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ABSTRACT

GaN-based FETs, HFETs and MODFETs are ideally suited for use in high-power amplifiers and oscillators, due to their large band gap and high operating voltages.  According to the quantum 1/f theory, the larger effective mass implied for the carriers also leads to lower fundamental 1/f noise and to lower resulting phase noise close to the carrier frequency.  We have therefore studied the quantum 1/f noise sources in the channel and in the gate insulation.  For the channel, a combination of conventional and coherent Quantum 1/f Effect (Q1/fE) is present, with the conventional Q1/fE dominant in the sub-threshold part of the channel toward the drain.  It turns out that the quantum 1/f parameter "s" that determines the fraction of the two forms of Q1/fE, is no longer increasing proportionally to the width of the device w, when the latter exceeds the length of the channel.  A logarithmic dependence on w is obtained for s instead.  This is why an extremely large width w does not automatically lead to coherent Q1/fE in HFETs.  Conventional Q1/fE applies for the gate insulation, with contributions of the much larger piezoelectric Q1/fE in spontaneously polarized AlGaN, if gate leakage is present.  The noise figure is calculated, including all contributions.  Finally, the minimal expected oscillator phase noise is calculated from the Q1/fE in the dissipative elements, even for perfectly linear amplifiers, by multiplication with the inverse fourth power of the quality factor, as was first done by us for quartz in 1979.
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1. INTRODUCTION

The Quantum 1/f Effect (Q1/fE1-23) is a fundamental fluctuation 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


 S(f) = 2A/fN 









 (1.1)

(conventional quantum 1/f equation2-20) for small devices, and 


S(f) = 2/fN 









 (1.2)

(coherent quantum 1/f equation20, 9-12,14-16, 18, 20) for large devices.  These two Q1/fE forms can be combined into a single general formula28, 12, 14-15, as indicated below in Eq. (1.3).  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/ EQ \O(h,´) c=1/137 is Sommerfeld's fine structure constant, a magic number of our world depending only on Planck's constant  EQ \O(h,´) , the charge of the electron e and the speed of light in vacuum c.  A=2(v/c)2/3 is essentially the square of the vector velocity change v of the scattered particles in the scattering process whose fluctuations we are considering, in units of c.  Finally, N is the number of particles used to define the notion of current j, of cross section  or of process rate .

Due to the presence of a bremsstrahlung emission amplitude in scattering, the scattered current per unit incoming flux, also called by us "the physical scattering cross section " will contain several energy and momentum components.  These interfere with each other, causing conventional quantum 1/f noise, i.e., quantum fluctuations of  with a 1/f spectral density.  The quantum expectation <> of  gives the usual definition of the cross section.  The quantum 1/f fluctuations are macroscopic at low frequencies because of the 1/f dependence, and because they are slow, thus quite different from other quantum fluctuations.  As seen from Eqs. (1.1) and (1.2) they contain Planck's constant in the denominator.  Therefore, they will be important at low frequencies, as opposed to other quantum fluctuations. 


Another manifestation, or aspect, of the same Q1/fE phenomenon is the uncertainty of the mass shell of a charged particle due to the infinite range of the Coulomb interaction12, 14, 15.  This requires a new picture12, 14, 15 in which the long range part of the interaction is included in the unperturbed hamiltonian.  This, in turn, leads for the first time to the existence of the interaction representation, and to finite matrix elements.  It also leads to a branch-point singularity in the propagator12, 14, 15, to a more complex free particle notion, to a coherent state of the field associated with the free particle.  As has been shown, however, it also leads to the presence of the macroscopic coherent quantum 1/f fluctuations of all charged currents, expressed by Eq. (1.2), i.e., the coherent quantum 1/f effect. 

We expect the total observed spectral density of the mobility fluctuations to be approximated by a relation of the form


(1/2)S(f) = [1/(1+s)][2A/fN] + [s/(1+s)][2/fN]





(1.3)

which can be interpreted as an expression of the effective Hooge constant if the number N of carriers in the (homogeneous) sample is brought to the numerator of the left hand side.  In this equation A=2(v/c)2/3 is the usual nonrelativistic expression of the infrared exponent, present in the familiar form of the conventional quantum 1/f effect1-20. The coherence parameter s is given by the "coherence ratio"


s = Em/Ek = 2ne2S/mc2[1/4 + ln(R/r)] 2e2N'/mc2 = 2N’ro = 5.68.10-13cm.N’,


(1.4)

where N' = nS is the number of carriers per unit length of the sample, ro= e2/mc2 = 2.84.10-13 cm is the classical radius of the electron, and the expression in rectangular brackets has been approximated by unity in the last form.  Note that the coherence ratio s introduced here equals the unity for the critical value N' =N" = 2•1012/cm., e.g. for a cross section S = 2•10-4 cm2 of the sample when n = 1016.  For small samples with N'<<N" only the first term survives, while for N'>N" the second term in Eq. (1.3) is dominant.

2. CALCULATION OF THE s-PARAMETER FOR THE CASE OF HFETs AND FETs OF LARGE WIDTH.

Finally, an important special case should be mentioned.  Eq. (1.4) was derived for the case of a cylindrical sample with circular cross section of radius r, shaped like a straight wire.  Modern FETs and HFETs try to increase the denominator N in Eqs. (1.1)-(1.3) 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 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 not affected in Eq. (1.4), but the magnetic energy Em per unit length in the direction of LDS is roughly proportional with the first power of the width 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 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. 


Note: To derive the rough approximation given in Eq. (2.1), 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.

3. Quantum 1/f Noise in GaN/AlGaN HFETs

3.1 Introduction to HFETs


AlGaN/GaN HFETs have remarkable initial performance, but degrade appreciably over time, mainly due to a drop in 2-D electron gas mobility.  Moreover, the output characteristic compression at high frequencies hinders power and power-added efficiencies. This is a case in point demonstrating the pitfalls of neglecting materials defects on the way to production of devices. Another related observation is that the Hall mobility in the best bulk GaN is well below 1,000 cm2/Vs whereas in modulation doped structures it approaches 2,000 cm2/Vs at room temperature.  What is also vitally important is the high resistivity or semi-insulating material, which is used for buffer layers where the 2DEG layer is actually formed. The quality of this layer along with the AlGaN layer determines the performance, stability and reliability of a modulation doped HFET. A question is what is the best route towards semi-insulating materials?

At this stage of development, the major device problems are truly materials and design problems, and these are precisely the issues that we are studying with the quantum 1/f approach.


The present paper applies the quantum theory of 1/f noise to predict the 1/f amplitude and phase fluctuations measured on GaN doped channel HFETs, to compare the measured values of the effective Hooge parameter with the theoretical value, and to do the device optimization. 


To apply the theory, the HFET channel is first considered here to be similar to a parallelepipedic sample of typical dimensions of 50m gate width, 500Å channel depth and 1 m gate length.  In second approximation, the reduction in channel conductivity from source to drain is also taken into account, in order to find the effective quantum 1/f parameter that is to be compared with the measured Hooge parameter.  In the uniform channel approximation, assuming a  2 1017 cm-3 doping level we expect a number of electrons per unit channel length of 

     
N’=50m  0.05m  2 1017cm-3 = 5 109cm-1





(3.1)

at flatband.  If no doping is present, N' is determined by the poarization in the AlGaN gate insulation, mainly of spontaneous ferroelectric nature, but with an induced component also present in general.  This value of N' allows us to find the “s”-parameter present in the general quantum 1/f formula.  This “coherence parameter” is the number of charge carriers in a thin salami-slice-like section of the sample.  “Thin” means twice the classical radius ro=e2/mc2 = 2.84 10-13 cm of the electron.  In our case, the parameter is 

     
s = 2  5 109 cm-1  2.84 10-13 cm = 2.84 10-3; 
seff ≈1.




(3.2)

However, since the width of a modern FET or HFET exceeds the length by 2-3 orders of magnitude, according to Eq. (2.2) the effective  s parameter may be 2-3 orders of magnitude lower, i.e., of the order of unity, as indicated in Eq. (3.2).  Thus we expect a transition from coherent quantum 1/f effect close to the source to conventional Q1/fE towards the drain.  Knowledge of the coherence parameter s =N'ro also allows for the calculation of the quantum 1/f noise parameter in the general nonuniform channel case, with N’=N'(y) and s=s(y):


H=[scoh+conv]/(1+s)=[2/137(1+s)]{s+(2/3)(v/c)2}.




(3.3)

The terms in curly brackets correspond to the coherent and conventional quantum 1/f effect contributions respectively.  The effective velocity change v of the current carriers is present in the conventional term, and the fine structure constant =e2/ EQ \O(h,´) c=1/137 appears in both terms.

3.2. Theory of quantum 1/f noise in AlGaN/GaN HFETs


The element of resistance dR along the current can be written,


dR = dy/(qnN’),









(3.4)

where n is the electron mobility. The quantum 1/f noise in the element of resistance dR is given by the basic quantum 1/f formula for mobility fluctuations, Eq. (1.3)


 EQ \F(<(ddR)2>f,(dR)2)   = 
[image: image13..pict],








(3.5)
where dN=N'dy is the number of carriers in the element of length dy along the channel.  Using Eq. (3.4) for dR, we obtain


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







(3.6)

Multiplying on both sides with the channel current


Ich = -dV/dR









(3.7)

and integrating, yields


fIch<(R)2>f = -∫VsVd[dV/qnN’2] 







(3.8)

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]}.





(3.9)

Here Deff=qm/
 is q times the effective density of states per unit area.  Multiplying Eq. (3.8) 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



[image: image3.wmf]




(3.10)


[image: image4.wmf].   








(3.11)

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 the y-dependent form of the quantum 1/f coefficient introduced in Eq. (3.3) above.  For (VG*-V)/Vth<<1, 

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








(3.12)

and the linear approximation of Eqs. (3.11)-(3.13) is regained for a 2D quantized channel.
[image: image1.wmf][image: image10.wmf][image: image11.wmf][image: image12.wmf]
In general, part of the channel may be sub-threshold (the part closer to the drain), starting at V(y) =Vsat=VG*.  The use of Fermi statistics becomes unavoidable, as is shown in Eq. (3.10).  However, although Eq. (3.10) 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.  This effect is roughly  included below in a first approximation, along with the variation of AlGaN polarization with y, by dividing the channel along its lenth into a coherent and conventional parts.

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. (3.10), 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] 
(3.13)

Here  was approximated by its coherent value, coh 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. (3.13) 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. (3.3).  By multiplying both terms of the middle form of Eq. (3.13) with Ich/(VDS)2, one obtains for the spectral density of fractional fluctuations in VDS 

       
[image: image6.wmf]    (3.14)

The second term in curly brackets must be omitted when negative.  Multiplying this expression with L2/Rq, one finds a theoretical expression 


theor = 

   




(3.15)
for the experimental Hooge constant defined in the usual way by the simple uniform-channel expression exp  [fSV/V2] L2/Re R is here the channel resistance and VG* =VGS-VT.  Here () represents the step function of the quantity in the preceding brackets, defined to be zero for negative argument, and 1 for positive values.

3.3 Comparison with measurements on AlGaN/GaN HFETs
The experimental values exp measured at VDS =5V by Balandin et al. [31], are 4.9, 4.2, 11, 16 and 17, in units of 10-5 corresponding to VG* values of 2, 3, 3.45, 4.25 and 5 volts respectively.  Eq. (3.15) yields in the same conditions the values theor shown in Table I and Fig. 1 below.  The agreement is good, with no fudge factors or adjustable parameters.
We briefly present here the investigation of low frequency noise through measurement of heterostructure field effect transistors (HFETs) in St. Louis.  These devices were grown by U. Mishra et. al. at UCSB on various substrates, SiC, Sapphire, and HVPE.  The experimental results are discussed and are compared with the quantum theory of 1/f noise.


Low frequency noise can be described in terms of resistance fluctuations, R/R.  If the current in a circuit is held constant, R/R equals the fractional voltage fluctuations V/V at the end of samples or device under study.  We denoted the spectral density of fractional resistance fluctuations with SR/R(f)  = R-2<(R)2>f. The main experimental results are:


(1). At Vg = 0, the lowest SR/R(f)  was measured for a HFET on the SiC substrate with SR/R(f)  = 3.9.10-13, followed by with SR/R(f)  = 2.0.10-11 on Sapphire, and the noisiest, with SR/R(f)  = 7.8.10-11 on HVPE.


(2). When Vg changes from 0 volt to –3.0 volts for HEFT on SiC, the SR/R(f) increases from 1.24.10-12 to 1.64.10-10, about two orders of magnitude.

Agreement between the experimental values and the theory values is remarkable, as shown in Table II below. This research also indirectly proves that increasing the device channel width is very effective for decreasing the low frequency noise. This is very important for high power density microwave generation.

The apparatus is shown in Fig. 2 below.



4. QUANTUM 1/F PHASE NOISE IN OSCILLATORS

4.1 Calculation of the FET and HFET - based amplifier noise figure F when the 1/f noise power spectra SR/R for the channel and SRG/RG for the gate are known

4.1.1 Summary

The connection between HFET channel resistance fluctuation noise and the noise figure F of the corresponding amplifier is derived here, in order to show how the various noise sources present in the channel and in the gate can be integrated.  


The Noise Figure F of an amplifier stage is defined as

  F = [Output noise power <V2>f]/[Output noise power of the noiseless amplifier or device].

If, for instance, the amplifier stage (e.g., an FET or HFET), amplifies the thermal noise of a conductance gs connected between the input ports, with a current ICh present in the chan​nel, the noise figure is 

F = {4kTogs + (4kTogi + IG2SRG/RG) + (gs+gi)2[(4kTo/RCh + ICh2SR/R)/|Ytr|2]}/4kTogs= 1 + [gi + IG2SRG/RG/4kTo]/gs

 

+ (gs+gi)2{[4kTo/RCh + ICh2SR/R]/|Ytr|2}/4kTogs 




(4.1)
Here SR/R and SRG/RG are the (quantum 1/f and GR -type) spectral densities of fractional resistance fluctuations in the channel resistance RCh and gate insulation conductance gi respectively, while |Ytr| is the transadmittance, also known as transconductance (gm) at lower frequencies.  This result derived below for F assumes that the noise source SRG/RG in the gate insulation conductance gi and the noise source SR/R in the channel resistance RCh are uncorrelated.  This is not always rigorously true, particularly at high frequencies, at which, however, the base-band 1/f noise is negligible; while phase noise matters.  The phase noise is the one that persists with importance at high frequencies, more than amplitude noise, in most applications.

The minimal noise figure Fmin is a good measure of the noise of the amplifier stage at intermediate values of gs, Rno is a good noise measure for large values of gs, and gno= gn+ Rngi2 is a good noise measure for small values of gs.  From Eqs. (1) and (5), Rno= Rn/(1-2Rngi ) ≈ Rn is the source resistance necessary to double the output power of the (short-circuited-input) amplifier stage.  Also, gno/(1-2Rngi) ≈ gno is the source conductance needed in order to double the output of an amplifier, starting from gs=0.  Note that Rn and gn are defined by Eqs. (8) and (9) below.  Finally, F turns out to be practically the same for common source, common gate and common drain circuits.  The ≈ sign assumes gi <<1/2Rn, i.e., that there is good gate insulation.  The minimal noise figure 

Fmin  = 1 + 2Rn{gi + (gn/Rn+gi2)1/2}
= 1 + 2{[4kTo/RCh + ICh2SR/R]/4kTo|Ytr|2}{gi + [|Ytr|2(4kTogi + IG2SRG/RG)/




(4kTo/RCh + ICh2SR/R) +gi2]1/2}




(4.2)

is obtained for 


gs = gsOPT = (gi2+gn/Rn)1/2 = {gi2+ |Ytr|2(4kTogi +IG2SRG/RG)/(4kTo/RCh + ICh2SR/R)}1/2. 

(4.3)
Note that the present results assume a negligible direct input-output coupling (and therefore uncorrelated fluctuations in the gate and channel resistances), as can be obtained at low frequencies, and for low-frequency noise processes leading to generation of phase noise close to the carrier at high and ultra-high frequencies.  It is easy to relax this neglect of correlation.

4.1.2 Derivation

In general, to calculate the noise figure of an amplifier stage, one: 

(1) draws the equivalent circuit, 

[image: image7.png]@Tgan'" w






Fig 3: Equivalent circuit of a HFET amplifier with noise sources referred to the input.
(2) includes all noise sources, 


---  ii = (4kTognf)1/2, representing 1/f, GR and thermal rms noise current of the gate in terms of the equivalent noise conductance gn of the gate insulation conductance gi.


--- en = (4kToRnf)1/2, representing 1/f, GR and thermal rms input-referred voltage noise of the channel in terms of the equivalent input-referred noise resistance Rn of the channel,

(3) calculates the mean square value <iout2> = <vg2>|Ytr|2 of the output noise, and 

<iout2> = [4kTo(gs+gn)f/(gs+gi)2 + 4kToRnf] |Ytr|2






(4.4)

(4) defines 


F = [<io2>/(contribution of the noise source to <io2>)] = <io2>/[4kTogsf|Ytr|2/(gs+gi)2]:


F-1 = gn/gs +(gs+gi)2Rn/gs = 2Rngi +Rngs +(gn+gi2Rn)/gs




(4.5)


This function of gs has a minimal value 


Fmin -1 = 2Rngi + 2(Rngn+gi2Rn2)1/2







(4.6)

at


gs = gsOPT = (gi2+gn/Rn)1/2








(4.7)


For FETs and HFETs we write


4kTogn(f) = 4kTogi + IG2SRG/RG
   






(4.8)

and


4kToRn = [4kTo/RCh + ICh2SR/R]/|Ytr|2






(4.9)

Therefore,


F-1 = [gi + IG2SRG/RG/4kTo]/gs+ (gs+gi)2[4kTo/RCh + ICh2SR/R]/4kTogs|Ytr|2 


(4.10)

and 

Fmin -1 = 2Rn{gi + (gn/Rn+gi2)1/2} =2{[4kTo/RCh +ICh2SR/R]/4kTo|Ytr|2}{gi + [|Ytr|2(4kTogi + IG2SRG/RG)/





/(4kTo/RCh + ICh2SR/R) +gi2]1/2}



(4.11)

for 


gs = gsOPT = (gi2+gn/Rn)1/2 = {gi2+ |Ytr|2(4kTogi +IG2SRG/RG)/(4kTo/RCh + ICh2SR/R)}1/2.

(4.12)

Here SR/R and SRG/RG are the quantum 1/f and GR -type spectral densities of fractional resistance fluctuations in the channel and gate insulation respectively, while |Ytr| is the transadmittance, also known as transconductance at lower frequencies.


Considering the input conductance gi to be negligible, and neglecting also the gate noise SRG/RG, as was reasonable to do for our FETs at the low gate voltages measured, we obtain


F-1 ( [4kTo/RCh + ICh2SR/R]/4kToRs|Ytr|2 






(4.13)


If, on the other hand, we neglect only the current noise of the gate current, we get


F-1 = gi/gs + (gs+gi)2[4kTo/RCh + ICh2SR/R]/4kTogs|Ytr|2




(4.14)

and 

Fmin -1 = 2Rn{gi + (gi/Rn+gi2)1/2} = 2{[4kTo/RCh+ ICh2SR/R]/4kTo|Ytr|2}{gi+ [|Ytr|24kTogi/(4kTo/RCh
 

+ ICh2SR/R) +gi2]1/2}







(4.15)

for 


gs = gsOPT = (gi2+gi/Rn)1/2= {gi2+ |Ytr|24kTogi/(4kTo/RCh + ICh2SR/R)}1/2. 



(4.16)
Our measurements performed in St. Louis on the UCSB HFETs of Mishra, Likun Shen et. al. on 3 substrates (Table II) give both RCh and SR/R as a function of ICh and VG, while the transconductance gm ( |Ytr| is known from the I-V characteristics.  Therefore, we can easily determine a noise figure from each of our measurements with this simple last formula for each VG, drain bias VDS or channel current ICh, and for any given source resistance Rs and |Ytr|    While the noise figure depends on the source resistance, and on the bias ICh, our results are of intrinsic nature, independent of these circumstances, allow the determination of the effective Hooge constant, allow easy comparisons with the quantum 1/f theory, and also allow us to find the noise figure (and, knowing the gate conductance gi, also Fmin) easily for any application involving the given HFET. 

4.2 Quantum 1/f noise sources in GaN HFETs

4.2.1 Gate Noise

The gate leakage current results in relatively large noise, and can contribute considerably to phase noise.  This large contribution is caused by the piezoelectric quantum 1/f effect affecting currents present in sufficiently large samples of spontaneously polarized ferroelectric material, with a 106 times larger quantum 1/f noise coefficient introduced by the speed of sound replacing the speed of light in Sommerfeld’s fine structure constant.  It is enhanced also because gate potential fluctuations appear amplified in the channel current.  Our theory yields a power spectrum of gate resistance fluctuations


 SRG/RG= G/NGf; G ≈0.2= piezo Q1/f coefficient.





(4.17)
Here NG= IGwhere IG is the gate current and  is the life time of the carriers in the AlGaN gate insulation. 


To understand the large value of a, we mention that the piezoelectric Q1/f coefficient, like the electrodynamic one in Eq. (1.3), is also found by combining the conventional and coherent parts in a weighted sum:



H = fNSj/j(f) = [1/(1+s’)](4g/3)(k/ks)2 + [s’/(1+s’)]{2g/[1-(<k>/ks)2]}


(4.18)

where vs is the speed of sound, <k>=m*<v>/(,  |<v>| = u  is the drift velocity of the carriers, k/ks=v/vs, and [75], [76]



ks = m*vs/(;   s’ = (gN’(/m*vs)(vs/u)3F(u/vs). 





(4.19)
Here N’ is the number of carriers per unit length of the sample in the direction of current flow, and


F(u/ vs) = 2(u/vs){1 + 1/[1 - (u/vs)2]} + ln[1-(u/vs)]2 – ln[1+(u/vs)]2. 
  


(4.20)

For u/vs <<1,


F(u/vs) = (2/3)(u/vs)3.    Then s’ = (2gN’(/3m*vs)( N’.10-7 cm. 
 


(4.21)

For 1-(u/vs) <<1, 


F(u/vs) = 1/[1-(u/vs)].  








(4.22)

Due to the small number of carriers, their drift velocity is close to the sound velocity in the AlGaN gate, and the condition 1-(u/ vs) <<1 is satisfied.  Then we obtain 


s’ = (gN’(/m*vs)(vs/u)2{1/[1-(u/vs)]},  






(4.23)

which can be larger than 1. In conclusion, due to the large value of s’, the first term in Eq. (V.18) is negligible, and the coefficient s’/(1+s’) of the second term is 1.  From the graph in Fig. 4.1 on p. 48 of the Thesis of Sia Eng Kee29, we find that g is about 3 and therefore a(0.2, as mentioned above, for AlGaN which is stiffer.

4.2.2 Channel Noise

The noise present in the GaN/AlGaN HFET’s channel was derived and discussed in Sec. III above.  Including also the source and drain resistances, in terms of the HFETs channel resistance RCh and of the current ICh through it, we obtain 


SR = SRS+SRD+SRch +4kTRch/Ich2 = 4kTRch/Ich2 +RS3eSS/fLS2+RD3eDD/fLD2  


(4.24)

Here the source, channel and drain resistances form the total resistance: RS+RCh+RD=1/Gm; where Gm is the total HFET conductance. 

4.3 Oscillator Phase Noise

The oscillator can be modeled in a first approximation as an oscillant circuit (Fig. 7) described by a harmonic oscillator equation


d2x/dt2+2dx/dt+02x =F0exp(it)







(4.25)

In Fig. (4) –Gm(Vo) is a negative conductance that represents the active element, the force F0exp(it), causing the oscillations.  This force, or emf is assumed to be free of fluctuations.  The fluctuations are present in the dissipative element that may be present in the active device and in the resonator.  The solution for x, which can be the current or the voltage in the oscillant circuit, is 


(x,I,V) =(x0,I0,V0)exp(it);|x0|2=|F0|2/[(02-2)2+422]  




(4.26)

The resonance condition d|x0|2/d=0  yields

r2=o2 -22.









(4.27)

Conventional quantum 1/f noise is a fundamental quantum fluctuation present in quantum mechanical cross sections and process rates.  The latter determine the dissipation in quartz crystals and in general in resonant systems of any kind.  Considering therefore fluctuations of the dissipative constant , we obtain for the resulting frequency fluctuations of the arbitrary resonant system


rr=2rr=r)2.






(4.28)

With y(rr and with  being the quality factor Q, we obtain the frequency fluctuations power spectrum


Sy(f) =4(r)4S =(1/4Q4)S. 







(4.29)
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Fig. 4: Equivalent circuit of an oscillator, with active element shown as a negative conductance.
This defines the phase noise that is to be expected in first approximation.  However, there are also contributions from the source and drain series resistances, and from the gate leakage current.  Together with the channel noise shown in Eq. (4.24), they define the total quantum 1/f frequency fluctuation noise SyQ1/f and the corresponding phase noise L(f).

4.4 Total 1/f-type Phase Noise SyH 

In terms of R, RG, ICh, and IG, with RS+RCh+RD=R, our goal is to find the total quantum 1/f frequency fluctuation noise SyH=Const/f =S, including also all thermal noise sources at the end.  The quantum 1/f resistance fluctuations in the channel, source, drain and gate are independent, because they are fluctuations of different scattering cross sections and process rates.  According to Eq. (4.11), (3.13) and (3.14), we obtain, by including the fluctuations of the channel resistance induced by the gate resistance fluctuations,


SR=SRS+SRD+SRch+4kT(gn+gs)/(gi+gs)2ICh2)|RChYtr|2




(4.30)



=RS3eSS/fLS +RD3eDD/fLD +4kTRch/Ich2 





+4kT(gn+gs)/(gi+gs)2ICh2)|RChYtr|2




(4.31)

Here we included the noise conductance of the gate gn= gi+IG2SRG/RG/4kT, according to Eqs. (4.8-4.11), with y(.  We are now writing the corresponding phase noise. The Following equations provide the quantum 1/f frequency fluctuations component, which is dominant close to the carrier, arising from the GaN/AlGaN HFETs.  They also provide the frequency fluctuation from thermal noise in the gate and the channel.


To this result we have to add the well-known contribution of the sidebands arising from device nonlinearity (NSB-part).  

This part can be reduced by operating the HFET at saturation, and restricting the dynamical range.  Furthermore, partial compensation measures are possible for this classical part, as shown, e.g., by A. Hajimiri (HJM) [5].  Therefore, 


Sy= SyQ1/f  +SyHJM +SyNSB .








(4.33)



The phase noise at a frequency =f from the carrier frequency is given most often not in terms of frequency fluctuations, but in dBc, i.e.,

L(f)= L()=10log[(1/2)(/2f)2Sy(f)]






(4.34)
This all can now be applied to a practical example of GaN/AlGaN HFET –based oscillator.

4.5 Example: R. York – H. Xu - BST-capacitor-based oscillator with AlGaN/GaN HFET

Consider now as a practical example the oscillator of Robert York and Hongtao Xu at UCSB (Fig. 5), developed as part of our Ultra-low Phase Noise MURI Program.  It uses a BaSr(TiO3)2 bypass capacitor, as seen on Fig. 5.  Its frequency is o=5 GHz; its unloaded quality factor is Qu≈ 23 and the loaded quality factor is estimated to be about Ql=10.  From Table II we find for the HFET channel that provides the dissipation in the oscillator, approximately,


SR/R2 ≈10-10/f.









(5.35)

Considering also negligible gate noise, 4kTgn ≈0, we obtain, from Q1/f theory, 


Sy= (SR/R2)/4Ql4f= 10-10/4.104f= 2.5.10-15/f, 




(5.36)

and, in phase noise language,


L(f)=L()=10log[(1/2)(/2f)2Sy(f)] =45dBc@1kHz,  or about 105dBc@100kHz. 

(5.37)
Note that Experimentally, L(100KHz)=105dBc was measured, in excellent agreement with our rough estimate.

          [image: image9.png]



Fig. 5: GaN/AlGaN HFET-based oscillator of R. York and X. Hu (UCSB)

It is interesting to note that for Q=104, 


L(f)=165dBc@1kHz.  








(5.38)

Therefore, it would be advisable to use special high-frequency MEMS resonators.

The authors thankfully acknowledge support by Dwight Woolard through the US Army research Office. 
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Fig. 1: Comparison of the quantum 1/f first-principles results + 


with the experimental results x of Balandin et al., on “Flicker 


Noise in GaN/AlGaN Doped Channel Heterostructure FETs”, 


IEEE-Electron Device Letters 19, 475-477 (1998) [31]. See 


Table I below and the equation that follows.
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Fig. 2: Experimental Set-Up.  As shown in Fig. 1, the gate voltage VG of the device under test is controlled with a Rheostat Rh.  The devices were open, i.e., not capped.





Table II








Substrate  	RDS 		VDS/V     	fSR/R           	exp	  	theor





HVPE	


	  STD3	  36		0.9		7.8E-11        	0.99E-5    	3.0E-5





Sapphire 	


	  STD7  20.5    		0.27		2.0E-11       	2.06E-5 		2.7E-5





SiC 


	  STD12 37.3		0.53		3.9E-13       	2.69E-7     	1.5E-7





	  STD4	  40.4	 	2.1		1.24E-12      	7.92E-7    	3.3E-6
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