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1 Quantum 1/f noise sources in GaN HFETs
1.1 Gate Noise

The gate leakage current results in relatively large noise, and can contribute considerably to the noise figure
calculated in [1], and to the resulting 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 10° 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 [2-4] yields a power spectrum of gate resistance fluctuations

SsRe/Re= aa/Nef; ag »0.2= piezo Q1/f coefficient. (1)

Here Ng= Igt, Where Igis the gate current and t 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 is also found [2-
4] by combining the conventional and coherent parts in a weighted sum:

Oy = NS () = [1/(1+5")](4g/3p) (Akrks)”
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where vg is the speed of sound, <k>=m*<v>/#, |<v>| =u is the drift velocity of the carriers, Ak/ks=Av/vs, and

ke = m*vglti; s* = (GN’Alpm™ve)(velu) F(ulvs). @3)

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

F(u/ vs) = 2(ulv {1 + L[1 - (uivs)?]} + In[1-(uive)]? - In[1+(ulve)]%. 4)
For ufvs <<1, F(ulvs) = (2/3)(ulvs)®.  Then's’ = (2gN’A/3pm*vg) » N’.107 cm. (5)
For 1-(u/vs) <<1, F(ulvs) = 1/[1-(ulvy)]. (6)

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

8" = (QN"Alpm*ve) (v/u) {L/[1-(uvs)]T}, U]

which can be larger than 1. In conclusion, due to the large value of s’, the first term in Eq. (2) 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 Kee

[5], we find that g is about 3 and therefore a>»0.2, as mentioned above, for AlGaN which is stiffer.

1.2 Channel Noise
The noise present in the GaN/AIGaN HFET’s channel was derived and discussed earlier [6].
In terms of the HFETS channel resistance Rc, and of the current Ich through it, we obtain

fSR = fSRS + fSRD + fSRCh = Rs3en};as/|_sz + RD3enbaD/LD2 + (8)
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Here the source, channel and drain resistances form the total resistance: Rs+Rcy+Rp=1/Gyy; where Gm is the
total HFET conductance.



2. Oscillator Phase Noise

The oscillator can be modeled in a first approximation as an oscillant circuit (Fig. 1) described by a harmonic
oscillator equation
d3x/dt?+2gdx/dt+wy2x =Foexp(iwt) (9)
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Fig. 1: Equivalent circuit of an oscillator, with active element shown as a negative conductance.

In Fig. (1) -Gm(V,) is a negative conductance that represents the active element, the force Foexp(iwt), 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

(61,V) =(Xo,10, Vo)exp(iwt); [xol=|Fol/[(Wo*-WP)*+42wW’] (10)
The resonance condition  d|xo[%/dw=0 yields
22
W=, <29 (11)

Conventional quantum 1/f noise is a fundamental quantum fluctuation present in quantum mechanical cross
sections and process rates [4]. The latter determine the dissipation in quartz crystals and in general in resonant
systems of any kind [7]. Considering therefore fluctuations of the dissipative constant g, we obtain for the
resulting frequency fluctuations of the arbitrary resonant system [7]

wrdwy=- 2gdg  dwi/wy=- 2(gfwr)’dg/g (12)
With y° dwy/wy and with 2g/w being the quality factor Q, we obtain the frequency fluctuations power spectrum
Sy(f) =4(gWr)*Sgqg =(1/4Q")S tyq (13)

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. (12), they define the total quantum 1/f frequency fluctuation noise SyQ”f, and the corresponding
phase noise L(f).

3. Total 1/f-type Phase Noise S,"

In terms of R and I¢p, with Rs+Rcy+Rp=R, our goal is to find the total quantum 1/f frequency fluctuation noise

Sy"=Const/f =S, 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
Egs. (11), (13) and (14) of [1], we obtain, by including the fluctuations of the channel resistance induced by the
gate resistance fluctuations,

SR:SRS+SRD+SRCh+(4kTO/gnICh2)|RChYtr|2 (14)
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Here we substituted for the noise resistance of the gate rn:RG+IGZSdRG/4kT :gnRGZ, according to Eq. (8) of [1].
With y° dw/w, these equations provide the quantum 1/f phase noise component SyH(f), which is dominant close
to the carrier,

arising from tr}e GaN/AIGaN HFETs. Ta this result we have to add the well-known contribution of the

yde@ndsa mqfr flewéiéﬂnonl|n_qlafii'=t5,1(I@Nﬂ| @@Q&}ﬁpaﬁealrgej{eﬂ’meq:%y_,pﬂ H% thdy TE & 3
fQ4 h 'tr

n GZ°D4 Vi, len
E o 1_ VG Vth . (32)
F\)ChICh I:%:h Ch

Q(§)° @+signg) / 2



saturation, and restricting the dynamical range. Furthermore, partial compensation measures are possible for this
classical part, as shown, e.g., by A. Hajimiri (HIM). Therefore,

Syzsle/f +SyHJM+SyNSB ) (17)
The phase noise at a frequency Dn=f from the carrier frequency is given most often not in terms of frequency
fluctuations, but in dBc, i.e.,

L(f)= £(Dn)=10log[(1/2)(W/2pf)*Sy()] (18)
This all can be applied to a practical example of GaN/AlGaN HFET —based oscillator.
4. Example: Robert York — X. Hu - BST-based oscillator
Consider now as a practical example the oscillator of R. York and X. Hu at UCSB, developed as part of our
Ultra-low Phase Noise MURI Program. It uses a BaSr(TiO3), bypass capacitor, as seen in Fig. 2. Its frequency

is n,=5 GHz; its unloaded quality factor is Q,» 23 and the loaded quality factor is estimated to be about Q;=10.
From Table Il we find for the HFET channel that provides the dissipation in the oscillator, approximately,
Sr/R? »10™%f. Considering also negligible gate noise, 4kT,(rs+r)|Yy|* »0, we obtain, from Q1/f theory,

S,= (Sr/R%)/4Q)*f= 10"%/4'10%= 2.5'10™/f, (19)
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Fig. 2: GaN/AlGaN HFET-based oscillator of R. York and X. Hu (UCSB)
Therefore, in phase noise language,

L(f)=L(Dn)=10log[(1/2)(w/2pf)*Sy(f)] == 45dBc@1kHz, or about = 105dBc@100kHz. (20)

Note that Experimentally, £L(100KHz)= - 105dBc was measured, in excellent agreement with our rough

— BST bypass —C,
capacitor

estimate. It is interesting to note that for Q=10*, £(f)= = 165dBc@1kHz. Therefore, it would be advisable to
use special high-frequency MEMS resonators.
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