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This paper revisits the theory of operation of field effect transistor in the extremely high
frequency scale, where the analysis has gone beyond the conventional cutoff
frequency of the transistor. In this range, which is typically the terahertz (THz) and sub-
terahertz range, the transistor blocks the high frequency signal and generates a
rectified signal related to the input high frequency signal. An analytical model is derived
for the channel of the FET in the linear mode of operation in non-resonant THz
detection conditions. A transmission line distributed circuit model is applied. This is,
from the authors' point of view, the suitable model for high frequency non-quasi static
operation and the characteristic parameters of this model are derived from the
differential equation governing the electron gas in the channel. A comparison is
presented for the calculated photoresponse with previously published experimental
one showing good agreement away from the threshold potential. Finally, the effects of
coupling between the present model and the external input circuit have been taken into
account including the loading effects of the antenna and a discussion is given for the
effect on frequency selectivity of the FET.
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I ntroduction

The use of Field Effect Transistor (FET) for Tendhe(THZz) signal detection beyond its transit-tiroet-off
frequency fs, has sparked increasing attention lately [1]. phenomena can be explained with the simultaneous
nonlinear modulation of the carrier density andoegly of the 2-dimensional electron plasma in thensistor
channel excited by the incoming THz radiation. Télectric field is rectified, like in square law detors, and a
constant (DC) source-to-drain voltage appears. Vbitage is the detection signal and is called ghetovoltaic
response or the photoresponse. This can be cadulsy solving the appropriate differential equatioith
appropriate boundary conditions. More details aloaitdetection mechanism can be found in the titeed2].

Existing theories distinguish between two main sadedrst, the resonant case where plasmons decaylysl
compared to the period of the operating frequeatigwing for plasma resonances. Plasmons may ateilinder
the gate, which serves as plasmonic cavity. Thig ¢gpically requires low temperatures [3],[4] atremely small
device dimensions for operation at room temperdtreSecond, the non-resonant case of fast detajaemons
where they are over damped. This is the most impoiticenario for room-temperature THz detectiom WETSs
with relatively longer channel lengths.

Different kinds of FETs, like GaAs high electron ity transistors (HEMTs) [6], GaN HEMTs [7], In@a
HEMTSs [8], or silicon metal-oxide-semiconductor (EETSs) [9], with a gate length of the order of hwuts of
nanometers exhibit good broadband responsivitiethio THz radiation. From the point of view of aipptions, the
silicon MOSFETs are the most important ones duéoto production costs and ease of integration ircteleal
circuits. Recently, the first imaging experimentshwGaAs FETs [10] and with focal plane arrays madsilicon
complementary metal-oxide-semiconductor (CMOS)ntetbgy have been reported [11],[12],[13].

This work discusses modeling the broadband detectid-ET in the linear region of operation workibgyond its
cutoff frequency using a non-quasi static modemédel is presented for the channel as a transmidisie with

nonlinear distributed elements with nonlinear chemastics extracted from the channel’s charadiesisn the linear
region of operation. A discussion is given for htws model affects the input coupling efficiencpdahence the
frequency rolls off due to input RC constant. Theults are compared with exiting experimental datahow a
good match away from the threshold point.

Non-quasi-static modeling of FET

Analytical or semi-analytical MOSFET models are algubased on the so-called gradual channel appration
(GCA). The GCA assumes that, under certain comtfitidhe electrostatic problem of the gate region be
expressed in terms of two coupled one-dimensiogalgons; Poisson’s equation for determining theiced
charge density profile under the gate and a chiegesport equation for the channel. This allowsdaining self-
consistently both the channel potential and thegeharofile at any position along the gate. A direspection of
the two-dimensional Poisson’s equation for the cleéregion shows that the GCA is valid if it casmdssumed that
the electric field gradient in the lateral directiof the channel is much less than that in theicadrdirection
perpendicular to the channel[14].

Typically, the authors find that the GCA is valaf fong-channel MOSFETSs where the ratio betweergtte length
and the vertical distance of the space charge mefjmm the gate electrode, the so-called aspe, rist large.
However, if the MOSFET is biased in saturation &@A always becomes invalid near drain as a re$ulieolarge
lateral field gradient that develops in this regidime GCA fails also at very high operation freqties since the
lateral variation gradient increases rapidly coragdanp vertical potential variations.



Most of the MOSFET models used in SPICE are basedhe quasi-static assumption (QSA), in which an
instantaneous charging of the inversion layer sua®d. In QSA, the distributed gate-channel capacd is
lumped into discrete capacitances between the gatiece and drain nodes, ignoring the finite chmygime arising
from the RC product associated with the channel resistance thedgate-channel capacitance. For very high-
frequency operation of the MOSFET, comparable ®itiverse carrier transport time of the channeh{qoasi-
static (NQS) regime), the temporal relaxation @& thversion and depletion charges has to be camesideHence,
QSA based circuit simulations fails to accurataigdict the performance of high-speed circuits. Ttleematic of
the basic FET is represented in Fig. 1 where thging thickness of the channel represents the mgrpiotential
alongthe channel which results in varying electron coticgion as well as varying resistance along trenaobl.

Source

Gate

Drain

Fig. 1 Schematic diagram of HEMT with illustration of tABEG (Channel) potential in
linear region

The actual channel of a MOSFET is analogousdistaibutedRC network with an equivalent circuit as illustrated
in Fig. 2. The basic model used is that of a trassion line consisting of the gate metal and th&@xhannel. The
biases related to the device &fg=Uss Vi, for the gate to source bias with respect to thestiold bias ant.(x)
for the bias along the channel relative to the @auwherex represents the position along the channel staftarg
the source at=0 and ending at the drain &tL (L=channel length).

Derivation of the Characteristic Modd Parameters

For the most general case, the channel transmifis®ifTL) model would include an inductance (plasresonant
case) and a parasitic conductance parallel to dte cppacitor (leaky gate) as well as the gatecitapae and the
channel resistance. The telegrapher’s equationsd@solutions for the applied potential sighdt(x) and current
I™(x) along the transmission line of the gated regidresk are:
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Where the lower-case letters are the transmissi@nplarameters per unit lengththe inductance per unit lengtp,

the gate-channel (leakage) conductance per urgthern, the channel resistance (losses) per unit lengtls the
gate capacitance per unit length=eqe, W/d=cs/L, with W andd the width and depth of the channel respectively,
andCg the total gate capacitance.
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Fig. 2 Circuit diagram of the suggested FET chaased Transmission Line

Since the case of nonresonant detection in tramsigtith long gates is being treated here, theattaristic relation
wt<<1 is valid, wherer is the momentum relaxation time of the plasmonshim channel. The inductandsg,
includes the (momentum) relaxation time of the lass through the channel such that the plasmorydéuoa is
given by = l/ro. For the non-resonant caser= w lo/ro<<1 hence the inductance can be neglected. Furthermore
the gate is assumed to be non-leaky gege0.

Although it has been assumed that the channelikésian be taken as constant [15], the actuaihciel resistance
is not uniformly distributed along the channel asvipusly assumed. It actually depends, nonlingeasty the
channel capacitance and the potential distributitimg the channel. This means that the applied &b the
operation point will affect the channel performanEer a more general description of the channellooks at the
basic transmission line equation taking into coasition thaﬂJTL:Ugc which is the gate to channel potential and
I™=-1, (channel to source current). Rewriting equatiorendl 2, the potential and current along the chaoae!
thus be represented by:
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From the basic FET-iheory, approximated to thealinegion of operation, the channel’s resistangeupé length
can be approximated to:
_dR 1 _ 1
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Where | is the charge carrier effective mobilitub&ituting (Eq.5) into (Eq.3) and rewritinggc=UgVin=U(X,1),
whereVy, is the threshold potential and letting=I . we re-write Eq. 3 and 4 as:
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If it is asssumed that the input terahertz sigsatdupled to the transistor through the gate bgas amall AC
perturbation added to the DC gate bias , the d¢ipntentials/current can as well be written as R@9p(subscript 0)
and AC parts (subscript 1). Hendgs can be written ablge=U gs—Vin =VgsotVgsiC0g0t. Since the AC signal is small
enough second order terms are expected to be Vagliglsmall and the potential and current can bétevr as
U(X,D=Vo(X)+V1(X)e”+V 1 (x)e™™, andl X, t)=H Gho(X)+h, (x)é“+h "1 (x)e'*") with higher terms neglected. The above
equations can therefore be divided into 2 sepaetteof ordinary differential equations as follows:
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Whereo=wl/u,
Assuming the transistor is driven by only DC cutr@g), the boundary conditions are as follows:
Vo(0) = Vawy o (L) = — 12
= ) Ucy
And v,{0) =05V, . hy(L) =0 13
Solving (Eqg. 8 and 9) with BC’s in (Eqg. 12) onegyet
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From (Eqg. 10 and 11)
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By changing the variables of eq. 17 into the fusretF2(Vo(X)Vi(X))/ (VgsoVgsn), lettingy=x/L, and assuming
Vo(X)=Volvgsi=o ( EQ- 15), one gets:
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With boundary conditions (Eq. 12 and 13)
FO)=1 and F{1) =0 20

Physically,L, determines a characteristic spatial scale of &wayl of the alternating component of voltaggx)
along the channel. Thus, fox<1 , the oscillations excited at the source doreath the drainLg<L which is
equivalent tave’r’<< wr<<1.

We can search for solutions of the above equatimguhe (WKB) approximation, where we obtain tvatusions,
one of them increases exponentially and the otherdecreases exponentially. The boundary conditiio® us to

keep only the exponentially decreasing solutiorths,
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1= =2y 21

R p . 81
Flp) =1 — Ay) "Sexp |—=——
3v2 Af

And



L Gy
ELR '.f_/ 7 1 i —1) ¢ (i-1), 22
== , — =4y} T+1-4 E— }E’:{p__ Il_ll_hl _,]
L (8 Y2z ) 3W2 e
Fore<<1,
- ‘i‘-r'_-': ‘i‘r'_-"_ - -1 I\j- — i} 4 'l: — 11 Iy . .3 ]
h(y) & # (1-4y) "B——exp [ —— (1 -1 —ayls ‘| 23
. L v 28 3v2 As ¢ ]
And
AN oy i 3 . L= 1} . - l.:l
i) =0 ',_‘_1 + EA}“ exp T3- x‘_ * Vge1 €XPD 3z }'_ 24
According to this, ak=L
- - 171'
VL & W exp =0 25
v —l- 1

This means that the AC signal vanishes along thermdl, and the output will include the DC signalyoithe read-
out rectification potential at the drain, definesithe increase in the DC outputy(& y=1) due to the AC radiation
(Vgs2), is given by:
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This same result can be obtained by expandingeh@-out DC potentidl,in the first order Taylor expansiody,"
as follows:
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This is consistent Wlth the results in [16] andrafram a factor of 4 consistent with the result§i5].

Results and Discussion

As mentioned abovd,, determines a characteristic spatial scale of theay of the alternating component of
voltage,V; along the channel. To test this assumption, tteevaf the AC signal dt, has to be investigated. At x=
Lo and y=L¢/L =¢, the value oV, is:
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This means that dt, the AC signal has dropped to about one quarteh@finduced input valu¥ys;. Since L is
much greater thah, the value of the AC signal at the drain is vaimgly small and only the rectified DC signal
propagates to the drain terminal. This is consistéth the results in [17]. It is, therefore, sadeconsidel as the
effective length for the decay of the AC terahevives in the FET channel. A safe condition forvhkdity of the
above analysis is, therefotes>L .



The above results are also consistent with thenasdboundary conditions in (Eq.12 and 13). This nmadhat as
long as L>>L o, no AC potential/current propagates out of therdfar any applied biasing conditions (i.e. cutren
or voltage driven FET). The main difference betwdba two cases would be in the expression usedeén t
calculation ofh and whethely is driven or dependent on the applied drain pakMys according to the FET
characteristics. It is therefore straight forwaodeixtract the required operation point datpffom the FET I-V
characteristics (regardless of the details of tkgeemental setup and boundary conditions). Fig@jeshows a
comparison between the experimental data of pheporese and the results of the theoretical photoresp (Eq.
26) wherey, was calculated using the experimental |-V charéttes of the same HEMT transistor [18]. The résul

show very good agreement away from the threshatenpial.

Two operation points exist with special importarite, first being the threshold point wh&fg=V gsgVir=0, where
coupling efficiency is a maximum as well as thedma potential. However it suffers from higher stvisy to
noise and our model cannot easily calculate thporesivity as thermally activated carriers, the krep of the
2DEG into disorder-induced “puddles” of electroand gate leakage are neglected. Furthermore thellngions
of higher order terms on V and | can no longer églected in (Eq.6 and 7). The second importantaijuer point is
the saturation point where=1 causingdéVy(1) to be a maximum yet our equations were derivedifi@ar region
only thus we have to revisit them to get the sainmaregion of operation. However, we can noticat imcreasing
the driving current towards saturation enhancesdablponsivity of the FET channel.
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Fig. 3 Photoresponse of THz detection in FET in linegiae of operation versus changing

gate potential for constant drain potentiah£0.1v) using the formula in Eq. 26 (solid line)

and the experimental results (squares) from [18et: the same graph extended to show the
photoresponse near the threshold potentigE(0.45)

Small signal coupling parameters



The characteristic impedance isn’t constant anynasren the case of uniform transmission lines. H@veve are
only interested in the input impedance since itraef the coupling between the incident signal ate input AC
signal. To get the input impedance we start froenitiput current

.‘!-_':ICI:I = Voo Vom 30

The input impedance is:
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Wherer(0) is the input DC resistance or the resistance @tamV,(0)=Vgso The result above is similar to the
results in [15] thus we can expect to have the gaomeer coupling efficiency
1
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Wherewro is the roll of frequency)Ro'1 =21(Racc + Ra )X C Vgso Racc iS the access resistance andifkthe antenna

impedance (assuming antenna is operating at reserfaequency such that the impedance is real oAyl for

high frequency we get
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where¥;- in the biasing efficiency between the incidennsigand the active bias on the FET channel.

Comparing the results in (Eq. 32) to the resultseh [15] shows that our model includes both thegfiency
dependence as well as the external bias depen@épgeAccording to (Eqg. 32) the roll off frequencydspendent
on gate DC bias, such that approaching the thrdshaitage Vys¢>Vin for linear operation oWys(Vgse Vin)>0)
gives a maximum frequency performance due to thdamized input impedance [15].

Conclusion

This work has proposed a model to represent thargheof a linear FET in non-resonant THz detectiegime
based on a non-quasi static, nonlinear Transmidgi@nmodel. Where the characteristic parameteesdarived
directly from the differential equation of the FEERannel. The equations are solved analytically thedrectified
output as well as some basic parameters of operationtrendoupling efficiency are derived. A comparisuith
previously published experimental results showsdgagreement away from the threshold limit.
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