG, It was introduced in part and understood also on the basis of the quantum theory1-6 of 1/f noise, that allows more efficient analytical device optimization without the cumbersome repeated trial and error phase.  However, this extreme width also causes the device to be unstable with respect to filamentation instabilities, leading under certain conditions to device failure under stress.  After presenting the quantum 1/f noise theory of the stable uniform HFET/FET in Sec. 2, we introduce for the first time in Sec. 3 here the theory of this new "H-instability," present even in HFETs and FETs that are perfectly homogeneous in the large width dimension.  We also show how the device can be stabilized against this instability, and how the potential for failure can be recognized early on the basis of its noise signature.  The later is derived in Sec. 4 as a generalization of the basic 1/f noise theory derived in Sec. 2. 


Indeed, suppose that for some reason the current density j=dI/dx is slightly larger at some place along the width of the FET.  This implies an increased energy dissipation density rj2, where r is the channel resistivity in that place. This in turn may increase the number of carriers in that section of the FET or HFET and may cause again a temperature increase. This process can lead to current concentration in a filament, with a corresponding increase of 1/f noise, as predicted by the conventional and coherent quantum 1/f noise formulas.  When the FET is operated at saturation, the value of the point in the direction of the current along the channel at which the channel becomes sub-threshold will be displaced, due to the locally increased temperature. To examine this non-uniformity in the large width dimension of the FET, we first consider the 1/f noise in the uniform width case in Sec. 2 of this paper, and will focus on this instability in Sec. 3.  


The purpose of the present paper is to introduce the methods for first principles calculations of the 1/f noise as indicators of damage, or propensity for damage, present in nitride-based heterostructures.  Important information about the reliability of devices is provided by their behavior under the influence of ionizing radiation.  This is presented here in the Sec. 4 of the paper for the first time on the basis of the quantum 1/f formulas, both for FET-type and junction type devices.


In Sec. 5 of the paper, as an example of other heterostructures, we consider the 1/f noise in the dark current of multiple quantum well (MQW) photodetectors, which limits their noise equivalent power NEP and their detectivity D*.

2. THEORY OF QUANTUM 1/f NOISE IN ALGAN/GAN HFETS


Modern FETs and HFETs try to increase the denominator N in the quantum 1/f formulas without markedly increasing the coherence parameter s, by choosing an extreme case of a rectangular cross section for the portion between source and drain, and even more extreme for the channel, which is the region under the gate.  Indeed, the circular cross section expected for a wire is replaced by a rectangle with a very large width w of several hundreds of microns and less than a micron thick, the channel being even thinner.  The channel is reduced to a 2-dimensional quantum sheet, which is a quantum well of size (thickness) t in the 3rd dimension, towards the gate.  Most important, the “length” LDS of the source-to-drain distance is only of the order of 1micron, while the gate length is just about a quarter micron or less.  In this case the kinetic energy Ek per unit length in the direction of LDS is still given by mv2/2, where v is the drift velocity, but the magnetic energy Em per unit length in the direction of LDS is roughly proportional with the first power of w only, instead of w2, and can be approximated by


Em = [ln(w/2LDS)]LDS[nevS/c]2/w.







(2.1)

This indicates decoherence along the device width w. For w>>LDS>t, this yields a coherence ratio


s ( nrotLDSln(w/2LDS) 
for w>>LDS>t,






(2.2)

which shows that only an effective width w=weff about equal to LDS should be used in the calculation of the coherence parameter s and of the in this special case; larger widths are subject to de-coherence, i.e., their magnetic energy no longer increases proportional to w2, or N’2. This favors lower, mainly conventional, quantum 1/f noise in these devices, in spite of the large values of w, in agreement with the practical results, which anticipated the quantum 1/f result simply by trial and error, unaware of the subtleties of the transition from coherent to conventional Q1/f noise in this case, and in general.  It also shows that fragmentation of the extremely large widths w does not reduce 1/f noise in this special case.  To derive the rough approximation given in Eq. (2.2), one writes the expression of the coherent ((n2) contribution of the currents in the short, but very wide channel to the magnetic energy of the circuit in the form


Em=∫[j(x).j(x’)/2c2|x-x’|]d3xd3x’=e2vd2∫[n(x).n(x’)/2c2|x-x’|]d3xd3x’.



(2.3)

The integral coincides with the electrostatic energy of an equivalent constant charge density numerically equal to e/c2 in CGS, or eo/40 in SI, uniformly distributed over the volume wtLDS of the channel.  This energy, in turn, is calculated as the corresponding volume integral over the squared equivalent electric field, using LDS as a lower cut-off. The equivalent electric field is netw/cr(r2+w2/4)1/2 at a distance r in the median plane of a segment of length w oriented along the width w of the channel.  A more elaborate calculation does not simply approximate the field with its value in this median plane, but yields similar results in the end.

Let us calculate 1/f noise in the channel. The element of channel resistance dR along the current can be written7

dR = dy/(qnN’),









(2.4)

where n is the electron mobility and y is the coordinate running along the channel, along the direction of the current. The quantum 1/f noise in the element of resistance dR is given by the basic quantum 1/f formula for mobility fluctuations


 EQ \F(<(ddR)2>f,(dR)2)   = 
[image: image1.wmf],








(2.5)

where dN=N'dy is the number of carriers in the element of length dy along the channel and aH is the value of aeff defined at the start of Sec. 1 above, in terms of s, as a function of y along the channel.  Using Eq. (2.4) for dR, we obtain


f<(dR)2>f = [dRdy/qnN’]
[image: image2.wmf]







(2.6)

Multiplying on both sides with the channel current


Ich = -dV/dR









(2.7)

and integrating, yields


fIch<(R)2>f = -∫VsVd[dV/qnN’2] 







(2.8)

Introducing Fermi statistics, for a GaN/AlxGa1-xN doped n-channel HFET the number of carriers per unit length N’ of the 2-dimensional channel is written in the form

N’(y) = ZDeffVthlog{1 + exp[(VG*-V(y))/Vth]}.






(2.9)

Here Deff=qm/( is q times the effective density of states per unit area.  Multiplying Eq. (2.8) by I/f, this yields the spectral density of VDS fluctuations in terms of device width Z, channel current I, and thermal voltage VTh=kT/q
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(2.10)
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(2.11)

Here X0 and X1 are the values of X at the source (V=0) and at the drain (V=VDS), while H=H(y) is a y-dependent form of the quantum 1/f coefficient eff =(2/fN) [s+A]/(1+s) introduced above.  For (VG*-V)/Vth<<1, 

X-1=(VG*-V)/Vth, 








(2.12)

and a linear approximation of Eqs. (2.8) is obtained for a 2D quantized channel.

In general, part of the channel may be sub-threshold, starting at V(y) =Vsat=VG*. In that case, the use of Fermi statistics becomes unavoidable, as is shown in Eq. (2.10).  However, although Eq. (2.10) includes the field dependence of  and , it fails to reflect the physical situation correctly, because it neglects the impact ionization effect in the subthreshold section of the channel length.


Using the fact that the velocity of the carriers shows strong saturation in the subthreshold section, to include the impact ionization effect, we return to the variable V in Eq. (2.10), we split up the integral at V(y) = VG*-Vth, and write the second, sub-threshold, part of the integral separately, with the number of carriers per unit channel length defined as N’ = Ich/qvs, where vs is the saturation velocity, 



[image: image5.wmf] 
with  eff =(2/fN) [s+A]/(1+s).


(2.13)

Here  was expressed by its effective value, eff in the above-threshold term.  We also can approximate the ratio v(E)/E by 3.5 0, where o is the low-field mobility and E is the electric field strength.  The last form in Eq. (2.13) is an approximation in which the two denominators are added, allowing the larger one to prevail automatically, but keeping  in the general form given by Eq. (2.3).  By multiplying both terms of the middle form of Eq. (2.13) with Ich/(VDS)2, one obtains for the spectral density of fractional fluctuations in VDS 
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(2.14)

The second term in curly brackets must be omitted when negative.

3. OPTIMIZATION AGAINST A NEW TYPE OF INSTABILITY ALONG THE HFET'S LARGE WIDTH, LIMITING RELIABILITY


Consider a HFET that is uniform in the direction of the large width of the device (e. g., width Z=200mm, with a submicron length), with a uniform heat convection loss rate per unit width r(T-To), where r is the heat exchange coefficient with the surroundings that are at a temperature To.  The heat diffusion equation along the width coordinate z is


c∂T/∂t  -k(2T = -r(T-To) +sV2 +sGVG2,






(3.1)

where c is the heat capacity per unit width in the z direction, k the heat conduction coefficient in the z direction, s(T, VG) is the source to drain electrical conductance per unit width, V=VDS the applied source to drain voltage, sG(T) the conductance per unit width of the gate insulation, and VG =VGS the gate to source voltage.  The unperturbed stationary form of Eq. (3.1) is 


r(T-To) = s(T, VG)V2 +sG(T)VG2,







(3.2)


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


T' = Aexp[ikx-wt], 








(3.3)

with arbitrarily small Ak,w. Substituting the solution T+T' into Eq. (3.1) and subtracting Eq. (3.2) we obtain the linearized equation


(-iwc +kk2)T' = -rT' +(∂s/∂T)T'V2 + (∂sG/∂T)T'VG2,





(3.4)

This yields the heat stability criterion (H-criterion)


-iwc = -r -kp/L)2 +pV2 +qVG2 <0.







(3.5)

here we have set k=n p/L with n=1.  The modes with higher n will then also be stable, having a negative time-dependent exponent that exponentially attenuates the initial perturbation.  If the parameters r, k, p and q, averaged over the length from source to drain, satisfy this inequality (3.5), the HFET or FET is expected to be stable against temperature fluctuations leading to the filamentation instability, provided we neglect the self-constricting action8 of the own magnetic field of the temperature and current fluctuation.   This self-constriction is particularly large in the presence of a p-n junction or n-n+ junction with reverse bias, but less important in the FET and HFET case with low gate currents.  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,  


p1  = ∂s/∂Tth activ = Eas/T2 >0, 







(3.6)

where Ea is the relevant thermal activation energy for carriers in the (doped or unintentionally doped) channel, and the usually negative


p2 = ∂s/∂Tpolariz = (∂s/∂P) (∂P/∂T) <0.






(3.7)

Indeed, the spontaneous polarization of AlGaN/GaN HFET gate insulation layers decreases with temperature.  The polarization of high-e FET insulation layers also decreases with temperature.  For stability, the absolute magnitude of p2 should be chosen large enough to satisfy the inequality (3.5), which also implies p<0. 


In conclusion, to optimize a FET against the H-instability, we need to provide enough high-e gate dielectric with a sufficiently high negative temperature derivative of e, in order to satisfy the criteria (3.5) or 




p =p1+p2 <0







(3.8)

at the chosen operational value of the gate voltage VG. For a HFET with spontaneously polarized gate insulation generating the current carriers in the channel, a sufficiently large negative temperature derivative of the magnitude of the spontaneous polarization is needed in order to satisfy conditions (3.5) and (3.8).  


Experimentally, the high temperature operation of AlGaN/GaN HEMTs with normal electrical bias, leads to damage of the channel that is consistent with what could be initiated by the H-instability introduced here.  According to the studies of A. Sozza et al.9,10, the high temperature test (HTO), studying AlGaN/GaN HEMTs at high temperature under normal bias conditions, proved to be by far the most damaging, leading to the highest degradation of the electrical parameters of the transistors.  It also led to a more than 2 orders of magnitude increase of normalized (fractional) 1/f noise power spectral density, as shown in Fig. 5a, 5b, and 8 of Sozza9,10.  The HTO test involved a constant power dissipation of 6w/mm at VDS=25V and IDS=240 mA/mm. at various ambient temperatures of 100oC, 120oC and 140oC, leading to estimated channel temperatures of  204oC, 232oC and 260oC.  Before the HTO test, the noise spectra for the fractional fluctuations in channel resistance and current are 1/f spectra with remnants of some GR bumps from traps generating lorentzian spectral contributions.  After the HTO test, the samples just show a 3 orders of magnitude larger, perfect fundamental 1/f, noise spectrum.  The channel resistance increases about 5 times during the HTO test. The damage is likely to be concentrated on certain regions of the large device width of 200-400 mm.  In those regions the channel is likely to be damaged mainly in the region between gate and drain, that is sub-threshold, has the lowest conductance, the highest hot electrons thermal dissipation, and suffers the highest structural degradation.  As a result of this degradation a 2 orders of magnitude increase of the 1/f fractional channel resistance fluctuations noise power spectrum could be initiated by the H-instability and caused only in part by the reduction of the effective channel width due to non-uniformity.  It should induce bulk GaN current transport contribution (base leakage11) with a giant piezoelectric quantum 1/f coefficient apiezo of the order of unity12 that is applicable also to the gate leakage current, causing in larger part the huge 1/f noise increase found9,10 in the HTO test.  Note that other tests, such as the high temperature reverse bias (HTRB), and high forward gate current test (HFGC) tests, were only showing9,10 variations of the order of 10% in resistance and noise.  Nikonov11 has shown that electronic 1/f noise sets the limit of Moore's law.
4. QUANTUM THEORY OF 1/f NOISE IN IRRADIATED SEMICONDUCTOR SAMPLES AND DEVICES
4.1. Introduction

Noise in irradiated materials is of importance for military and civillian applications, also in space where natural high radiation levels are present and man-made irradiation is an additional concern.  The quantum 1/f noise theory allows the calculation of all forms of fundamental 1/f noise.  In MOSFET, this fundamental quantum 1/f noise is usually masked by a much larger non-fundamental 1/f-like noise caused by traps in the oxide. Therefore, until the oxide is replaced by a better material, MOSFETs will not reach their quantum limit, and are thus excluded from this study. We have performed an investigation of electronic 1/f noise in materials, devices and systems, excluding MOSFETs unless they have a substitute for the Si oxide in  the gate insulation, but focusing on the effects of irradiation with -rays, neutrons,  and  particles.  The investigation used the author’s quantum 1/f formulas1-6.  An increase of 1/f noise was obtained for junction-type devices.  Our calculations indicate that low dose levels can under certain conditions lower the quantum 1/f noise of FET-type devices in which the mobility of the carriers is large and limited by electron-phonon scattering.  Analytical expressions and graphical representation have been obtained, showing the dependence of 1/f noise on the absorbed radiation dose.
For the case of homogeneous compound semiconductor samples, or FETs and HFETs of high mobility, it is interesting to note that when the sample is allowed to reach equilibrium, a lowering of 1/f noise through irradiation is predicted by the quantum 1/f theory (Sec. 4.2).  This 1/f noise reduction is limited to very small samples, for which the conventional quantum effect is not masked by the coherent quantum 1/f noise.  It will be particularly noticeable in good samples and FET/HFET devices, that had a relatively high mobility, limited by lattice scattering, and become more defect-scattering-limited after the irradiation.  The effect is observed only in stable samples or devices, i.e., at sufficient time after the irradiation.  To verify the effect, the 1/f noise is measured at low temperature before irradiation.  The sample is brought to room temperature, is irradiated, and kept at room temperature for a week.  It is then returned to the same low temperature, and measured under the same conditions as before, to determine the 1/f noise in stable condition after the irradiation.

For junction devices, a linear increase of 1/f noise with the absorbed dose is obtained in Sec. 4.3. Junction-type devices contain p-n junctions perpendicular to the current density vector.  In this case, the current is determined either by diffusion, or, particularly at lower temperatures, by recombination in the space charge region of the junction (or by both, in the transition interval of temperatures).  Quantum 1/f fluctuations in the diffusion constant (related to mobility fluctuations through the Einstein relation) and in the recombination rates, both at the surface and in the bulk, are causing the 1/f noise in this case.  Not all carriers are involved, but only those emerging from the scattering or recombination process mentioned.  Their number is N=I/e, where  is the lifetime of the carriers, I the current through the junction, and e the elementary charge.  Since the number of carriers enters in the denominator, the noise power is proportional to the first power of the current I for forward bias larger than kT/e, whereas it goes like I2 in samples and FET/HFET devices. The main radiation effect comes now from the drastic reduction of the lifetime  in the denominator, causing an increase of 1/f noise with irradiation in junction devices.  For flash transients see Sec. 4.4.

4.2. Permanent Conventional Quantum 1/f Noise Reduction in Semiconductor 

Samples and FET/HFET-Type Devices Through Irradiation


This 1/f noise reduction is limited to very small samples, for which the conventional quantum effect is not masked by the coherent quantum 1/f noise.  It will be particularly noticeable in good samples and FET/HFET devices, that had a relatively high mobility before irradiation, limited by lattice scattering, and become more defect-scattering-limited after the irradiation.  The effect is observed only in stable samples or devices, i.e., at sufficient time after the irradiation.  To verify the effect, the 1/f noise is measured at low temperature before irradiation.  The sample is brought to room temperature, is irradiated, and kept at room temperature for a week.  It is then returned to the same low temperature, and measured under the same conditions as before, to determine the 1/f noise in stable condition after the irradiation.  The renewed cooling is necessary, because normally, even after a week the irradiated samples/devices are not stable enough to avoid the superposition of a dominant 1/f2 component caused by linear drift.


Derivation.  In general, Matthiessen’s rule allows us to write for the resulting carrier mobility 


1/i(1/i),









(4.1)

where i is the mobility that would be observed if only scattering process “i” would act.  The quantum fluctuations

/i(i /i2),








(4.2)

are multiplied by , squared, averaged (quantum expectation value) and referred to the unit frequency interval to obtain the spectral density of fractional fluctuations


S(f) = i(/i)2S(f).








(4.3)
This is based on the statistical independence of fluctuations in the cross section or rate of the scattering process i from all others.  All S decrease ~1/N, with N the total number of carriers.


In particular, let no be the total concentration of all types of impurity and defect scattering centers, and n’ the additional concentration of defect scattering centers introduced by the irradiation.  Then Eq. (4.1) yields


1/o = 1/od + 1/l








(4.4)

for the initial mobility, and 


1/ = 1/d + 1/l = (1+r)/od + 1/l,







(4.5)

where r=n’/nod is the ratio between the additional defect concentration n’ created by the irradiation and the pre-existing defect concentration nod.  We have assumed that if lattice scattering would be absent, the mobility d expected after the irradiation would be reduced by a factor 1+r when compared with its initial value od, present before irradiation.  This is to be expected, since the frequency of scattering is proportional to n’ and therefore with the absorbed dose of radiation J in Sv (sieverts)


n’=J;  
=d/E(tot-s), 








(4.6)

where  is a coefficient defined for the given semiconductor material of density  as the product of the atomic cross section for defect creation d in bn (barns) with  in Kg/m3, divided by the energy of the particles E in joules and by the total atomic effective absorption cross section tot -s.  Here s is the scattering cross section, while tot is the total attenuation cross section, both in bn. Note that 1Sv is 100 rad, and 1 rad =100 erg/g.  n’ is obtained in m-3.  Note that d is dependent on the temperature of the lattice through a Debye-Waller factor for the part involving displacement of lattice points with creation of interstitials.  For neutrons, d includes the nuclear capture cross section, etc. 

Initially, for the noise measurement before irradiation, we can thus write


S(f) = (/d)2Sd +(/l)2Sl = (1-/l)2Sd +(/l)2Sl




(4.7)
where Sd= Sdd(f) and Sl= Sll(f) are the quantum 1/f spectral densities of fractional mobility fluctuations calculated for the elementary act of defect scattering of a current carrier, and for the elementary act of lattice scattering, respectively.  On the other hand, after the irradiation, at the same temperature, in stable (in fact, metastable) conditions, we obtain


S’(f) = (1+r)2(/d)2Sd +(/l)2Sl = (1-/l)2Sd +(/l)2Sl.




(4.8)
We neglect now that both Sd and Sl decrease like 1/N.  From Eqs. (4.7) and (4.8) we derive the ratio

R = S’/S = [(l-)2Sd+2Sl]/ [(l-o)2Sd+o2Sl]





(4.9)
between the 1/f noise power after and before irradiation.  Since <o and Sd<<Sl, this ratio is less tan unity.  Neglecting Sd, (because conventional quantum 1/f effect is proportional to the square of the scattering angle, and defect scattering is mainly small angle scattering), we obtain

R≈2/o2;
R≈/[1+r(1+o/l)]2;
   R≈/[1+(J/no)(1-o/l)]2 =1/(1+AJ)2,  

(4.10)
where A=(/no)(1-o/l) is a constant (see Fig. 1).  Rms Q1/f noise is thus reduced like ..  On the other hand, if defect scattering was negligible before irradiation, nod=0 and o=l.  This yields, in good agreement with experiment13 


R= 2/o2 + (1-/o)2(Sd/Sl).







(4.11)

This prediction of the quantum 1/f theory is remarkable, because it is counterintuitive.  It is usually masked in the short run by the transient effects discussed in Sec. 4.4 below, and by relaxation of the defect concentration towards the equilibrium concentration.  This relaxation contributes a large temporary 1/f2 noise spectral component, as does any linear drift, present during the noise measurement. Note that the decrease can be stronger, since N is likely to go up. 
[image: image7.wmf]
     Fig. 1. Dependence of the Noise Modification Ratio R on the absorbed radiation dose J

4.3. Permanent Quantum 1/f Noise Increase in Junction-Type Devices


Junction-type devices contain pn junctions perpendicular to the current density vector.  In this case, the current is determined either by diffusion, or, particularly at lower temperatures, by recombination in the space charge region of the junction (or by both, in the transition interval of temperatures).  Quantum 1/f fluctuations in the diffusion constant (related to mobility fluctuations through the Einstein relation) and in the recombination rates, both at the surface and in the bulk, are causing the 1/f noise in this case.  Not all carriers are involved, but only those emerging from the scattering or recombination process mentioned.  Their number is N=I/e, where  is the lifetime of the carriers, I the current through the junction, and e the elementary charge.  Since the number of carriers enters in the denominator, the noise power is proportional to the first power of the current I for forward bias larger than kT/e, whereas it goes like I2 in samples and FET/HFET devices. The main radiation effect comes now from the drastic reduction of the lifetime  in the denominator, causing an increase of 1/f noise with irradiation in junction devices.  There is also a small shift in the current limiting mechanism (mainly in the transition region) and a change in the quantum 1/f coefficient for diffusion/mobility fluctuations as mentioned in the previous Sec. 1, but that is usually a much smaller effect here.  On top of everything are, of course, the large transient radiation effects to be discussed in Sec. 4.


Derivation.  The lifetime of the carriers decreases with the radiation dose J


1/= 1/ vn’= 1/ vJ, 







(4.1)

where  is the factor of proportionality introduced in Eq. (4.6) above, v is the rms speed of the electrons in the semiconductor, and  is the well-known Conwell-Weisskopf cross section if the defects are ionized.  The 1/f noise is calculated below first for a pn junction. 

For a diffusion limited n+-p junction the cur​rent is controlled by diffusion of electrons into the p - region over a distance of the order of the diffusion length L = (Dnn)1/2 which is shorter than the length wp of the p - region in the case of a long diode.  If N(x) is the number of electrons per unit length and Dn their diffusion constant, the electron current at x is


     Ind = - eDndN/dx,         
          







(4.2)

where we have assumed a planar junction and taken the origin x =0 in the junction plane.  Diffusion constant fluctuations, given by kT/e times the mobility fluctuations, will lead to local current fluctuations in the interval x


Ind(x,t) = IndxDn(x,t)/Dn.      







(4.3)

The normalized weight with which these local fluctuations representative of the interval x contribute to the total current Id through the diode at x = 0 is determined by the appropriate Green function and can be shown to be (1/L)exp(-x/L) for wp/L >> 1.  Therefore the contribution of the section x is
Id(x,t) =(x/L)exp(-x/L)IndDn(x,t)/Dn,   






(4.4)

with the spectral density

SId(x,f) = (x/L)2 exp(-2x/L) Ind2 SDn(x,f)/Dn2.  





(4.5)

For mobility and diffusion fluctuations the fractional spectral density is given by Hnd/fNx, where Hnd is determined from quantum 1/f theory.  With Eq. (8.1) below we obtain then

SId(x,f) = (x/L2)exp(-2x/L)(eDndN/dx)2Hnd/fN.





(4.6)

The electrons are distributed according to the solution of the diffusion equation, i.e.

 
  N(x) = [N(0) - Np] exp(-x/L);  
dN/dx = -{[N(0) - Np]/L} exp(-x/L).


(4.7)

Substituting into Eq. (4.6) and simply sum​ming over the uncorrelated contributions of all inter​vals x, we obtain

SId(f) = Hnd(eDn/L2)2 ∫[No-Np]2e-4x/Ldx/{[N(0) -Np] e-x/L + Np}. 



(4.8)

We note that eDn/L2 = e/n.  With the expres​sion of the saturation current Io = e(Dn/n)1/2Np and of the current I = Io[exp(eV/kT) - 1], we can carry out the integration

SId(f) = Hnd(eI/fn) ∫du/(au + 1) = Hnd(eI/fn) F(a).          




(4.9)

Here we have introduced the notations
u = exp(-x/L),    a = exp(eV/kT) - 1,
F(a) = 1/3 - 1/2a + 1/a2 - (1/a3)ln(1+a).     






(4.10)

Eq. (4.9) gives the diffusion noise as a function of the quantum 1/f noise parameter Hnd.  A similar result can be derived for the quantum 1/f fluctuations of the recombination rate r in the bulk of the p - region, the only difference being the presence of Hnr instead of Hnd in Eq. (4.9).  The total noise is the given by Eq. (4.9) with Hnd replaced by the sum Hnd + Hnr 

SId(f) = (Hnd + Hnr)(eI/f)F(a).        






(4.11)
From Eq. (4.1) we obtain and substitute 1/

SId(f) = (Hnd + Hnr)(eI/f)F(a)(1/ vJ).        R ≈ (1/ vJ).



(4.12)
This clearly displays a linear increase of 1/f noise with the applied dose (Fig. 1).


The radiation-induced increase in the 1/f noise power of the emitter junction is the most important, because it appears increased by the square of the amplification factor  in the collector circuit. However, the noise increase in the collector junction yields also a considerable contribution.  The overall increase will be given by a linear equation similar to what we have in Eq. (4.12) for a single junction.  We conclude that according to the Q1/f theory, the junction devices will show a much larger noise increase.  In the long run, as we noticed above, even a decrease of 1/f noise is likely in good FET/HFET devices.  In HFETs with spontaneous polarization of the gate insulation, limited radiation doses may even induce an increase of the number of carriers in the 2 Degrees of freedom carriers and thus in channel conductance, caused by stress relaxation that may bolster polarization in the wide band gap gate insulation.

4.4. Transient Radiation Effects in Semiconductor Devices


These effects are mainly caused by a large flood of current carriers produced by -rays through internal photoelectric effect (e.g., excitation of electrons from the conduction band and from localized energy levels), by Compton effect and, if they have more than 1 MeV, also by pair formation.  Just as we saw above for noise, this affects junction devices again more than FET/HFET devices.  

Measures suggested here by us to prevent large damaging transients from BJTs and HBTs, would consist of inclusion of a sufficiently large, normally reverse-biased, pn junctions both before the emitter connection, and after the collector connection of a bipolar transistor.  Both diodes are made particularly radiation sensitive, and have the other end grounded.  The same effect mentioned above will occur then also in the diodes, and will provide a temporary shunt, thereby exactly compensating the extra currents to be expected from the transistor.

5.  Quantum Well Intersubband Photodetectors
5.1 Introduction to QWIPs
The Quantum Well Intersubband Photodetector is a semiconductor photon detector that responds to absorption within its bandgaps. The structure is designed to allow an excited carrier within the well to escape, joining others to form what is called the dark current.   Because the dark current is a factor in optimizing device performance, we will investigate the noise associated with this current.  The noise is described by the conventional quantum 1/f effect which describes the fundamental fluctuations in the physical cross sections and process rates that generate the dark current.  The calculation of the 1/f noise is then compared to experimental data14 from Jutao Jiang (and Manijeh Razeghi).  A similar calculation was performed earlier for n+p junction infrared detectors and MIS infrared detectors15.

According to the quantum 1/f noise theory1-6,15, due to minute bremsstrahlung energy losses in scattering processes, the scattered current will exhibit fractional quantum fluctuations with the same (actually twice the ..) spectral density as the number of the emitted bremsstrahlung photons.  The later is known to be inversely proportional to the frequency. The physical scattering cross section  (and in general, the rate  of any other quantum process) is therefore observed to show fundamental quantum fluctuations with a 1/f spectral density of fractional fluctuations given by 


S(f) = S(f) = Sj/j(f) = (fN)(v/c)2,





(5.1)

where ( =(1/4o)e2/(c = 1/137 is the fine structure constant, v is the vector velocity change of the charged particles (here electrons) in the scattering process, and N is the number of particles that defines the scattered current j, i.e., the cross section  or process rate  in general.  Eq. (5.1) can be easily derived semiclassically by dividing the bremsstrahlung power given by the dipolar radiation formula by the energy hf of a single photon


f = (1/4o)(2e2af2/3c3)/hf.







(5.2)

The subscript f means that only the contribution af=v per unit frequency interval is included, at the frequency f.  It is independent of f at low frequencies.  The factor N in the denominator of (5.1) is due to the independent phase of the noise contributions from each electron.

5.2 Theory
Applying an electric field to the quantum well accelerates the electrons, and the resulting drift velocity gives rise to the dark current.  Conservation of energy gives an expression for this velocity
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(5.3)

where m is the electron mass, Lb is the barrier thickness, Lw is the width of the well, E is the magnitude of the applied field and W0 is the binding energy of the well.  Here we assume that the carriers move under uniform acceleration between the wells and that the effects of collisions between the carriers are small enough to be ignored. The conventional quantum 1/f effect that occurs in these devices is the result of fluctuations in the capture cross section that determines the mobility and the dark current.  According to (5.1), the spectral density of these current fluctuations is given by 
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(5.4)

where N is the number of carriers defining the current.  Substituting the velocity change from Eq. (5.3), we obtain



[image: image10.wmf].





(5.5)

Next, recalling the relation between the dark particle-current jdark and the number of carriers, 
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(5.6)

Classically, an electron accelerated between two points has a final velocity of
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(5.7)

and we write the average velocity of the carriers as
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(5.8)

To simplify, we let  L =  Lb + Lw  represent the lattice constant of the quantum well and use   a = eE/m   for the acceleration.  The dark current is then
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(5.9)

Finally, with this relation between the number of carriers and the dark current, the spectral density can be simplified
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(5.10)

To quantify the dark current fluctuations, we now apply the data and parameters of the GaInAs/InP QWIP fabricated and tested by Jutao Jiang14, using specific structure parameters  


Table 1. Values of the GaInAs/InP QWIP Parameters

	PARAMETER:
	Value used

	Dark Current jdark at 77K
	2
	A

	MQW lattice period L
	570 
	Å

	Total voltage applied 20EL
	2
	V

	Voltage applied on 1 well = EL
	0.1
	V

	Binding energy in the well Wo
	0.1
	eV


Next, we apply the specific parameters of the QWIP device to our derived spectral density equation (5.10).  The binding energy, W0, for the well is 0.251eV.  The combined length of the barrier and the well is 571 angstroms. At low temperatures (around 70K), the dark current is around 2(A.   Plugging these values shown in Table 1 into Eq. (5.10) and dividing (5.10) by the square of the current jdark, we obtain the spectral density of its fractional fluctuations in the form


Sj/j(f)=(jdark)-2Sj =(6.2.10-3.0.2eV/f.5.5.105eV)(0.1.1.6.10-19J/2.5.72.10-16m2.0.9.10-30kg)1/2(1.6.10-19C/2.10-6A).            (5.11)


Therefore, with the effective mass of the electrons in the InP barrier m=0.077mo, we get a 48 times larger result



Sj/j(f) =(2.25.10-9/f)(1.66.1012)(8.10-14)48 =1.44.10-8/f.





            (5.12)


Amplifying (5.12) with the square of jdark =1.25.1013/s we obtain the spectral density of dark current fluctuations



Sj(f) =(2.25.10-9/f)(1.66.1012)(1.25.1013/s2)=(2.26.1018/s2)/f.




            (5.13)


The corresponding power spectral density SI(f) of electrical current fluctuations I, and rms noise current In are


   
SI(f) =(1.6.10-19C)2(4.7.1016/s2)/f = 5.73.10-20A2/f 
and
I'n=2.4.10-10 A/f1/2.  

            (5.14)


and the rms noise current, In , present in a bandwidth Df for one well is obtained by taking the square root




       
   In = 2.4 x 10-10  A[∫df/ f] 1/2                                          


            (5.15)


Here the integral runs over the bandwidth Df.  Therefore the Quantum 1/f Detectivity D* in cm (Hz)1/2/W can be calculated from 



D*= (R/In)(ADf)1/2 = (ADf)1/2R/[2.4.10-10 A/f1/2],





            (5.16)


where R =(Iout)/(Power in) is the known responsivity of the QWIPs device, expressed, e.g. in A/W. Here R, Iout, Power in, and SdI(f) are defined for unit length, and would be all proportional to the QWIPs device area A if we would refer them to the actual device.  This explains the presence of the factor (ADf)1/2, needed in order to characterize the actual device in terms of quantities like R, Iout, Power in, and SdI(f) referred to the unit length and to a single well. Our results apply also to single wells16.
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