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The terahertz portion of the electromagnetic spectrum is experiencing a substantial growth in inter-
est, with new applications in security, medicine and communications, among others, emerging at a
rapid pace. Limitations in source power, the reported “terahertz gap,” place stringent requirements
upon THz detector device performance in terms of responsivity, sensitivity and response speed. In
this paper, we review the present state-of-the-art in terahertz sources and detectors, and discuss
in some detail the operation of an emerging class of plasma wave terahertz devices.
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1. INTRODUCTION

Originally of interest for astronomical science and earth
observation, the terahertz portion of the electromagnetic
spectrum has gained an ever increasing attention in
recent years. Potential applications abound in commu-
nications, materials identification and imaging, the lat-
ter driven largely today by security concerns, where
hidden hazardous agents may be detected. Applications
in medical imaging, both external and internal' to the
human body are also experiencing a substantial growth
in interest. Examples of terahertz imaging applications
are shown Figures 1-4 Present imaging techniques are
divided between Pulsed Time Domain (PTD) and Continu-
ous Wave (CW) modalities. PTD imaging affords a greater
diversity of information, including depth, range and nature
of scattering objects, including absorption spectra, while
CW imaging information is typically limited to intensity,
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though depth and range may be discerned by increasing
detection complexity.? PTD systems tend to be bulkier and
more expensive than CW systems, and can be more diffi-
cult to set up. Imaging in PTD systems tends to be more
involved than is the case for CW systems due to the com-
plexity of the image data. In either system, imaging may
be of the radiation transmitted through or reflected by the
object.

As indicated in Figures 1 and 2, CW imaging systems
can be passive, where the terahertz or sub-terahertz energy
analyzed is present in the environment or emitted by the
object itself (typically the human body), or active, where
the energy is supplied by a dedicated source. In active
systems, source power is of major concern, since it is at
present very limited. For both active and passive systems,
the terahertz detector plays a crucial role, and in this paper,
we briefly review the state-of-the-art of existing terahertz
detectors, and discuss emerging plasma wave electronic
devices as detectors of terahertz radiation. In order to pro-
vide context for our discussions, we begin with a brief
review of terahertz emitters.

2. TERAHERTZ EMITTERS

For security applications, likely beam power requirements
are between 1 mW and 1 W (Ref. [3]), thus in addi-
tion to work on faster and more sensitive CW detectors,
development of more powerful sources is essential. Irra-
diation power restrictions in medical imaging applications
(1 mW/cm?).? In this case, the maximum imaging depth
due to attenuation of the terahertz signal is limited to ~1
mm. As with terahertz detectors, there are two modalities
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associated with terahertz sources. In Pulsed Time Domain
(PTD) systems, terahertz radiation is typically generated
by illumination of a photoconductive antenna with radi-
ation from ultrafast gas or solid state lasers. A novel
approach replaces the photoconductive antenna with a laser
induced air plasma* which overcomes the atmospheric
attenuation inherent in transmission of terahertz radiation
across substantial distances. Terahertz sources capable of
Continuous Wave (CW) operation include Free Electron
Lasers, Quantum Cascade Lasers, Gunn and IMPATT
diode oscillators, (typically GHz sources with Schot-
tky diode frequency multipliers), semiconductor HBTs,
HEMTs, and possibly nanometric scale silicon FETs.
Table I presents a comparison of the various CW sources.

The Free Electron Laser (FEL) is in a class by itself
in terms of output power (and physical size). In the FEL,
electrons not bound to atoms are accelerated to relativis-
tic speeds, then run through a “wiggler” where they give
up energy which is converted to light.> This is shown
schematically in Figure 5. Terahertz beam power in the
FEL is on the order of hundreds of watts to, potentially,
kilowatts. Excepting the FEL, terahertz source power is
quite low, at most on the order of hundreds of milliwatts.

This “terahertz gap” though narrowing, is illustrated in
Figure 6.

Optically pumped lasers typically consist of a low pres-
sure molecular gas laser pumped by a grating tuned CO,
optical laser. Output powers range from milliwatts to hun-
dreds of milliwatts over a range of several terahertz. Quan-
tum Cascade Lasers (QCLs) consist of a stack of repeated
identical quantum well modules (typically 20-200) in
which photons are created via intersubband transitions
within the conduction band. QCLs have high quantum effi-
ciency due to the cascading effect. Output power is typ-
ically in the range of tens to hundreds of milliwatts.”
While not yet capable of room temperature operation,
recent devices have been demonstrated at close to 140 K.

The operation of Gunn and IMPATT diodes as
microwave emitters is based on these devices exhibiting
regions of negative differential resistance. Small fluctua-
tions in voltage when biased to operate in these regions
tend to grow, resulting in oscillation. Simulations of GaN
IMPATT diodes operating in the frequency range up to
0.7 THz have been reported recently.'® More typically,
these devices are coupled with Schottky diode frequency
multipliers to achieve terahertz emission.'" A drawback
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Fig. 1. 0.2 THz (active) images of empty briefcase (left) and briefcase containing a large knife and various harmless objects. Reprinted with permission
from [51], N. Karpowicz et al., Appl. Phys. Lett. 86, 054105 (2005). © 2005, American Institute of Physics.

to this approach is the reduction in emitted power with
each multiplication, and power output is limited by both
the power output of the source oscillator and the thermal
power capacity of the multiplier. An integrated GaAs fre-
quency doubler is shown in Figure 7. '
Backward Wave Oscillators (BWOs), also known as
Carcinotrons, are a variety of traveling wave tube, where
energy from an electron beam traveling the length of an
evacuated tube in a high magnetic field is absorbed into a
waveguide intersecting the tube at regular intervals, as is
shown in Figure 8. The frequency of the waveguide output

Fig. 2. Polarimetric millimeter wave scene simulations of 0.22 THz
(left) and 0.50 THz (passive) images of a wax slab and metal pistol
against the body. Reprinted with permission from [3], N. A. Salmon,
Proceedings of SPIE—The International Society for Optical Engineering,
London, United Kingdom (2004), Vol. 5619, p. 129. © 2004, SPIE.
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is adjusted by the electron beam accelerating potential. As
with Gunn and IMPATT diode sources, BWOs are often
coupled to multipliers to extend their frequency.

Photomixers typically consist of an interdigitated
antenna structure across which a DC bias is applied. Tera-
hertz radiation at the difference frequency of two incident
optical lasers arises from the photoelectric effect, and gen-
erally the radiation is coupled to free space using planar
antennas and a hemispherical silicon lens.'” Power output
is limited by the thermal capacity of the device. Figure 9
illustrates typical photomixer structure and a commercially
available packaged device.

3. TERAHERTZ DETECTORS

In PTD systems, detection of terahertz radiation is typi-
cally accomplished using a non-linear electro-optical crys-
tal in which the polarization of a probe beam is altered
by the electric field of a present terahertz signal. For CW
systems, two primary modalities exist for detection of sig-
nals in the terahertz range. One involves the reduction
of the terahertz signal to sufficiently low frequencies to
allow amplification and signal processing. This (hetero-
dyne receiver) approach typically uses non-linear diodes to
mix the terahertz signal with a local oscillator reference.!!
The second approach is direct detection, where the tera-
hertz signal impinging upon a detecting device results in
a measurable response. Direct detection devices include
bolometers and microbolometers, Golay cells, Supercon-
ducting Tunneling Junctions (STJs), pyroelectric devices
and semiconductor electronic devices including Schottky
diodes, Heterojunction Bipolar Transistors (HBTs), High
Electron Mobility Transistors (HEMTs) and Silicon FETs.

Among key parameters indicative of detector perfor-
mance are responsivity, sensitivity (or detectivity) and
response time. Responsivity relates the detector output sig-
nal to incident power, thus a more responsive detector
would have a greater output (i.e., voltage) for a given
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Fig. 3. Ex-vivo study of basal cell carcinoma: (a) clinical photograph, (b) excised tissue, (¢) pulsed THz image—central dark area shows regions of
increased absorption which correspond to regions of tumor. Reprinted with permission from [52], V. P. Wallace et al., Proceedings of SPIE—The Int.
Sac. for Optical Eng., San Jose, CA, United States (2003), Vol. 4949, p. 353. © 2003, SPIE.

incident power. Sensitivity infers the minimum incident
power which can be detected. Terahertz power arriving
at the detector is diminished significantly by distance
due to absorbtion in the atmosphere and in transmission
through, or reflection from the imaged object. Addition-
ally, ambient radiation and variations in the radiation emis-
sion process, described as radiometric fluctuation noise,
place constraints upon detector sensitivity.?

Noise Equivalent Power (NEP) is a widely used mea-
sure inverse to sensitivity, and is frequently considered
to be the minimum power detectable per square root of
bandwidth, in units of W/,/Hz. Useful imaging relies on

Fig. 4. THz emission image of an LSI microprocessor superimposed on
its optical image. Reprinted with permission from [53], Kawase, Oprics
& Photonics News (2004). © 2004, Optical Society of America.
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the ability to differentiate materials based upon differences
in power arriving at the detector. In order to realize an
effective imaging system, some manner of signal or image
processing will doubtless be required, for which detector
response speed is of critical concern. Table II presents a
comparison of NEP, responsivity, response time and oper-
ating temperature for several of the various CW detectors.

In bolometric devices, absorbed radiation changes the
resistance of the detection element by increasing its tem-
perature. These devices are extremely sensitive, due to
operation cryogenic temperatures (~4 K and below), but
are relatively slow in response, (recent microbolometers
showing sub microsecond response'?). Figure 10 illustrates
a typical bolometer system. Detection in STJs is expected
to be the result of terahertz phonons breaking Cooper pairs
in the base superconducting electrode.™

For many emerging applications, room temperature
operation is required, and among such detectors are Golay
cells, pyroelectric devices, Schottky diodes, and emerging
FET devices based on electron plasma waves. In Golay
cells, the temperature increase due to radiation absorb-
tion is measured by deflection of light from a metal
film deformed by an increased gas volume in the cell.
Golay cells operate regardless of ambient temperature,

Table I. Comparison of continuous wave terahertz sources.

Frequency range Output power

(TH2) (W)
Free electron laser® 0.1-10 101107
Optically pumped IR lasers® 1.0-4.0 10141073

Quantum cascade lasers”® %7 2.9-45 10731073
Gunn diode oscillators® 0.03-0.3 10-1-1073
IMPATT diode oscillators®® 0.03-04 10°-10~*
Backward wave oscillators® © 0.2-0.6 10-2-1073
Frequency multipliers' 0.1-1.7 1071-1077
Photomixers® 4 0.1-1.6 1031077

J. Nanoelectron. Optoelectron. 2, 209-221, 2007
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Fig. 5. Schematic illustration of light generation in a free electron laser.
Electrons with unspent energy exiting the wiggler are recycled. Reprinted

with permission from [35], http://www jlab.org/FEL/ (2007). © 2007,
Thomas Jefferson National Accelerator Facility.

but they are slow in response, and also very delicate.
Figure 11 illustrates a typical Golay cell with support
electronics.

Figure 12 shows a pair of typical pyroelectric detec-
tors. In these devices, temperature changes alter the elec-
trical polarization of the constituent materials, resulting in
a voltage difference across the device terminals. Response
times are on the order of milliseconds, but pyroelectric
detectors are far less responsive compared with bolometric
devices and Golay cells. Kachorovskii and Shur present
novel pyroelectric/semiconductor systems in which polar-
ization is accomplished via electron and hole moveable
islands.!> These islands would form the built-in voltage
across pyroelectric grains embedded in a semiconductor
matrix or semiconductor grains embedded in a pyroelec-
tric matrix exceed the energy gap of the semiconductor,
and are expected to exhibit a resonant response to terahertz
radiation.

Response in semiconductor electronic devices is
extremely fast, as might be expected given the com-
mon availability of high performance electronic goods. In
Schottky diodes, response to terahertz radiation is due to
rectification of the incident signal. These devices do not

1.0E+03
IMPATT
1.0E+00
Gunn O.P. laser
®
I
N .
g BWo > *—— Q¢ lasers
G 105403
2 \
o
o
\'\ freq. multipliers
1.0E-06 photomixers ¢
10808 — T SR e
0.01 0.1 1 10 160

Frequency (THz)

Fig. 6. Power output versus frequency of available continuous wave
(CW) terahertz and sub-terahertz sources. References: IMPATT, Gunn
oscillators,® BWO,* frequency multipliers,"! photomixers,*"** OP
laser®® and QC lasers.® ¥
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Fig. 7. SEM micrograph of an integrated GaAs Schottky diode bal-
anced doubler to 600 GHz. Note the air bridged anode fingers between
the three GaAs mesas. Reprinted with permission from [11], T. W. Crowe
et al., Proceedings of SPIE—The International Society for Oprical Eng-
ineering, Orlando, FL, United States (2005), Vol. 5790, p. 291. © 2005,
SPIE.

suffer from carrier recombination related recovery delays,
and so easily operate in the sub-terahertz range. Figure 13
shows a Schottky diode assembly for detection over the
range of 0.33 to 0.50 THz. HBTs and HEMTS are also
capable of operation in the sub-terahertz region.!'

4. PLASMA WAVE PHYSICS

In 1993, Dyakonov and Shur predicted an instability of
electron plasma waves in a short channel FET at tera-
hertz frequencies.!” As gate lengths in HEMTs and silicon
MOSFETs are made increasingly smaller, charge trans-
port becomes ballistic, and device channels behave as res-
onators. Terahertz response in these devices results from
plasma waves being generated in the device channel due
to modulation of the electron concentration. A localized
decrease in electron concentration causes an excess of pos-
itive charge, attracting electrons in the vicinity. These elec-
trons rush towards the positive charge, but because of their
inertia, overshoot the charge location. Now attracted in
the opposite direction, they again rush in and overshoot
the charge location, hence, supporting oscillations of the
electron density (i.e., plasma waves). Figure 14 compares
plasma wave and transit mode performance for silicon,
GaAs and GaN semiconductors.

Non-reflecting load

Cathode

Collector

Folded waveguide

Fig. 8. Schematic diagram of a typical backward wave oscillator
(after naval electrical engineering training series®).
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Fig. 9. (left) Micrograph of interdigitated electrode photomixer structure. Reprinted with permission from [12], E. R. Brown, International Journal
of High Speed Electronics and Systems 13, 497 (2003). © 2003, World Scientific. (right) Photograph of commercially available photomixer. Reprinted
with permission from [56], A. Ueda et al., National Astronomical Observatory of Japan, Alma Memo No. 516 (2005). © 2005, NAOJ.

In contemporary FETs, electron motion transverse to the ~ where U, is the ac signal induced by the incoming radia-
channel is constrained and quantized due to high electrical tion, and:

fields. Charge transport is not attributed to individual carri- 1+ Beos(2k,L)
ers, but rather, to the two dimensional electron gas, which fl@)y=1+p~- sinh? (k! L) +cos? (kL) (2)
tends as a whole increasingly to conform to hydrodynamic 0 0
equations of motion. Thus, as a “two dimensional elec- here: 5 Yt (
tron fluid,” their properties can be studied and modeled."” = 3)
Figure 15 illustrates the plasma frequency dependencies in L+ (wr)?
the 3D, ungated 2D and gated 2D regions. and:

Dyakonov and Shur applied the electron fluid model to . (1 + w—27-*2)1/ 2 +1 12
terahertz detection in HEMTs in 1996.'® The basic equa- ko=~ 3 (4)
tions pertaining to the electron are the relation of the "

surface electron concentration to the gate voltage (in the . (1 +w”27‘2)1/ 1
region >nkgT /e above the threshold), the equation of 0= 2 )
motion and the continuity equation. These are solved, with
appropriate boundary conditions, to yield an expression for
the constant source to drain voltage response (AU) as:

€

where 7 is the momentum relaxation time and s =
(eU,/m)"/* is the plasma wave velocity. Plasma wave
devices may behave as resonant or broadband (non-reso-
) nant) detectors, as is illustrated in Figure 16, depending
_A__li - l(_[é) f(w) 1 upon the radiation frequency and device parameters as is
Uy U discussed in the next sections.

Table II. Comparison of THz CW detectors.

NEP (W/Hz!7?) Responsivity (V/W) Resp. Time (sec) Op. Temperature (K)

Cryogenic detectors

Bolometers** 107161071 107-10° 1072-1073 <42

Hot-e microbolometers'> 10-19-10-Y 10° 10-8 <0.3

STJ detectors* 10716 10° 1073 <0.8
Room Temperature detectors

Golays cells* 1071 10° 1072 300

Pyroelectrics’ 107 10° 1072 240-350

Schottky diodes® 10712 103 1012 10-420

“HEMTs® 10-10 10° 1071 (Ref. [31]) 10-420

*Silicon FETs® 1071 102 10~ (Ref. [31]) 10-420

“The last two entries represent emerging plasma wave electronic devices and the performance listed does not truly reflect their potential. The physics of their operation and
predictions of their performance are given in the next sections.
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Fig. 10. (left) QNb/2 bolometer system including cryostat and support electronics. (left inset) Superconducting Nb hot electron bolometer
type QNb/X, with coupling optics. (right) Internal view of cryostat illustrating bolometer placement. Reprinted with permission from [44],
hitp:/gmciworks.ph.gmw.ac.uk/QMClgme.html/ (2007). © 2007, QMC Instruments, Ltd.

5. NON-RESONANT DETECTION

When wrt « 1, the plasma oscillations are overdamped and
the device operates as a broadband detector. Here:

B<1, ky=ky=(1/s)(w/27)'" (6)

and:

_ sinh*(Q) —sin*(Q)
f(w) = sinhz(Q) +COSZ(Q) (7)
where Q = (L/s)(w/27)"/%. Knap et al. extended this non-

resonant response model to the sub-threshold region,'®
resulting in the expression:

eu?

Au = —{(1/1+kexp(—ely/nksT))
4ms?

— (1/[1+ kexp(—eUp/mkg T) ]
x [sinh*(Q) + cos*(Q)])} (8)

Fig. 11. Golay cell (right) and support electronics. Reprinted with
permission from [44], htp://qmciworks.ph.qmw.ac.uk/QMCI/gmc.html/
(2007). © 2007, QMC Instruments, Ltd.

J. Nanoelectron. Optoelectron. 2, 209-221, 2007

here the plasma wave velocity s is described by:

el el
o= rem( o) ] e ()| ©

where s, = (nkg T/m)'/? is the electron thermal velocity,
and « is a factor related to gate leakage:

joL*me

2T (19)

where j, is the leakage current density and C is the
gate capacitance per unit area. Calculated response of
GaAs/AlGaAs FETs at 0.6 THz is shown in Figure 17.
It is noted that at values well below the threshold, where
the total number of electrons in the channel becomes
small (gate voltage below threshold by <« —ankgT, where

Fig. 12. LiTaO, Pyroelectric detector assemblies, available with and
without integrated FET or op-amp and related circuitry. Reprinted with
permission from [57], http://www.spectrumdetector.com/ (2007). © 2007,
Spectrum Detector, Inc.
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Fig. 13. (left) Zero-bias Schottky diode 0.33-0.50 THz detector assembly including feed homn assembly. Reprinted with permission from [58],
http:/virginiadiodes.com/ (2007). © 2007, Virginia Diodes, Inc. (right) Scanning electron micrograph of a planar Schottky barrier diode. Chip dimen-
sions are approximately 180 x 80 x 40 um. Courtesy of J. L. Hesler (2007). © 2007, Virginia Diodes, Inc.

a ~ 5 to 10), noise is found to be very important, and the
model is no longer valid.

In addition to the HEMT devices studied by Knap
et al., this general model has been applied to non-resonant
terahertz rtesponse in submicron and nanoscale sili-
con MOSFETs*?! and to Silicon on Insulator (SOI)
MOSFETSs.2? In our recent papers, we presented the effect
of device loading on sub-threshold response, and conclude
that minimum detector NEP coincides with the device
threshold voltage,® and for the first time, demonstrate
non-resonant terahertz response in silicon CMOS, ie,
n-channel and p-channel devices.?*

6. DRAIN CURRENT RESPONSE
ENHANCEMENT

Lu and Shur proposed and demonstrated the increase of
non-resonant response with the application of source to
drain current due to increased asymmetry in plasma wave

Frequency (THz)

~

1 ! (IS |
002 005 0.1 02 05 1

Gate Length (micron)

Fig. 14. Comparison of plasma and transit mode operating frequency
limit versus gate length for several semiconductor materials (after Ryzhii
and Shur*®).

216

boundary conditions.” Veksler et al. attribute the dra-
matic increase in non-resonant response to the increase
in non-uniformity of the electron concentration and field
distributions at the transition from the linear to saturation
regions.?® They describe the detector response for long
samples as follows:

A=t ! (11)
u= —
AUy V1A

Here A is the ratio of the drain current density to the satura-
tion current density j,;/ ja- AS the drain current approaches
the saturation current, A — 1, and the detector response

47’ N,
o = |—2
f
me

Source/Drain regions
{3D electrons)

|

{
: /
H
H

Ungated 2D gas
Gated 2D gas
B, = sk

o, = 27ze‘nk
me . jdne’ nd
' me

Fig. 15. Frequencies of plasma oscillations (wp) versus wave vec-
tor (k). ¢ is the electron effective mass, ¢ is the dielectric permittivity
of the semiconductor, N is the bulk electron concentration in the alloyed
regions, n is the sheet electron concentration for channel regions, which
is proportional to the gate voltage swing (after Shur and Ryzhii®®).
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Fig. 16. Calculated responsivity of 5 um and 15 um gate HEMTs at 77 K (top) and 300 K (bottom). At 77 K, the devices behave as resonant
detectors; at 300 K as broad-band, or non-resonant, detectors. Reprinted with permission from [61], M. 1. Dya-konov and M. S. Shur, [EEE Transactions

on Electron Devices 43, 1640 (1996). © 1996, IEEE.

increases dramatically. This effect of drain current on
response is illustrated in Figure 18. Teppe et al. found that
the application of drain current led to an eventual transfor-
mation into resonant response in GaAs/AlGaAs FETs.”

7. RESONANT DETECTION

When wt > 1, the damping of the induced plasma oscil-
lations is small. In this case:

! w " —
B=2, ky= < kg = (2s7)"! (12)

6.21 300K
3 5.0
§ 3_7: L l I
g

2

3 2.5 - I3
2 14
212
Q.

0.0 :

06 03 00 03 08
Swing Voitage U_ (V)

and:

3sinh?(L/2s7) +sin’(wL/s)
flo)=—7 - (13)

sinh“(L/2s7) + cos’(wL/s)

For short samples where st > L, f(w) exhibits
sharp resonances at the fundamental plasma frequency
wy, = ws/2L and its odd harmonics. Here the response is
given by:?’

1
R PR W Y P

With the plasma wave bias dependent upon the gate
bias, the fundamental plasma frequency is also, thus the

A (14)

-~
o
:

o
(-]
i

2
i

©
*

Photoresponse (a.u.)
[ ]
b

/1)) ‘

06 -03 00 03 06
Swing Voitage U (V)

@
©

Fig. 17. Calculated GaAs/AlGaAs 0.6 THz photoresponse (left) at 300 K and for 5 = 1.5, for four different leakage currents. 11: j, = 1.3 x 10! A/m?,
k=10"7;12: jy=1.3x10° A/m?, k = 1075, I3: j, = 1.3 x 10° A/m?, k = 1073, 14: j, = 1.3 107 A/m?, x = 1072, (right) at j, = 1.3 x 10° A/m® and at
four different temperatures: T =10 K, n =15,k =9.0x 107, T =100 K, n=2.5, k =32x 107, T =200 K,k = 1.75, k = 1.7x 107, T =300 K,
7=1.5, k=1.0x107°. Reprinted with permission from [19], W. Knap et al., J. Appl. Phys. 91, 9346 (2002). © 2002, American Institute of Physics.
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Fig. 18. (left) I, — V,, characteristics of GaAs HFET. (right) Photoresponse to 0.2 THz radiation as a function of drain current (filled sym-
bols); solid lines on right indicate theoretical predictions corresponding with the transition from linear to saturation regimes marked on [; —
V,, curves. Reprinted with permission from [26], D. Veksler et al, Phys. Rev. B (Condensed Matter and Materials Physics) 13, 125328
(http://link.aps.org/abstract/PRB/v73/p125328) (2006). © 2006, American Physical Society.

device operates as a tunable tesonant terahertz detector.
Such detectors have the potential for analyzing spectral
information of incoming radiation in addition to inten-
sity. Resonant terahertz response has been demonstrated
in submicron GaAs FETs® and in InGaP/InGaAs/GaAs
HEMTs,” and predicted in nanometric scale silicon
FETs.2! In the absence of a developed theory of plasma
waves in the saturation regime, Teppe et al. presented a
“very rough” estimate of the relation between the gate bias
and fundamental plasma frequency:*’

T e(USf—aUm)
=y — 15
Wy oL " (15)
where:
Uéﬁ =U,— I4R, (16)

To account for the effect of the source series resistance
and « is a fitting parameter (~0.8) found experimentally.
Figure 19 shows the measured and calculated resonant
responses in saturation. Veksler et al. predict the decrease
in resonant response width as a result of applied drain cur-
rent, ultimately to zero coincident with the threshold cur-
rent for plasma wave generation.” The resonant detector
response with added drain current is expressed as:

U; W}
AUO(L) ~ 5
AU (@ — wy)" + (1/27 = vy/L)>

(17)

where v, is the electron velocity at the drain. The width
of the resonant peak is:

1 1y

2T - 2r L

(18)
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Since vy ~ jy, where j; = |Ig|/W is the absolute value
of the drain current density, the width of the resonant peak
decreases with the drain current. Note that the response
peak is not as sharp as was calculated in Figure 16. One
possible reason is the presence of oblique plasma waves
in the device channel, for which the resonant path length
is longer than for waves traveling parallel to the device
channel length.®
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Fig. 19. (top) 0.6 THz response as a function of gate voltage for drain
currents from 8 mA to 22 mA (left to right) in 2 mA steps. (bottom) Posi-
tion of the response maxima versus applied drain current (squares) and
calculated dependence (solid line). Reprinted with permission from {27],
E Teppe et al., Appl. Phys. Lert. 87, 052107 (2005). © 2005, American
Institute of Physics.
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8. RESPONSE SPEED

Detector response speed is of great importance in sens-
ing applications involving substantial image processing.
Kachorovskii and Shur have recently proposed theoretical
calculation of the maximum response modulation fre-
quency in plasma wave detectors as shown in the following
expression.’!

U,
% Up> 0 elp>T
Jmax = (19)
pnkgT
m{ U0<0, e{UO|>>T

Near U, =0, f,.. 18 interpolated as:
unkgT —el,
= 1
Jmas ( 2mrel? ) [ * exp( nky T

x In [1 +exp ( nekUOT ) } (20)

For gate lengths of 200 nm, estimates of f .. at the
device threshold are 10 GHz and 75 GHz for silicon
and GaAs, respectively, as is shown in Figure 20. Due
to the strong dependence on channel length (1/L%), f.
is increased dramatically as devices become shorter; for
example, in silicon devices with contemporary gate lengths
of ~50 nm, f,,, increases to more than 20 GHz at the
device threshold.

9. PLASMA WAVE EMITTERS

The possibility of realizing an electronic terahertz oscil-
lator based on electron plasma waves was first presented
by Dyakonov and Shur in 1993.!7 Here, the ballistic FET
is expected to perform as a point or linear source of

120
90
g
g 60 - GaAs
£
304 ‘______’_/
0 T T T H T
0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

Uo (V)

Fig. 20. Dependence of f,, on gate bias for several semiconductor
materials at room temperature with Z = 200 nm. Typical values of mobil-
ity were used for GaAs (3500 cm?/Vs), GaN (1500 ¢cm?/Vs) and silicon
(500 cm?/Vs). The dashed line corresponds to velocity saturation with
Jox = v, /2L where v, = 1 x 107 cn/s (after Kachorovskii and Shur®!).
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Fig. 21. Emission spectra from InGaAs/AllnAs HEMTs at 4.2 K. Inset

(a) emission spectra of bulk InSb during system calibration. Inset (b)
resonant frequency dependence of HEMT emission versus gate bias.
Reprinted with permission from [33], W. Knap et al., Appl. Phys. Lert.
84, 2331 (2004). © 2004, American Institute of Physics.

electromagnetic radiation in the terahertz range due to
amplification of electron plasma waves during reflection
from the fixed current boundary. Deng et al. were the
first to observe sub-terahertz emission from GalN/AlGaN
HEMTs at cryogenic temperatures.’? Terahertz emission
was demonstrated in 60 nm gate length InGaAs/AlInAs
HEMTs at cryogenic temperature (4.2 K) in 2004 by Knap
et al.®® Figure 21 illustrates the emission spectra of and
resonant frequency dependence upon the gate bias. Room
temperature emission was demonstrated by Dyakonova
et al. in 2006.%* Figure 22 compares the measured response
at 4.2 K and 300 K.
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Fig. 22. Current-voltage characteristics (left axis) and emission inten-
sities (right axis) for InAlAs/InGaAs HEMTs at 4.2 K (top) and 300 K
(bottom). Note sub-threshold appearance of emission intensity coincident
with downward transition in drain current. Reprinted with permission
from [34], N. Dyakonova et al., Appl. Phys. Ler. 88, 141906 (2006).
© 2006, American Institute of Physics.

219




Closing the Gap: Plasma Wave Electronic Terahertz Detectors

Stillman and Shur

10. CONCLUSIONS

As terahertz applications emerge, the need for sensitive
detectors capable of fast response and room temperature
operation is becoming increasingly apparent. Plasma wave
devices, presently being researched, offer performance
comparable to commercially available devices with the
advantages of very fast response speed and also, very sig-
nificantly, tunable response in devices with sufficiently
high carrier mobilities and short channel lengths. In addi-
tion, these resonant devices have shown promise as tera-
hertz emitters.
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