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We report on terahertz detection (from 0.2 THz to 2.4 THz) by Si FinFETs of different widths (with
2, 20, and 200 fins connected in parallel). FinFETs (with a small number of fins and with feature
sizes as short as 20 nm to 40 nm) showed a very high responsivity (far above that previously
measured for standard CMOS). We explain this improvement by negligible narrow channel effects.
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1. Introduction

Within the past several years, the terahertz range of the electromagnetic spectrum has
gained ever increasing attention as potential applications emerge in communications,
materials identification and imaging [1]. The limited power of available terahertz sources
significantly impacts detector performance requirements. In addition, many applications
require compact size, fast response time and room temperature operation. Commercially
available detectors include pyro-electric devices, Golay cells and Schottky diodes.
Typical figures of merit for these devices are summarized in Table 1.

Emerging plasma wave THz and sub-THz detectors have an advantage in their
extremely fast speed and are suitable for integration with conventional VLSI
technologies. However, their application has been hampered by relatively low
responsivity and high Noise Equivalent Power (NEP). Their responsivity varies in a very
wide range (from 1 V/W to 1000 V/W depending upon materials system and device
structure) and is especially affected by coupling of the THz radiation to the device. In
devices without antenna structures, such coupling often involves the contact pads
(including the gate pad) and bonding wires [2].
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In our present research, we show that since coupling typically involves the gate
bonding pad, the device responsivity is decreased by distributive effects of the induced
THz current along the gate. Due to this effect only a section of the device close to the
bonding pad participates in the THz detection, with the remaining device width
effectively shunting the load and decreasing the response. The width of the active section
at high frequencies is inversely proportional to the square root of frequency and at high
frequencies (above one THz) might be as small as a fraction of a micron. At such small
widths however, narrow channel effects might become detrimental to the performance of
conventional devices. The FinFET geometry avoids these effects facilitating significant
improvements in both responsivity and NEP. In agreement with our model, the decrease
in responsivity with frequency of incident radiation becomes less pronounced as the
number of device fins decreases.

Table 1 - Commercially Available Room Temperature THz Detectors

NEP Responsivity Response Time Operating Temp
W/HZz"? V/IW (seconds) (K)
Golay cells [3] 10 10° 10 300
Pyroelectrics [4] 101 10° 10 240-350
Schottky diodes [5] 102 10° 10" 10-420

2. Plasma Wave Detectors

In their seminal paper of 1993, Dyakonov and Shur proposed device operation based on
electron plasma waves, localized time-varying perturbations in electron density within
the FET channel [6]. This two dimensional electron gas was shown to obey the equations
of hydrodynamic motion and continuity, and in their subsequent work on this topic [7, §]
they presented plasma wave devices functioning as detectors and emitters of terahertz
radiation and as mixers and frequency multipliers in the terahertz range.

Dependent upon the incident radiation frequency, material momentum relaxation
time and device dimension, both resonant and non-resonant detectors were considered.
Resonant detection requires the criteria ot >> I and st/L >> I, where @ and 7 are the
angular frequency of the incident radiation and the momentum relaxation time
respectively, s is the plasma wave velocity and L is the device channel length. The
plasma wave velocity is shown to be dependent upon the gate bias as s = (q V,, /m)"”?,
where g is the electronic charge, m is the electron effective mass and V,, = Vg, — V, is the
gate bias swing relative to the threshold voltage V,. Thus such resonant detectors are
tunable via the gate bias. For devices in which wt >> I but st/L << I, i.e. relatively
longer gates or where wt << I, i.e. rapid momentum relaxation, detection will be non-
resonant, (broadband).
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Terahertz detection in silicon devices is typically non-resonant, (although at gate
lengths sufficiently short so as to result in ballistic carrier transport, resonant detection in
silicon may be possible). The non-resonant DC THz response voltage, dv, of an ideal FET
is given by [6]:
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where v, is magnitude of the AC voltage induced between the gate and source terminals
by the incident radiation and x = (L/s)( w/21)1/2. Here, # is the device sub-threshold
ideality factor, kg is the Boltzmann constant and 7 is the temperature in degrees Kelvin.
The parameter K (ref. [9] uses «) resulting in response attenuation in the sub-threshold
region is attributed to gate-to-channel leakage current and is calculated from the leakage
current density jj as:

K = jOLzmq
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where C is the gate capacitance per unit area. The plasma wave velocity s is calculated
from the surface carrier concentration #; as:
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where n* = CnkT/q°. Thus in the regions above and below the device threshold,
n = CV,/q and n = n*exp(qV,/nkgT) respectively, and is interpolated in the region near
the threshold.

In contemporary silicon MOSFETs, despite gate dielectric thicknesses on the order of
only a few nanometers, gate leakage is often vanishingly small, therefore K — 0. In the
absence of gate leakage, Stillman, et al. [10] attribute response attenuation in the sub-
threshold region to voltage division between the device channel resistance and the
resistance of the load. With this in mind, eq. (1) may be rewritten as:
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where Rcy and R, are the channel and load resistances, respectively.

with:
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Until this point, we have considered only the case where drain current is nearly zero,
i.e. “open drain” detection. Lu and Shur first demonstrated the substantial increase in
detector response with the application of drain bias [11]. Veksler et al. [12], expand upon
this, calculating the response for short samples where L << s/(ew/z)"” as:
A v

Sv=-—2t _tu 6
T, (6)

For long samples where L >>s/(w/t)", the response is given as:
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In both eqgs. (6) and (7), 4 = j#/jusa thus the response rises dramatically as the device is
biased into saturation. (While these equations apply only above the device threshold, the
more general case which applies to the sub-threshold region was also considered in [12]).
While eqgs. (5) - (7) accurately predict the response dependence on gate and drain bias,
particularly near and below the device threshold and in the region at the onset of
saturation, the responsivity of the device is strongly affected by coupling of the THz
radiation to the device.

3. FinFET Structure

Dual gate Si MOSFETs were proposed in the early 1990s as a solution to the intractable
problem of threshold voltage control as device gate lengths entered the sub-100 nm
regime [13-15]. The conventional method of limiting short channel effects by channel
doping required untenably high impurity concentrations (on the order of 10'® cm™) likely
to degrade device performance through reductions in carrier field mobility and threshold
voltage shifts due to quantization of carrier energies [16]. Initial schemes relied on a
“vertical” architecture where back and front side gates were placed below and above the
device channel. This approach represented significant challenges to existing
semiconductor processing. Hisamoto et al. presented an alternative quasi-planar structure
in 2000 where the gate conductor wraps around a vertically formed channel “fin”;
constructed devices were found to exhibit avoidance of short channel effects with gate
lengths as short as 17 nm [17]. The FinFET devices used in our experiments are of
similar design, shown schematically in Figure 1, with 2, 20 or 200 fins of 40 nm height
and designed widths from 40 to 100 nm. The designed gate length range was from 40 to
100 nm. Fin widths are typically reduced in processing on the order of 10 — 20 nm; gate
lengths are expected to be approximately 5 nm shorter than as designed.
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Figure 1 — Schematic illustration of FinFET device structure (the drain region is omitted from the foreground
for clarity). The vertical channel fins are surrounded by the gate dielectric and gate conductor forming an
effective dual gate MOSFET. Note that the dielectric along the top surfaces of the fin may be increased in order
to reduce parasitic capacitance.
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Figure 2 — (a) Conceptual illustration of the effective number of fins (in red) in a given device contributing to
response. Fins beyond the characteristic transfer length L; behave as a load to the response. (b) Schematic
representation of equivalent circuit at Terahertz frequencies.
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In order to model the frequency dependence of the active area of the FinFET structure
we conceptualize the device as shown in Figure 2(a). Here the incident radiation is
coupled into the device from the bond pad connection and the signal propagation along
the nearly lossless gate conductor transmission line across the device. Figure 2(b) shows
the equivalent circuit at THz frequencies. The inductance of the gate conductor is
assumed to be greatly overshadowed by that of the bond wires leading to the device and
is therefore neglected. Similarly, the conductance of the gate dielectric is neglected since
gate leakage is vanishingly small. The fin capacitance, Cryy, and fin access resistance,
Rpyy, are calculated as:

_8(2Hf+Wf)Lg
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where ¢ and d are the gate dielectric permittivity and thickness, respectively, L, is the
gate length, H; and W; are the fin height and width respectively, Lpjrcy is the fin pitch
and p, is the resistivity of the gate conductor. At some multiple of the characteristic
transfer length, Ly, the signal is attenuated so as to be negligible. Only the fins prior to
this point, N,y are effective in contributing to the device response; the remaining fins
serve only as an additional load. For a large number of fins, the voltage and current
distributions at THz frequency along the gate can be using the telegrapher’s equations:
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where V(x) and I(x) are the voltage and current signals along the line respectively, and:

[ =.joRC (12)

Here o is the angular frequency of the incident radiation and R and C are the per unit
length values of the effective resistance of the gate conductor and the gate capacitance,
respectively, calculated as:

R=Ryp ! Loy (13)

FIN
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and:
C=Cpy ! Lyyey (14)
The characteristic impedance of the transmission line is then:

z,= |-~ (15)
joC

In the case of reasonably small R, the signal is found to decay as:

V(x)=e™ (16)
with Ly as given by:
2Z 2
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To calculate Ny, Ly is normalized to the fin pitch Lpycy (see Figure 1). While the
incident signal is attenuated exponentially along the transmission length, for simplicity
we consider only those fins at a distance closer to the gate pad than Ly as contributing to
the response and those beyond as passive loads, thus N, is given by:

N,

o =min(N,N,,) (18)

where:
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With this expression for N,z we may calculate the active portion of the multi-channel
FET channel resistance (R,) as:

L
R=— | R +R 4t (20)
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When N < N, all device fins are active; when N > N, the resistance of the passive fins
is found as:
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We now consider the effective circuit for the DC THz response as shown in Figure 3(a),
and the Thevenin equivalent circuit in Figure 3(b), where:
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Figure 3 — (a) DC equivalent circuit for FinFET, and (b) Thevenin equivalent representation.

Hence, the detector response is now given by:
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Until this point, we have ignored the effects of coupling of the incident radiation to
the device. While there certainly are a great many factors to consider, for our purpose of
modeling the frequency response of the device without an optimized antenna, we
consider only the additional effects of the bond wire inductance on the response. We
model the attenuation of the incident signal using a lumped parameter voltage divider
between the device capacitance and series connected device resistance and bond wire
inductance, resulting in the following expression for the effective coupled radiation:

V4
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Where Z, is given by eq. (15). We assume that the impedance of the effective THz source
is inductive with the effective inductive impedance given by:

ZTHZ = ja)l‘THz (26)

Combining eqs. (24) and (25) our response expression becomes:
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It is expected that this expression will be applicable to the drain current enhanced
response of eqs. (6) and (7) with the appropriate adjustments as discussed previously.

The speed of detector response is also of importance. Kachorovskii and Shur [18]
propose theoretical calculations of the maximum response modulation frequency in
plasma wave detectors as shown in the following expressions:
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Here uy is the effective field effect mobility, which is very different from conventional
mobility for short channel devices, where ballistic or near ballistic transport is dominant.
Near V,, = 0, f,,4 is interpolated as:
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4. Response Measurements

Prior to response measurements, current / voltage characteristics were performed and die
containing several functional devices were wire bonded within ceramic chip carriers to
simplify handling. Response measurements were made using a standard lock-in
technique. Two radiation source types were used: a purpose built Gunn diode oscillator
equipped with frequency multipliers was used at the 0.2 and 0.6 THz. An optically
pumped terahertz gas laser was used at 1.6 and 2.4 THz. Source power was measured as
1.5 mW, 35 uW, 30 mW and 10 mW for 0.2, 0.6, 1.6 and 2.4 THz respectively. A
chopper was placed in the beam path and the radiation was focused onto the device using
either a parabolic mirror or polyethylene lens depending upon the source. Two
programmable power supplies were used to provide gate and drain bias. Figure 4
illustrates the typical response dependence upon gate bias.
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Figure 4 — 20 fin nFET open drain response, normalized to response maxima, across several incident
frequencies. W;=40 nm; L, = 100 nm. Dashed line represents modeled response using eq. (5) with f= 0.2 THz.

The response at each frequency is normalized to its peak value to allow direct
comparison across the frequency range, and good agreement with the model of eq. (5) is
apparent. That the response peaks coincide across the frequency range confirms the non-
resonant nature of the response. Figure 5 compares responsivity modeled using eq. (27)
to measured data for several FinFET devices. (Calculations of responsivity in measured
data are simply measured response divided by incident power; no adjustment for device
vs. beam size is used since it is not clear that this approach is warranted [19]). Note that
while there are anomalies, the fit is reasonable, especially in the response attenuation at
and above 0.6 THz. In addition, note that the FinFET devices in many cases exhibit
considerably greater responsivity than standard CMOS FETs.
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Figure 5 — Open drain responsivity of several FinFET devices at various incident frequencies. Filled symbols
are measured data; lines are modeled response using eq. (27) with L, = 100 nm, L, =200 nm, Hy=40 nm,
Ws= 60 nm, &/d = 6.9x10” F/m’, p, = 10 ohms/a, Rs=Rp= 300 ohms, = 0.5 m*/Vs, Vi, = -0.1 V. Vg, and
Ly, were chosen to fit measured data. Open symbols are measured responsivity for standard CMOS FETs.
[19,20]

Responsivity rises dramatically as expected in FInFET devices, reaching from several
hundred to above one thousand volts per watt. Figure 6 illustrates the degree to which the
enhanced responsivity follows that predicted with eq. (6). In Figure 7 is shown the drain
current enhanced responsivity for several FinFETSs at various frequencies compared with
the response of standard CMOS FET data. Here especially is demonstrated the advantage
of the FinFET structure, as responsivity is seen to be nearly two orders of magnitude
higher than the standard CMOS FETs.
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Figure 6 — 0.2 THz responsivity of 20 fin device with W;= 40 nm and L, = 100 nm. Symbols are measured data;
lines are modeled responsivity following eq. (6).
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Figure 7 — Peak drain current enhanced responsivity of several FinFET devices vs. incident frequency. Filled
symbols are measured data. Dashed line is drawn to guide the eye. Open symbols are measured responsivity for
standard CMOS FETs. [20]
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5. Noise Equivalent Power

Noise Equivalent Power represents the minimum signal power distinguishable from the
detector noise, and is a figure of merit for the detector sensitivity. Commonly, NEP is
considered to be the minimum power detectable per square root of bandwidth, in units of
W/\Hz, and is calculated as the inverse ratio of responsivity to the square root of device
voltage noise. In the open drain configuration, the thermal noise of the channel resistance
is predominant [10, 21]. Reducing the channel resistance decreases NEP for a given
responsivity by a factor of the square root of the resistance reduction, thus increasing the
number of device fins from 2 to 20, or 20 to 200 will decrease the noise contribution to
NEP by a factor of ~3.2. Returning to Figure 5 however, finds a decrease in responsivity
of one magnitude order between 20 and 200 fin devices, therefore NEP increases for the
larger number of fins. This is illustrated in Figure 8.

The comparison between 2 and 20 fins is less clear due to the observed anomalies in
responsivity for the 2 fin devices, though in general NEP is expected again to be higher
for the larger number of fins.
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Figure 8 — Noise equivalent power vs. gate bias for two FinFET devices at 0.2 (filled symbols) and 0.6 THz
(open symbols) calculated from measured response and channel resistance data. Wy= 40 nm, L, = 60 nm, 20 fins
(triangles) and 200 fins (squares).

Estimation of NEP becomes more complicated with the introduction of drain current.
Responsivity increases on average between 20 and 30 times that of the open drain
response for the FinFET devices; however device noise increases dramatically as well,
essentially as a function of the drain current squared. The noise spectra are seen to follow
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a 1/f* distribution, with a = 1, as is shown in Figure 9. Here the spectrum measured with a
drain load resistance of 2.5 kohms is used to estimate the spectra with loads more typical
of those used in responsivity measurements, allowing comparison of NEP with drain
current to that of the open drain configuration.

Peak responsivity for the device in Figure 9 was measured to be 1200 V/W; at the
optical chopper frequency used in response measurements of 50 Hz and with an amplifier
load of approximately 10 Mohm, the voltage noise density is calculated to be 5 x 10
V?/Hz, thus the NEP at 50 Hz is approximately 2 x 10”7 W/Hz'"?. The sampling frequency
required to achieve the open drain NEP for this device of 3 x 10° W/Hz"? is calculated
to be approximately 35 MHz, well below the ~30 GHz maximum response frequency
predicted by eq. (29).

1.0E-05 5

i —— Calculated 10 Mohm
—— Calculated 1 Mohm
—— Calculated 100 kohm
—— Calculated 10 kohm
—— Measured 2.5 kohm
4KT Rload || Rdevice

1
1.0E-07 4
:
1.0E-09 1
1.0E-11 §
;

1.0E-13 |

Sv (V4Hz)

T =2 2

1.0E+0 1.0E+03 1.0E+06 1.0E+09

Frequency (Hz)

Figure 9 — Voltage noise spectral density for 20 fin device with Wy =40 nm and L, = 100 nm. Measured data at
Ve =0V and I; = 3.1 pA with 2.5 kohm drain load (lowest line) is calculated to show expected device noise for
larger values of load resistance (responsivity measurements presented earlier are loaded at 10 Mohm).
Horizontal dashed lines are corresponding calculated thermal noise values; angled dashed lines project device
noise to these values to indicate frequencies of equivalence.

6. Conclusion

We have demonstrated the response of Si FinFETs to terahertz and sub-terahertz
radiation and developed a model to explain the observed decrease in response as the
number of device fins increases, which we attribute to the attenuation of the coupled
incident radiation both across the device gate conductor transmission line and due to the
inductance of the device bond wires. Our results show that narrow FinFETs can be
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competitive or better than commercial THz detectors potentially enabling the
development of sub-THz and THz cameras implemented using this technology.
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