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SUMMARY  This paper describes an experimental study on
resonant properties of the plasma-wave field-effect transistors
(PW-FET’s}. The PW-FET is a new type of the electron devices,
which utilizes the plasma resonance effect of highly dense two-
dimensional conduction electrons in the FET channel. Frequency
tunability of plasma-wave resonance in the terahertz range was
experimentally investigated for sub 100-nm gate-length GaAs
MESFET’s by means of laser-photo-mixing terahertz excitation.
The measured results, including the first observation of the third-
harmonic resonance in the terahertz range, however, fairly devi-
ate from the ideal characteristics expected for an ideal 2-D con-
fined electron systems. The steady-state electronic charge dis-
tribution in the MESFET channel under laser illumination was
4 analyzed to study the effect of insufficient carrier confinement on
4 the frequency tunability. The simulated results support the mea-
sured results. It was clarified that an ideal heterostructure 2-D
electron confinement is essential to assuring 'smooth, monotonic
frequency tunability of plasma-wave resonance.

key words: plasma wave, resonance, FET, HEMT, Terahertz,
polariton, harmonic resongnce

1. Introduction

Emerging information technologies necessitate further
extension of operating frequency bands in electronic
systems to beyond terahertz (THz). Conventional semi-
conductor device technologies, which rely upon real-
carrier transport, however, face to the substantial limit
of operation in the THz region [1]-{4]. New operating
principles should be appreciated to establish novel THz
device technology for the real applications [3].

In 1970s, the study on plasma waves in two-
dimensional (2-D) electron systems began [6]-18]. On
the basis of those earlier studies, Dyakonov and Shur
proposed a new THz electron device utilizing the
plasma resonance effect of highly dense 2-D conduc-
tion electrons in the FET channel [9]-{12]. We call it
hereafter the plasma-wave transistor (PW-FET). The
PW-FET does not rely upon the real-carrier transport
but upon electronic polarization so that it could break-
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through the speed limit on conventional electron de-
vices. It also has a great advantage that the resonant
frequency can be externally controlled by the gate bias
voltage, which results in a possibility of injection-locked
frequency-tunable oscillation. This is essential for the
applications to the synchronized operation of commu-
nications network and/or measurement systems.

So far, various analytical [9]-[17] and some exper-
imental studies [18]-{20] on PW-FET’s have been re-
ported. Recently, the gate-bias dependence of the res-
onant frequency was observed for a sub-100-nm gate
GaAs MESFET [20]. Actually, the conduction elec-
trons in the MESFET channel are not well confined
along the direction of wafer thickness. Thus the plasma
resonance properties should deviate from what is ex-
pected for ideally 2-D-confined electron systems. This
paper describes further experimental study on its gate-
bilas dependence including the harmonic resonance in
the terahertz rage and discusses the importance of het-
erostructure 2-D electron confinement for the frequency
tunability of plasma-wave resonance.

2. Basic Properties of PW-FET’s

Figure 1 schematically explains the principle of oper-
ation of the PW-FET’s. The PW-FET’Y are set on
a common-source/open-drain configuration. First we
assume that the electrons are highly dense and trans-
versely well confined in the channel so that the tera-
hertz radiation can be coherently absorbed via inter-
subband transitions of conduction electrons. Next, let
an E vector of the irradiated electromagnetic wave be
parallel to the channel axis (source-drain direction).
Under these conditions, the incoming electromagnetic
radiation induces an ac voltage at the source side and
the plasma waves of electrons are excited. The plasma-
wave resonance may occur under the standing wave
condition of the fundamental and odd harmonics, which
is given by A = 4L/(2n — 1) where X the plasma-
wavelength, n an arbitral integer. A coupling with a
terahertz radiation might be enhanced using an appro-
priate antenna structure at the open-drain node.
Under the gradual-channel approximation condi-
tion where the DC drain-source bias is sufficiently weak
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Fig.1 Plasma-wave FET.

and the FET is biased only by the gate-to-source volt-
age Vg, the motion-of the plasma waves along with the x
axis parallel to the source-to-drain direction cau be de-
scribed by the following hydrodynamic equations [11],
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where n, the surface density of conduction electrons,
V{z) the gate-to-channel potential at z, m. the elec-
tron effective mass, » the local electron velocity. Equa-
tion (1) is the Fuler equation. Equation (2) is the con-
tinuity equation in which the induced electronic charge
ne{x) 18 given by the product of the gate-channel po-
* tential V(z) and the uniform channel capacitance. By
solving (1) and (2) under the boundaries of (i) the
common-source/open-drain eondition, (ii) terahertz si-
nusoidal wave absorption V, coswt at the source end
{far weaker than the gate-source DC bias voltage V),
the DC component of the source-to-drain voltage in-
duced by the incoming terahertz signal, AV, is ob-
tained as follows [11].
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where e the electronic charge, d the gate-channe| bar.
rier thickness, £ the permittivity of the materia] This
consequence implies that the plasma resonance effect,
modulates the DC drain-source potential. Therefore,
you may indirectly measure the resonant intensity p,
monitoring the DC modulation component AV, i},
frequency and intensity of the plasma-wave resonance
can be evaluated by (3)—(7). We discuss, hereafter, tp,
plasma resonance characteristics using the f{w) valye
In (4), the parameter kjL determines the resonans
frequency while kj L gives the damping or attenmatiop
effect. Here, the plasma relaxation time 7, a variahle
of &y and kfj, is defined as 1/7 = 1/ + 1/7,, where
T the mean electron collision time with phonons and
impurities {due to external friction) and 7, the damp-
ing time due to the viscosity of the electron fluid (dye
to internal friction caused by electron-clectron scatter.
ing). The coherence length of the plasma wave is thus
defined as v,7. The dimensionless parameter v,7/L
gives the resonant intensity or the quality factor [11).
The condition, v,7/L = 1, therefore, gives rise to the
break-even point for the resonance where the plasma
coherence length corresponds to the gate length.
When wr > 1, kL = wlL /v, and kj L == L/(2v,7).
Thus, the fundamental plasma resonant frequency wy
is given by mv,/(2L). Since v, is a function of V; as
seen in {7), the gate bias voltage can externally contiol
the resonant, frequency. This is an essential function
for the applications to the synchronized operaticn of
communications network and/or measurement systems.
The dependence of the plasma-resonance charac-
teristics on gate length I was analyzed for GaAs MES-
FET’s at 300K. The DC gate bias voltage V, was set
at 1.0V while the DC drain-to-source bias was set at
close to 0V. The corresponding fundamental resonant
frequency, which is simply given by wv,/4L, stays 0.7
to 11.7THz. For 0.03pm < L < 0.1pum, the reso-
nant intensity v,7/L stays in between 3 and 6, which
sufficiently falls in the resonance-intensive condition of
vp7/L > 1. Simulated results indicate that sub-100-nm
gate-length GaAs-based FET’s can exhibit an intensive
plasma resonant oscillation in the terahertz range {17
The plasma resonance properties were simulated
for 80-nm gate-length GaAs MESFET’s (equivalent t0
the sample for experiments) at 300K. As mentioned
above, the plasma relaxation time 7 (1/7 = 1/7a
1/7,) is the key parameter. 7, the mean electron colli-
slon time with phonons and impurities was determined
from the electron mobility p (= 5500 cm?/Vs) and the
electron effective mass m (= 0.067myg) as T = mj/¢
[17]- 7, the damping time due to the viscosity (electron
electron scattering) of the electron fluid was given by
(vk?)~!, where k is the wave number and » the elet-
tron fluid viscosity v = ifm, where i the Plank colr
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stant [9], [17]. The upper limit on the gate bias voltage

was set-at 1.0V taking device breakdown into account
while the drain bias voltage was set at close to zero
so as to make a gradual-channel approximation. It is
noted that an ideal 2-D electron confinement was as-
sumed even for the MESFET’s in order to support the

_above simplified calculation. The simulated gate-bias

dependence of the plasma resonant intensity is plotted
in Fig. 2" at excitation frequencies of 1.5THz and its
third harmonic 4.5THz in (a) and 2.5 THz and its third
harmonic 7.5THz in (b). The vertical axis is calcu-
lated by AV, V, corresponding to the plasma resonant
intensity [11]. For all the excitation conditions, reso-
nant peaks arve clearly seen.

Figure 3 plots the simulated resomant frequen-
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Fig.2 Simulated plasma resonant intensity vs. gate bias
voltage for 80-nm gate-Jength GaAs MESFET at 300 K.
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Fig.3 Simulated fundamental and third harmonic resonant
frequencies vs. gate bias voltage for 80-nm gate-length GaAs
MESFET at 300K. The pate-bias voltage is set at 0.5V. The
portions with thicker lines are resonance-intensive region.
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- cies {f,) versus the gate bias voltage V;. Resonance-
" intensive regions (v,7/L > 1) are specified with thick
‘lines.

For the fundamental and third harmonic res-
onance, a very wide frequency tunability of 1.5 THz
< fr < 3.5 THz and that of 4.5THz < f. < 11.0THz
are obtained, respectively. For the third harmonic res-
onance, the resonant intensity drastically decreases.
This is because the electron-electron scattering in-
creases in proportion to the square of the resonant fre-
quency. Actual electron distribution in the channel (not
well confined along the vertical direction) may cause de-
viation of the resonant properties from those simulated
results.

3. Terahertz Plasma-Wave Excitation in PW-
FET's

One of the major concerns of PW-FET’s is the fre-
quency tunability. The dependence of the resonant fre-
quency of PW-FET’s on V, is to be observed for an
80-nm-gate GaAs MESFET. To conduct this experi-
ment, plasma-wave excitation in the terahertz range
is an essential function and is performed by means of
polariton-plasmon interaction, i.e. photon-phonon cou-
pling and coherent phonon-plasmon interaction [17],
120]. Hirakawa et al. experimeuntally suggested that the
photon with < FE, coherently excites the plasmon via
polariton [21]. Also, Gu et al. observed the terahertz
electromagnetic wave radiation from LO-phonon plas-
mon coupling modes in InSb fiim [22]. Three mecha-
nisms of the coherent LO-phonon excitation are known:
(i) impulsive stimulated Raman scattering (ISRS) [23],
(ii) displacive excitation of coherent phonon (DECS})
[24], and (iii) instantaneous screening of surface poten-
tial bending (ISSPB) [25]. ' ISRS requires photon en-
ergy slightly less than E, while DECS and ISSPB re-
quire photon energy lager than E,. These prior works
should support the mean of terahertz plasma-wave ex-
citation taken in this experiment. It is also thought
for GaAs materials that the photon energy of far less
than E, could excite the coherent LO phonon due to
the existence of the deep trap centers [27],[28].

3.1 Experimental Setup and Sample Preparation

Experimental setup is shown in Fig.4. A pair
of wavelength-tunable continuous-wave (CW) laser
sources having a 100-nm band around 1550 nm. was pre-
pared for. The Terahertz excitation was performed by
using a pair of C-band tunable CW laser sources in
a manner of difference-frequency (A f) generation via
polariton-plasmon interaction [20]. The resonant in-
tensity was estimated by monitoring the DC modu-
lation component AV, of the source-drain potential
(0(100 uV)). The gate-bias (V;) dependence of AVy,
was precisely measured by using a lock-in amplifier.
The sample under measurement was an 80-nm
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Fig. b Device structure of GaAs MESFET.

gate-length GaAs MESFET [26]. The gate width
is 100 gm (12.5 pm x 8 sections). Its cross sectional
view is shown in Fig.5(a). The two-step huried p-
layer (BP and BP2) lightly-doped drain {L.DD) struc-
ture is adopted, which is effective in suppressing the
ghort channel effects. The gate electrode is formed
with a T-shaped Au/WSIN structure. Offsets (Lan'-
Lg), which separate the gate electrode from the n’ lay-
ers, also -help reduce the gate parasitic capacitance.
Typical DC/AC characteristics: the threshold voltage
Vin, the transconductance G,,, the current-gain cutoff
frequency fr, and the maximium oscillation frequency
Jrnax, are —1.0V, 400mS/mm, 100 GHz, and 110 GIIz,
respectively. The sample was measured on wafer un-
der a common-source/mear-open-drain condition with
a load resistor of 1kfi. The photomixed laser beam
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Fig.6 Measured photoexcited current vs. gate bias Vg The
drain-to-source bias Vy, was set at +0.2V. The incident laser
beam is a 1550-nm wavelength, CW source with an average poywe,
of 3mW.

was linearly polarized along the channel axis and illyn;.
nated onto one section of the channel from the backside
as shown in Fig. 5(b). For this purpose, the backside of
the wafer was chemically polished to make an optica
flat surface.

3.2 Experimental Results
3.2.1 Photoresponse of GaAs MESFET’s

In general, the semi-insulating (GaAs material is trans-
parent to the photon in the 1550-nm range. Thus, vir-
tual carrier excitation using polariton-plasmeoen inter-
action by photomixing the 1550-nm sources with THg
difference-frequency component would be a reasonable
way for plasma excitation [17]. However, becanse of
the deep trap centers produced by Cr and O doping
for defect compensation {27], [28], weak but steady pho-
tocurrent I, was generated under the laser illumins-
tions. Ipn-V, characteristics were measured at the chan-
nel area. The Vg, was set at +0.2'V. Typical result is
shown in Fig.6. At lower V region where the gate-
channel Schottky diode is strongly reverse-biased, the
depleted-region is enlarged and photoexcited electrons
drift along the potential gradient toithe channe] with
large velocity, yielding large photocurrent (on the or-
der of 10 zA). With increasing the V, the photocur-
rent monotonically decreased, reflecting the bias depen-
dence of the Schottky diode.

The I, profile along the channel axis was also
meagured. The result, as shown in Fig, 7, indicates that
the photocurrent exhibits a local minimum at the very
center of the channel and rapidly increases with leav-
ing the chanuel region for both sides of the source and
drain. As shown in Fig 8, the photoexcitation pro-
cesses via those trap centers are considered to occur at
the p-n junctions of the buried p-layer and upper n, o,
and 1T layers as well as at the gate-channel Schottky
Jjunction. From the channel region (n) to the outer 1¢
gions (n’ and further n region), both the area and the
potential gradient of the p-n junction increase. The
measured I, profile well reflects this physical aspect
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Fig.8 Possible photoexcitation processes via deep trap centers
in GaAs.

of photoexcitation processes. This leads to an impor-
tant consequence that accurate beam positioning can
be performed by searching for the local minimal Iy
point.

3.2.2 Plasma Rescnance Properties

For terahertz plasma-wave excitation, the difference fre-
guencies A f were set at 1.5 and 2.5 THz, and their third
harmonics: 4.5 and 7.5 THz. In order to discriminate
the effect of the plasma resonance from the background
(mainly-due to undesirable photoexcited real carriers as
mentioned above), the DC drain-source voltages (ini-
tially biased at 0.2V) under a zero-Af condition was
also measured and subtracted from those under the
non-zero-Af condition, obtaining the DC drain-source
modulation component AVy,.

Measured results for plasma resonant intensity ver-
sus V;, are plotted in Fig. 9. Due to residual uncertainty
on the absolute value of the resonant intensity (mainly
caused by the fluctuation of the incident laser power),
the resonant intensity was normalized by the peak in-
tensity- on each. curve. The results indicate the occur-
rence of plasma resonance at the peak point on each
curve. The V, value at the resonance point, V;_g, for
Af. of 1.5 THz (2.5 THz) almost coincides with that
for Af,. of 45THz (7.5 THz). This implies, as is an-
alytically derived, that the third harmonic resonance

was observed for Af, of 4.5 and 7.5 THz. This is the
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Fig.9 Measured plasma-resonant intensity vs. gate bias V.
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Fig.10 Measured plasma-resonant frequencies vs. gate bias

Vg. The shaded lines are simuiated results under the condition
of ideal 2-D electron confinement.

first observation of the third harmonic resonance for
PW-FET’s in the THz range.

Figure 10 plots the resonant frequency f, versus
the gate bias V,. The shaded lines are the simulated
results for an ideal 2-D electron confinement in het-
erostructures where f. monotonically increases in pro-
portion to 1/V,,, assuring smooth frequency tunability.
The measured results, however, fairly deviate from the
ideal characteristics at lower V, region. The f, rapidly
increases with slight increase in V; of around 0.7V, de-
grading the frequency tunability.

i

4. Discussion 1
4.1 Quality Factor of the Plasma Resonance

Seeing more precisely in Fig. 9, all the resonant curves
show much broader aspects (lower quality factors) than
those for the first-order simple analytical estimation as
shown in Figs. 3(a) and (b). The following two factors
are considered for this reason: insufficient electron con-
finement along with the directions (i) perpendicular to
the chanmnel and (ii) longitudinal to the channel. Due to
the nature of the MESFET structure, insufficient elec-
tron confinement makes a certain distribution of the
electron density along with the channel thickness di-
rection. This may directly broaden the resonant curve.
On the other hand, carrier confinement along with the
channel seems to be also insufficient. This is because
the channel boundaries (the source and drain ends} are
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defined by the fraction of the electron density between
inside and outsides of the chanmel (formed with the n*
ohmic contact regions), and are somewhat lossy.

49 Carrier Distribution in MESFET Channel under
Weak Photoexcitation

The cause of such poor frequency tunability (as is seen
in Fig. 10) is considered. As mentioned in Sect. 2, when
assuming both the density of electrons and the mo-
tive force to the plasma wave arve directly given by
the gate-to-source potential V,, the plasma-wave veloc-
ity vy, then the resonant frequency fr; is proportional
to 1/Vgs (see Eq.(7)). This is an ideal case for het-
erostructure 2-D electron systems. In an actual sample
of MESFET’s, however, we must consider the carvier
distribution along with the vertical direction, which is
originated from the nature of the MESFET’s structure.
Since the effective channel thickness d of the sample
(MESFET’s) cannot be ignored and varies with V; and
photoexcitation, the increase in electronic cha:fge (in-
duced by V, and photoexcitation) in the channel does
not simaply reflect the increase in the surface density of
electrons n,. Therefore, in order to obtain an actual v,
or fr, the real carrier distribution and then the effective
density of electrons that gives the effective motive force
to the plasma waves should be calculated.

The band diagrams of a depletion-type MESFET
are shown in Fig. 11.-'The horizontal axis takes the nor-
mal direction to the surface; the left side corresponds
0 the gate metal and the right side corresponds to the
buried p-layer. The effective channel region is defined
as the central region with the thickness 4 in between
the depleted layers W1 and W3 in the Schottky and p-
n junctions. The effective channel thickness d and the
distribution of conduction electrons are modulated by

_ the gate bias V, and photoexcitation.

Under a weak, constant photoexcitation condition
with photon energy of less than the band gap energy, it
is reasonable that the band structure (potential gradi-
ent) is dominantly determined by V, and less affected
by the photoexcitation. In this case, the iotal carrier
distribution ns.e(z, V) is approximated by the sum of
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(a) Non-biased condition. (b) Reverse-biased condition.

Fig.11 Band diagrams of a depletion-type MESFET.
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the independent two processes: (i) carrier dletnbutmn
Tnon (%, Vy) under a Vy condition without photoillyy,:
nation, and (ii) photoexmted carrier distribution g, oh(z

Ve)- ’

ntot(xa %) = nnon(:c, I/g) + nph(w, Vg) (8)

Assuming an actual physical parameters for the chay
nel, the carrier distribution without photoﬂlumlna,tmn
nnon{x Vy), were calculated as

kT \ >
'nnon(mnifg) =2 (%)

1

Eelw, V) — EF) ®)
kgT

where m. the effective mass of a conduction electron
kp the Boltzmann constant, 7' the temperature, EC(;,;:
V,) the potential at the bottom of the conduction band,
and Ep the Fermi energy.

On the other hand, steady-state distribution of
photoexcited carriers, npp{z, V), was analyzed by solv-
ing the rate equation:

1+exp(

Bnph Tinh 8 Tinh I
=G 2 D, P i
O + Hx? + felon Oz 0,

(10}

where (& the carrier generation rate, 7 the recombina-
tion lifetime, D, the electron diffusion coefficient, u,
the electron mobility, F the electric field due to the po-
tential gradient at the bottom of the conduction band.
The parameters ¢ and T were set at optimal values
so as to support the measured photocurrent and the
reported data for deep trap centers due to Cr and O
doping. The parameters D, p1. were set at the stan-
dard values for GaAs materials including the velocity
overshoot effects.

Calculated rnen (2, V,), npn (7, Vy) and ngo(z, Vy)
are plotted in Figs. 12(a)}, (b), and (c). The gate bias
voltage V; (offset from the threshold voltage) was set at
4+0.2, 40.5, +0.7, 4+-1.0, and +1.2 V. With increase in
Vs Tnen (T, V) increases, and its distribution spreads
toward the top surface (see Fig. 12(a)). This is a nor-
mal dependence for MESFET’s. On the other hand,
npr{z, V,) has larger and wider distribution at lower Vs,
which is due to the wider depleted layer in the reverse-
biased Schottky junction (see Fig. 12(b}). As a conse
quence, the total carrier density . (x, V) takes no-
monotonic dependence on V, as shown in Fig. 12(c)-
An effective channel thlckness d can be defined as the
region where (., Vy) is higher than a certain level
Here we set the border at the density of conduction
electrons in the channel under the thermally equﬂib'
rium condition at room temperature: 1.3 x 10*'m
As is seen in the inset in Fig. 12(c), nyn(z, V) Hlakes
d larger in lower V;, region so that d may varies Dol
monotonically with V.

Y
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Fig. 12 Calcurated carrier distribution in the channel. The

parameter, gate-to-source bias voltage V; (offset value from the
threshold voltage), is at +0.2, +0.5, +0.7, +1.0, and +1.2 V.

4.3 Effect of 2-D Carrier Confinement on Frequency
Tunability :

The mean surface electron density, n.(V,), was calcu-
lated as a function of photoexcited carriers and V.

1acl¥) = [, V)|

-2/ " nwt(sc,vg)dwrm ()

wl

Then, by substituting n. with 75, in (7), the V, de-
pendence of f. was obtained as shown in Fig. 13 with
solid lines. Such an undesirable nonlinear dependence
Is caused by (i) the finite carrier distribution along
the channel thickness decreasing the effective carrier
density and (ii) the photoexcited electrons (generated
via deep trap centers) at the gate-to-channel deple-
tion region drifting along the potential gradient to in-
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Fig.13 Simulated plasma-resonant frequencies vs. gate blas

Vy. The solid lines are for the results taking carrier distributions
and an effective channel thickness into accoant.

crease the effective channel thickness {decrease the de-
pletion layer thickness}. It is also noted that insufli-
cient 2-D carrier confinement degrades the quality fac-
tor of the plasma resonance because a different den-
sity of carriers makes a different resonant frequency.
As Crowne reported in [14], [15], the other two impor-
tant factors that weaken the resonant intensity and co-
herency should also be considered: 1) the Doppler el-
fect generating up- and down-shifted frequency com-
ponents [14], 2) non-uniformity of the channel charge
density [15]. From the above discussion, it was clarified
that an ideal heterostructure 2-D electron confinement
is essential to assuring smooth, monotonic frequency
tunability of plasma-wave resonance.

5. Conclusion

Frequency tunability of plasma-wave resonance in the
terahertz range was experimentally investigated for
sub 100-nm gate-length GaAs MESFET’s by means
of laser-photo-mixing terahertz excitation. The mea-
sured results, including the first observation of the
third-harmonic resonance in the terahertz range, how-
ever, fairly deviated from the ideal characteristics ex-
pected for an ideal 2-D confined electron systems. The
steady-state electronic charge distribution in the MES-
FET channel under laser llumination was-analyzed to
study the effect of insufficient carrier confinement on
the frequency tunability. The simulated results well
explained the measured results. It was clarified that an
ideal heterostructure 2-D electron confinement is essen-
tial to assuring smooth, monotonic frequency tunability
of plasma-wave resonance.
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