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1 FinFET Sensing: Electromechanical Conversion from Stress to
Drain Current

To understand the conversion from stress to drain current in the sense transistors, modulation of three
separate FET properties is examined: channel mobility due to piezoresistivity, oxide capacitance, and silicon
bandgap.

1.1 Mobility

The piezoresistive effect is typically modeled as a linear change in resistivity (p) as a function of applied
stress (0) and the longitudinal and transverse piezoresistive coefficients ():

p:p0[1+7TLO'L+7TTO'T]. (1)

Low-field mobility (u) is related to the resistivity as follows, where q is the elementary charge and N is the
doping concentration per unit volume.

pw=1/gpN (2)

A stress-dependent mobility can be defined in terms of the initial mobility o,

Ho
= 3
#) l+mpoL + mror )

and the initial value of mobility subtracted out to obtain the net change

1—(1+7TLO’L+7TTO'T) —T0[ — TToT
Ap(o) = = 4
u(o) MO( 1+mnpop + mror M01+7TLO'L+7TTO'T (4)

1.2 Oxide Capacitance

Oxide capacitance changes due to the physical thickness change of the oxide () under strain. This strain
(At /tozo) is given by the applied stress divided by the Young’s modulus, E, of the dielectric, assuming the
film is stressed in the elastic regime. Such a relation results in the following expressions:

Cl(o) = — 2 = Cor 5
or (g) ton + Ataz to:rO(]- + J/on) ( )

. 1 —o/E
A / — €ox _ 1 — / ox
Coa t oo <1 +0/Eys ) Coao (1 + a/on> (©)
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1.3 Bandgap Modulation
Strain dependence of the bandgap of silicon (E,) is given by [1]:

Eg(g) = EgO + Elgg (7)

where Eq4 represents the sensitivity of the bandgap to total strain £, where

3
£=Y 0j;/Ej; (8)
j=1
Using this relation, the theoretical dependence of threshold voltage on strain can be derived using a

typical expression for extrapolated threshold voltage that is referenced to the approximate onset of strong
inversion [2]:

Vr = Veg + ¢o + vV Vss + ¢o 9)

where Vsp is the source to body voltage, Vg is the flat-band voltage governed by the metal-semiconductor
work function ¢,,s and effective oxide charge per unit area @y, by

VFB = ¢ms — QO/ oz’ (10)
¢o is a value a few (2 < n < 5 typical) thermal voltages ¢; above the onset of strong inversion
Po =205 + ny, (11)

and

V2qesN 4
Cow

where € is the semiconductor permittivity N4 is the semiconductor acceptor doping per unit volume (as-

suming p-type substrate),

v = (12)

¢ms:¢m_XS_Eg/2_¢fa (13)

Xs = Eyac — Eca (14)
and N
A

¢f_kT*ln(m) (15)

with n; being the intrinsic carrier concentration in the semiconductor (= 10! in silicon at room temperature).
Combining all of this together,

V(&) = dm — Xxs(§) — Eg(§)/2+ 67 (€) — Qo(§)/Cru(€)
F kT + Y ngsNA \/Ven +265(6) + nkT  (16)

The dependence of C’, on strain has already been discussed. The other terms, however, require further
examination. Starting with the expression for n;,

\/W*e:vp(mf;) (17)

where N/, are related to the effective mass of carriers in the semiconductor conduction and valance band

as follows:
2mm*
3/2 n
Noy=2% "% kThZ(” (18)

Neglecting the change in v/N.N, since it will have less impact than the change in the exponential term,
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)2 iy “EAE) R o5 (202

= n,o * exp( 2@;%) (19)

Carrier concentration exhibits a simple dependence on strain as the stretching/compression of the lattice
merely changes the number of charges within a fixed volume. To a first order approximation,
_ Nao

1+¢

These expressions, along with bandgap dependence on strain, are now inserted into the expression for ¢
to obtain

Na()

(20)

B Nao  exp(AE,/2KT)\ exp(AE,/2KT)
<Z)f(§)—kT*ln( o~ * 1;5 ) —qbfo—l-kT*ln(l—;g) (21)
where
Aqbf:kT*ln((m(Aligé?m) :AE9/2+kT*ln(1ig) (22)

Examining the change in threshold voltage as a function of gate dielectric stress and strain in the silicon
substrate, the only term that does not have a well defined relation is Q. This is because the term is the
projection of all parasitic charges in the gate stack onto the semiconductor surface. Thus, while this term is
itself an effective sheet charge, it in reality encompasses a mixture of sheet and volume charges which respond
differently to strain, the ratio of which is not well defined. This term is thus left alone in the expression
below, being defined as an initial (Q0’) and change in (AQY) value. Substituting the derived relations into
Eq. [16] and subtracting out the initial threshold voltage value gives the following expression for AVy:

2qe, 11

1 1
AV = —Ay, +kT*zn(1+£) + (WW . \/2<¢fO+AEg/2+kT*ln(1+£)> + Vsp + nkT

Vv 2q65NA0 AQ6 - Q600/on
-/ V 2 kT | —
Coao VVss + 2050 +n C!'.(1+0/E;)

1.4 Square Law Model

The source-referenced simplified strong-inversion model with o = 1 gives the traditional square-law model

2:

W V3
Iy = UCoxf ((VGS - VT)VDS - %) (24)

Modified to include the effects of stress on u, C?_, and Vr, this becomes the following:

ox?

W V2
Id(g) = (NOC(/)Q:O + MOACL/)I + C(/)xOAM + AIU‘ACz/)r) * f ((VGS - VTO)VDS - %)

0%
- AVTVDSf(MOC(/mo + 1oAC,, + ChoAp + ApAC,,)  (25)

where
w V3
Ala(0) = (10ACy, + ConoAp + ApACs,) * = ((VGS — Vro)Vps — %)
w
- AVTVDS*(MOCZ):EO + MOAC;@’ + C(/)xOAM + AMAC(/)ZE> (26)

L



57 Likewise, in saturation
w 2
Lo = ucozﬁ ((VGS —Vr)?(1+ A[Vps — (Vas — VTO)D) (27)
s and
! ! ! W 2
A‘[d = (IU’OACoz + omOA:U’ + A/'LACOI) * ﬁ ((VGS’ - VT) (1 + A(VDS - VGS’ + VT)))

w
- E(IU’OCOIO + ,U/OACow + Coa:OA,U/ + AMACO(E>

AVr [/\(Vcs — Vro)? = 2(Vgs — Viro) * (1 + A[Vps — (Vas — VT(])])]
+ AVE [(1 + A[Vps — (Vas — VTo)D —2A\(Vas — VTO)]

+ AV (28)

50 Observing Eq. 7?7 combined with the expressions for change in mobility and capacitance (Eqns. [4|and @,
6 it can be seen that the initial values for mobility and capacitance can both be factored out of the non-AVp
s term, resulting in a change in drain current as follows (for the linear regime):

AL — I —0/Eo —TLOL — 70T —0/Eo —TLOL — 70T
a=1ao| {7 + +
+0/Eo 1+ 7mror +mror 1+0/Eo 1+ 7mpop +mpror

w —0/Eo: —TMLOL — TT0T —0/Euy —TMLOL — TT0T
— AVrVps—10Coz0| 1 _—
T DSLM0 0( +<1+0/Eom)+(1+’/TLO'L+7TTO'T>+<1+O'/EOI 1+nror + mpor

(29)

62 with a similar expression likewise derivable for saturation.

» 2 Mobility and Velocity Saturation Effects

e In sub-micron devices with high lateral fields in the channel region, carrier drift velocity does not exhibit a
s linear dependence on electric field (constant mobility), but rather saturates as Vpg increases [3]. The first
6 notable deviation in velocity comes from phonon scattering, whereby carriers in motion lose energy to the
o7 lattice around them. This can be modeled via an effective temperature for the carriers, with drift velocity
s decreasing as the temperature differential increases [4]:

Te 1 37 MOE 2
= =51+ 1+ 5 (ES) 30
T 2 + + 8 Cs (30)
[T
vg = po E (31)
69 Once the field becomes sufficiently large, carriers may obtain enough energy (E,) to emit optical phonons.

7o  When this kinetic energy is transferred to optical phonons, the carriers must subsequently accelerate again
n  to regain kinetic energy [5]. The maximum rate at which they may travel is given by setting the kinetic
7 energy equal to optical phonon energy and solving for velocity:

2E,
s — 2
o=y 22 (32)
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Velocity Limiting Effects and Models
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Figure 1: Representative curves for various mobility models. x=300 cm?/V*s, ¢, ~ 8400 m/s, E,=63 meV,
m*=0.98, k=2. Further discussion of the role of optical and acoustic phonon scattering can be found in [6].

To simplify modeling of velocity saturation in compact models, an empirical formula is typically used to
encapsulate these effects into a simple equation:
E
Vq = o (33)
V14 (o vs)”

For simplicity in deriving an analytical equation for transistor operation with the presence of velocity
saturation, a piece-wise approximation may also be utilized [2]:

T
Vg = 1+|Ez|/Esat |Ez| < Esat (34)
Usat ) |E33| > Esat
which, solved at vy = vgq¢, gives
2 sa
By = “Usat (35)
1

A comparison of these drift velocity models is shown in Fig. [I| with the understanding that the absolute
values of these effects are influenced by doping, device orientation, strain engineering, temperature, and more.
For silicon, the two most important phenomena limiting low-field mobility are acoustic-phonon interactions
and ionized impurities, with overall mobility calculated as the harmonic mean (Matthiessen rule) of all
individual contributions [3].

fiph = A% 87T(]h4Cl (36)
T 32 mi R (kT)3/2
64/Te2(2kT)3/2 12me kT2 |
T NiAmA/2 In [1 * ( quIl/?’ ) } (37)

Of note is the fact that both mobility and optical phonon emission depend on effective mass, meaning the
change in transistor current due to an effect that alters effective mass (such as acoustic deformation of the
crystal lattice) will not be subject to velocity saturation like its DC component. Thus, the approach taken in
this work is to use a compound model, with unsaturated long-channel expressions used to derive the relative
AC change in transistor current and a saturation model, developed hereafter, to obtain the steady-state
drain current used for the unstrained initial condition.
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Electron Mobility in Silicon
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Figure 2: Combination of phonon-limited mobility and impurity-limited mobility via Mattiessen rule results
in a familiar shape for mobility of electrons in Si. Exact relations are presented in Equations and
T=300 K, m*=0.98, C;=165 GPa, p=2,329 kg/m?, e,=11.9¢q, E4,=-2.7 eV

3 Velocity Saturated Square Law Model

Utilizing the previously mentioned piece-wise model for carrier drift velocity leads to a modified version of
the long channel model:

w1 Ve
HCos ffv((vcs —Vr)Vps — %S) s Vbs < VbDssat
1+ DSL
I = Esat (38)
(Vas — Vr)?
COIW'Usat (VGS — VT) T Esat(L — AL) 5 VDS > VDSsat
where ” VB L

VDSsat = (( o5 T) sal (39)

VG’S - VT) + EsatL'
In the long channel limit, Vpgsq: tends towards Vgs — Vi and Equation [35] can be used to substitute in for
Vgqt- Furthermore, linearizing the channel length modulation via Taylor expansion
1
——— =~ 1+ AL/L 40
T arL S TAL (40)

and taking
AL/L = XVps — Vbssat) (41)

gives the original long channel expression, shown in Equation 27}

The end result of this is that the DC saturation current no longer scales quadraticly with Vg — Vi but
rather linearly reduces the overall current. While the simultaneous change in mobility and saturation velocity
with stress prevents AC current waveforms from clipping, this does reduces the magnitude of the mobility
and oxide capacitance modulation terms that are linearly proportional to steady-state drain current.

4 Berkeley Short-channel IGFET Model - Common Metal Gate
(BSIM-CMG)

The standard model for commercial devices, the BSIM-CMG model [7], captures many additional effects
that exist in highly scaled and non-planar FETs through a mixture of physical and semi-empirical modeling
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based on hundreds of input parameters. The underlying BSIM-CMG equation for Ipg is given as:

Weff * NFINtotal . MocMoanud
tds0 ¥ ———————
Leff 450 DmobDrDvsat

where IDSOMULT is a scaling factor (default value of 1), NF 1Nyt is the number of fins in parallel,
Weyr and Ly are the effective channel width and length, C,, is the gate oxide capacitance, and po(T') is
the temperature-dependent bulk low-field mobility. These values can be directly mapped to the simplified
analytical model fit to the data, with N F 1Ny, multiplied into the width. The last term in Equation |71_7|
consists of current multipliers for various effects including M, for the body effect (equal to 1 except in
the case of decoupled bulk multigate transistors), M,,q for non-uniform doping (empirically derived from
measurement data), and M,., which accounts for channel length modulation (present in our model) as well
as drain induced barrier lowering (less than 0.02 V/V in these devices). Divisors include D, for vertical
field mobility degradation, D, for source/drain resistance, and D,sq¢ for velocity saturation. Of these, the
simplified analytic model handles only the last, with vertical field degradation being a likely candidate for
the decreased performance seen at high gate biases in experimental devices.

Ips = IDSOMULT % juo(T) % Coy * (42)



+» 5 Model Fit Report

118 [[Model]]

119 MOdel(Id,DC,lmfit)

v [[Fit Statistics]]

121 # fitting method = basinhopping

122 # function evals = 1862

123 # data points = 81

124 # variables =6

125 chi—square = 1.4881e—08

126 reduced chi—square = 1.9842e—10

127 Akaike info crit = —1803.82554

128 Bayesian info crit = —1789.45884

19 ## Warning: uncertainties could not be estimated:

130 this fitting method does not natively calculate uncertainties
131 and numdifftools is not installed for lmfit to do this. Use
132 ‘pip install numdifftools * for Imfit to estimate uncertainties
133 with this fitting method.

w  [[ Variables]]

135 u0: 0.00500636 (init = 0.03)

136 eot : 1.1953e—09 (init = 1le—09)

137 Vt0: 0.23980455 (init = 0.3)

138 vsat : 271628.267 (init = 200000)

130 clm: 0.23573658 (init = 0.3)

140 Weff0: 3.9177e—06 (init = 3.2e-—06)

141

142 [[Model]]

143 Model(delld_vsat_lmfit)

w  [[Fit Statistics]]

145 # fitting method = leastsq

146 # function evals =79

147 # data points = 81

148 # variables =3

149 chi—square = 8.9548e—13

150 reduced chi—square = 1.1481e—14

151 Akaike info crit = —2597.00481

152 Bayesian info crit = —2589.82146

15 [[ Variables ]

154 stressx: 951297.581 +/— 3062959.59 (321.98%) (init = 1000000)
155 stressy: 10000.3346 +/— 3040116.12 (30400.14%) (init = 1000000)
156 stressz: 10000.0053 +/— 304759.605 (3047.59%) (init = 1000000)
7 [[ Correlations]] (unreported correlations are < 0.100)

158 C(stressx, stressy) = —0.998

150 C(stressy , stressz) = 0.989

160 C(stressx, stressz) = —0.979



« 6 Supplemental Figures
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Figure 3: Results of 3D (left) vs 2D (right) simulations of the 76x32 PnC band structure, highlighting how
the 2D simulation fails to capture modes with a transverse component. This increases the possible modes
that energy may scatter into, reducing the complete bandgap provided by the PnC. Structure simulated with

Floquet periodic boundaries with out-of-plane momentum (for the 3D cell) set to 0.
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Figure 4: 80 nm gate length dispersion relation, highlighting the FEOL waveguided modes as well as some
of the propagating modes that exist in the sound cones of the plate layers. For the 80 nm fRBT these cones
reach 7/a around 7.5 and 11 GHz and then fold back on themselves due to the uniform nature of the plates
[8]. For longer gate length devices, a will be larger and the Brillouin zone will shrink, causing these cones to
intersect at lower frequencies (w = vk).
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Figure 5: (a) Highlighted fin over which the percentage of mode elastic energy is calculated, shown in graph
at right for 80 and 106 nm unit cell. (b) Experimentally measured differential transconductance from 2 to
22 GHz for Mx PnC confined devices. Shifting the simulated frequency axis by the approximately 2 GHz
offset experimentally seen in the target mode results in good alignment between anticipated and measured
FEOL mode spectra. Lack of modes visible in measurement at higher frequencies is likely due to lack of
confinement, as these exist within the sound cone of the BEOL (and eventually Si substrate) layers.
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Figure 7: (a) Die micrograph showing two adjacent resonators, with GSSG pads for the rf drive and sense and
a DC pad for gate biasing. (b) Close-up view from center of device in (a), showing the approximate resonator
location, dimensions, and signal routing underneath the BEOL metal layers. (c) Device measurement setup,
with differential RF input applied via ports one and three of a Keysight N5225a Performance Network
Analyzer (PNA). Differential output current measured via ports two and four. DC gate bias is applied
directly from a Keithley 2400 Source Measure Unit (SMU) via needle probe, while the drive and drain biases
are applied via SMU through the PNA using the built-in bias-tee.
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Figure 8: Experimental (a) family of curves and (b) Ip — Vg DC bias currents for Al resonator with 80
nm gate length. Curves are representative of all devices, with absolute value of current scaling with channel
length. Drain currents reported are high due to the large width of the sense transistors, which comprise of
40 fins in parallel.
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A1 Differential Transmission Parameters
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Figure 9: Experimental S;, transmission parameters, showing nonreciprocal behaviour with resonance only
in Sgg21. This confirms the modes are actively sensed, highlighting the impact of active transduction in
overcoming large feedthrough capacitance in integrated devices.
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Figure 10: (a): Output of peak fit algorithm for one of the 392 individual measurements evaluated. Peak
fits with error above 0.025 were filtered (120 out of 2554 peaks) and then design splits were evaluated via
ANOVA between appropriate samples. Lower plot shows Q and amplitude of fit resonance peaks, filtered by a
minimum @ of 25 and height of 750 nS, with each dot indicating a peak of the correspondingly colored device
under a single bias condition. Transconductance variations at the same frequency show the dependence of
the resonance on electrical biases. Also evident is the change in center frequency due to gate length, and
splitting from two to three distinct modes with gradual termination, as first shown in Fig. ?7. Impacts
of BEOL confinement and lateral termination, are shown in (b), with complete results given in Table
Diamonds centered on mean and extend to 95% confidence interval. In addition to increasing average peak
height and @ across a range of drive and drain biases, it is also evident that an Mx-PnC greatly increases
the maximum peak height, from under 1 uS to 4.5 uS for the highest-performing resonator.
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Table 1: ANOVA Results for Peak Fits

95% Confidence Intervals Frequency [HZ] Height [nS] Q
n Samples
Significant results in bold. Mean Std. Error | Mean | Std. Error | Mean | Std. Error

Mx, Cx | 413 11.27 G 52.8 M 451.1 30.6 44.32 1.68
PnC Confinement | Mx Only | 368 11.22 G 55.9 M 379.4 32.5 37.55 1.78
Plates 276 11.26 G 64.6 M 203.6 37.5 19.88 2.05
Abrupt | 1289 || 11.16 G | 33.4 M | 301.6 13.9 24.21 0.795

Al-Ad, BO-B1
(Lgate=80 nm)

Termination All
Gradual | 1145 || 11.29 G 35.4 M 352.4 14.7 31.71 0.843
L 80 nm 30 11.66 G 23.0 M 1,866 153 84.8 4.40 A3-A6
. 5
gate 106 nm | 30 || 1071 G| 23.0 M | 1,651 153 87.1 4.40 Q>25, Height>500 nS
Gmdd vs. ID
Device Name ~~Drain Bias
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Figure 11: Trend in differential transconductance of largest mode (x~11.75 GHz) for Al and A2 resonators
(80 nm gate length, Mx and Cx phononic crystal confinement). gnqq (Y-axis) is plotted against DC bias
current of the sense transistor (X-axis), tiled by device (X tiles) and drive bias (Y tiles). Gate bias is shown
by marker color (blue to yellow), with gate biases of 0.3 V and below overlapping near zero drain current
(subthreshold). Drain bias is represented with marker size, moving from small to large as bias increases. The
large cluster of points with equal gate biases and similar drain currents indicate saturation mode operation
for those bias conditions with channel length modulation. Peak g,,4q increases as a function of drive bias and
is largely dependent on drain current of sense transistor, although efficiency drops as gate voltage increases.
Very low drain biases also tend to be less efficient than saturation mode biasing for a given device current.
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Figure 12: Observed drive efficiency of resonators from the linear fits shown in Fig. plotted alongside ex-
tracted capacitance from drive transducers vs drive bias on the X-axis indicating that transduction efficiency
is dominated by the large change in capacitance in these devices over the small allowable voltage range.
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Figure 13: Experimentally measured resonator impedance at input (ports 1 and 3) and output (ports 2 and
4), used to calculate the gate capacitance at each drive bias shown above.
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