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In this paper, we report the possibility of silicon (Si) plasma wave transistor (PWT) as a resonant terahertz (THz) emitter based on the theoretical
analysis focusing on the strained Si with enhanced mobility. Under asymmetric boundary conditions for plasma wave instability, the amplitude of
plasma wave in FET channel increases and this plasma wave increment provides the basis of the electromagnetic (EM) wave emission from FET.
Because this instability is controlled by manipulation of plasma wave velocity (s) and electron drift velocity (vo), we propose the design window
based on s—v; plot which determines whether the device operates as the resonant THz emitters considering all the required physical conditions. It
is expected from the proposed design window that strained Si PWT down to 10 nm gate length with enhanced channel mobility of 500 cm?.V~".s~"
can operate as a resonant emitter in THz frequency range. © 2014 The Japan Society of Applied Physics

1. Introduction

Terahertz (THz) technology, which is mainly composed of
imaging,'> spectroscopy,¥® and communication,”® is
appealing to researchers due to its useful properties and
various applications such as food inspection®™? and
security.''”'® Among the electronic device-based THz wave
emitter'*'> and detector,'®'® plasma wave transistor (PWT)
based on silicon (Si) FET structure has advantages in terms
of low cost and large scale integration.'”?? After the
theoretical concept of PWT has been proposed by Dyakonov
and Shur,?) while PWT THz detectors are actively
developed???® and it has been expected that a high electron
mobility transistor (HEMT) operates as a THz emitters,?4 2%
there has been no significant investigation for the possibility
of THz emitters based on Si PWT due to its relatively low
mobility. As the gate length of nano-CMOS has been
scaled down to nanoscale regime around 10nm, however,
the extremely scaled channel length can compensate the loss
from low channel mobility in Si FETs. In addition, the
mobility of Si FET can be improved by the strained Si
technology.?’*®

Therefore, we set the aim of this work to illustrate that
it is feasible to make THz emitter based on strained Si FET
with nanoscale channel length. In order to investigate this
feasibility in the analytical way, we proposed the design
window based on the physical conditions for PWT to be
operated as THz emitter. The physical background is
provided to explain hydrodynamic behavior in the channel
of FET for plasma wave instability. The proposed design
window for THz emission is firstly implemented with typical
device parameters assuming arbitrary semiconducting mate-
rials and then, the possibility of resonant THz emitter in Si
technology is discussed by taking the practical examples of
GaAs and strained Si as channel material.

2. Physical background

In order to understand plasma wave properties on shallow
water analogy,?") it is important to describe two-dimensional
electron gas (2DEG) behavior which is governed by the
following hydrodynamic Euler Eq. (1) and continuity

Eq. (2):
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where v is local electron velocity, U(x, f) is voltage difference
between a gate and a channel, m is the effective mass of
electron, e is the elementary electronic charge, and T, is the
momentum relaxation time. Figure 1 illustrates the spatial
distribution of the channel plasma waves between source
(x=0) and drain (x = L) with schematic squares and its
intensity which represents 2DEG density modulations. When
the gate overdrive voltage Uy = Uy — Uy, > 0 where Uy, is
the threshold voltage of FET and U, is dc gate voltage, and
the drain-to-source voltage Ups =0, the plasma wave by
channel 2DEG is generated with its velocity s = (eUy/m)'/?
[Fig. 1(a)]. In this case of vy = 0 from Upg = 0, the plasma
wave has a dispersion relation k£ = fw/s, where w is the
plasma wave frequency. As Upg > 0, the electrons move with
the drift velocity vy and the plasma wave, which is now
carried along by the current flux, moves with s; = vy + s for
downstream and s, = vy — s for upstream. It means that the
dispersion relation changes to k, = w/(vo + s) for down-
stream and k_ = w/(vy — s) for upstream. In this case, since
the solutions of v = vy + vie™™ and U = Uy + Uje™™ from
Egs. (1) and (2) have temporal (e~*) and spatial perturba-
tions (v1, U;) through the channel, channel 2DEG density n
can be expressed by the relation of n = CU/e with gate-to-
channel areal capacitance (C) as

n=ny+ne (3)

n = Cpe™ 4 e, 4)
where ny = CUy/e, n; is spatial perturbation of n, C, and C_
are perturbation coefficients for downstream and upstream,
respectively. The difference of the speed between upstream
and downstream is the reason for the plasma wave
amplification due to reflection coefficient at drain side. The
reflection coefficient at source side C_/C, =Ry=—1 1is
obtained by Egs. (3) and (4) with boundary condition
U(x = 0) = U,, which is DC gate overdrive voltage at source
side (AC short). With this result, the reflection coefficient
at drain side Ry is yielded by modulating the first order

© 2014 The Japan Society of Applied Physics
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Fig. 1. (Color online) Top view of PWT channel, (a) when U > 0 and
Ups = 0 with schematic structure. (b) Three wave components when U > 0
and Upg > 0. (c) Top view of PWT channel when U > 0 and Upg > 0.

continuity equation considering » and v, which results in the
first order current flux j;(x) as

1) = 2 Cpetr 4 L o_eihx, (5)
ky k_

Therefore, from the boundary condition jj(x =L)=0 at
drain (AC open), Rq=(C_ky)/(Cik_)=(s—vo)/(s+
vo) < 1. The downstream from source side changes to
upstream at drain side by the reflection with decreased
amplitude (Ry < 1) as well as larger wave number. Sub-
sequently, it is reflected at source side only with 180° phase
difference by Ry = —1 [Fig. 1(b)]. We can represent the
plasma wave growth with oscillation from the superposition
of all wave components as shown in Fig. 1(c). The plasma
wave frequency w is obtained by linearizing Eqs. (1) and (2)
with the perturbations of v, U, and n as w = &' + iw":

/ |S2 - U(2)|
=—N. 6
@ 2Ls i ©)
L 2 =03 s+ 1
=% -5 ()
2Ls s — Vo 27,

where L is the channel length and N is an odd integer. This
theoretical solution indicates that the plasma wave increment
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(0" > 0) can be observed even if the channel is not in a
ballistic regime with finite mobility and momentum relaxa-
tion time 1, = um/e where p is channel mobility. In this
paper, we assume 7, = 100fs (1 =2000cm*V~"s7!, m =
0.09my) for the typical case. Also, for practical examples, we
choose 7, = 160 fs (u = 4500 em? V15712 m 22 0.063my)
for GaAs case and 7, = 50fs (1 = 500 cm?V~.s7128) =
0.19my) for strained Si case.

The effects of the finite 7, on the wave increment have
been investigated in Fig. 2(a), which shows the plot of
plasma wave increment " as the function of v, for a PWT
with L =50nm and s =1 x 10%cm/s for each 7, = 100,
200fs, and infinite value (ballistic channel). For 7, =00
(dashed line in Fig. 2), it is shown that the wave increment
can occur even for very small vy <s (s; =5s3). When 1,
becomes finite and decreases [lines in Fig. 2(a)], however,
there is a finite range of vy to be @” > 0 due to the loss term
of —1/(27,) as expected from Eq. (7). The reason why "
shows non-monotonic behavior as a function of vy can be
explained by the plot of each natural logarithm and its pre-
factor term as shown in Fig. 2(b). Firstly from a natural
logarithm term of In|(s + vo)/(s — vo)| in Eq. (7), the
increase of vy results in enhancing " since s + vy becomes
much larger than s—v,. As exceeding certain value of v,
however, w"” starts to decrease because it takes long round-
trip time (7) of the plasma wave between source and drain as
given by?!

L L 2Ls

T= = s 8
s+v0+s—v0 s2— v} ®)

which corresponds to a pre-factor of log term in Eq. (7).
Therefore, as shown in Fig. 2(c), we confirmed that the
higher @" means the faster plasma wave grows in a shorter
elapsed time by comparing each plasma wave oscillation
which corresponds to the points of (i), (ii), and (iii) as noted
in Fig. 2(a). In cases of (i) and (iii) with the same ", it is
also shown that there is only frequency difference between
(1) (smaller vy) and (iii) (larger vy) while keeping amplitude
growth same at a certain elapsed time.

To investigate the effects of the other important design
parameter s on ", the plot of ®" as a function of s has been
provided with fixed vg=3 x 107cm/s in Fig. 3, which
indicates that there is the saturation of " when s increases
much larger than vy. If we increases s until vy < s, Eq. (7)
converges to the inverse electron transit time " = vy/L,
which means that no matter how we increase s in order to
make the amplitude grow faster, there is a limitation by
electron transit time L/vy because plasma wave propagates
by electrons.

3. Results and discussion

Based on the theoretical analysis in Sect. 2, we propose
the design window for making PWT THz emitter by drawing
s—vg plot first because s and v, are independently controlled
by U and Upg, respectively. Then, how plasma wave grows
can be described by " on s—vg plot. To do this, we present
Figs. 4(a) and 4(b) illustrate @" as a function of vy and s for
the fixed s and v, respectively, for the PWT emitter with
L=50nm and 7,=100fs as typical device parameters
assuming arbitrary semiconducting materials. By assigning
" as z-axis on s—vy plot, the operation regime of PWT

© 2014 The Japan Society of Applied Physics
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Fig. 2. (Color online) (a) w"-v plot for 7, = 100, 200, and cofs.
(b) w"—vy/s plot with natural log scale. (¢c) Temporal variation of electron
concentration for vy = 2.6 x 107, 3.9 x 107, 6.5 x 107, and 8.5 x 107 cm/s.

emitter can be presented as 3D plot as shown in Fig. 5.
Basically, this 3D plot is generally applicable for various
materials with their own physical parameters but, the PWT
THz emitter operation is limited by the required physical
conditions, which are summarized in Table I with param-
eters of w, 7,, s, and vy. The physically reasonable design
window would be more reduced due to the limitations of
each condition in Table I. Especially, the operation regime
is strongly confined by the physical condition related with
vy because vy cannot exceed the injection velocity vy =
(2kgT/mm)'/?, where kg is the Boltzmann constant, and T
is temperature.
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Plasma wave velocity s (cm/s)

(b)

Fig. 4. (Color online) (a) w"-vy plot for s =1 x 10%, 1.5 x 10%, and
2 x 108 cm/s. (b) w"—s plot for v =4 x 107, 6 x 107, and 8 x 107 cm/s.

Table I. Physical conditions for making THz emitters.
Physical condition Criteria
Underdamped wt, > 1
Instability Vo < Vipj < §
Increment " >0
Frequency f<10THz

Figure 6(a) shows the finally confined design window as

2D plot which designates emission window for the PWT
with L = 50nm, vj,; =3 X 107 cm/s and 7, = 100 fs. Using
Egs. (6), (7), and the conditions in Table I, the boundaries of
design window are determined by the following equations:

© 2014 The Japan Society of Applied Physics
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of the design window if the momentum relaxation time 0 o ToeT 200 26007 300107
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confined v, range can be extended drastically according to
the increase of 7,. In the other design case with varying L for
fixed 7, = 100fs, as shown in Fig. 6(c), the shapes of the
design window changes with keeping the minimum M (M)
which is yielded by calculating an intersection point from

Egs. (9) and (10):

_ exp(4t, x 1013)_1 -1 . (12)
exp(4t, x 103)7" + 1

It means that the intersection between the line of M, and

Vo = Vjy; let us know the maximum L (L) Which can be
expressed by the following equation:

min

Smax |1 — Mmin2|

L = == T oms

(13)
where Spax = Vinj/Mmin. In this typical case, Ly, is about
60nm. Moreover, it can be noted that the range of v, is
extended to the lower value and 10 THz is achievable for
relatively low s as scaling down the gate length.
Considering this Ly,,x for the various channel materials in
PWTs, the realistic examples of PWT design window for
THz emitter can be drawn with their own material properties
as shown in Figs. 7 and 8. Figure 7 shows the design

>
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Fig. 6. (Color online) Emission window for the general case. (a) Emission
window with contour line meaning wave increment »". The underdamped
(dash-dot line), instability (dashed line), increment (solid line), frequency
(dotted line) conditions are respectively used to plot the design window.
(b) Emission window for THz emitter with fixed gate length L = 50 nm. Each
area shares similar frequency at same plasma wave velocity. (c) Emission
window for THz emitter with fixed momentum relaxation time. Each area has
totally different frequency at same plasma wave velocity.

window for the example of GaAs with L =50nm (cf.
Linax Gaas = 58 n1m), vjyj = 2 x 107 em/s and 7, = 160 fs from
m = 0.063my and p=4500cm?V~'.s712") The emission
window for GaAs-based PWT is determined with 1.57 x
107 < vy < Vinj = 2 X 107cm/s and 3.6x 107 <s <2 x
108cm/s in the operation frequency range of 1.5 < f=
w/2m < 10THz. In Si technology, the conventional Si
FETs exhibit generally the channel mobility of u=
250cm> V157139 which leads to the extremely small
design window by Lpy.si = 7nm. If we consider strained
Si technology with enhanced channel mobility u=
500 cm?-V~'.s71 28 however, Ly has been nearly doubled

© 2014 The Japan Society of Applied Physics
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L = 10nm and Si case with Ly, si = 7nm. The shape is similar to the GaAs
and general case. The underdamped (dash-dot line), instability (dashed line),
increment (solid line), frequency (dotted line) conditions are respectively
used to plot the design window.

from the conventional Si technology as Liassi= 12nm
with vy, = 1.23 x 107cm/s and 7, =50fs by assuming
m=0.19m, for strained Si. Figure 8 illustrates that the
design window for the strained Si with L =10nm (cf.
Liaxssi = 12nm) can be extended with 1.04 x 107 < vy <
Vipj = 1.23 X 107cm/s and 2.4 x 107 <5 < 4.4 x 108cm/s
in the operation frequency range of 4.5 <f= w/2w <
10 THz, which are comparable with compound semiconduc-
tor such as GaAs in Fig. 7. By using straind Si with enhanced
channel mobility, we found the possibility of resonant THz
emitter based on strained Si PWTs by increasing L, around
10 nm technology gerenation.

4. Conclusions

In summary, we have shown that it is possible to design
resonant THz emitters based on strained Si PWTs with
enhanced mobility. In order to evaluate the operation regime
of PWT as resonant THz emitter, we have proposed the
design window in the analytical way by investigating the

06JE08-5

fundamental physics of plasma wave behaviors in PWTs.
The proposed design methodology can be practically applied
to create the specific design windows for various resonant
PWT emitters based on the required physical conditions and
boundary conditions.
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