750 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 4, APRIL 2000
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Abstract—In this paper, we discuss our recent theoretical and operate as a detector of microwave and submillimeter wave
experimental results dealing with plasma waves in high electron- (j.e., terahertz) radiation [4]. Such detection has been observed
mobility transistors (HEMT's) and their applications for sources at microwave frequencies for GaAs- and GaN-based HEMT’s

and detectors operating in millimeter and submillimeter range. . ,
Plasma waves in short-channel HEMT's have a resonant response. [6], [7] and at terahertz frequencies for GaAs-based HEMT's

The HEMT-based source or detector utilizing plasmawaves should [8]. These results are encouraging for the new emerging field
operate at much higher frequencies than conventional transit-time of plasma-wave electronics that has the promise of realizing

limited devices since the plasma waves propagate much faster thansensitive terahertz detectors and discrete and array (“elec-
electrons. tronic flute” [9]) sources. However, many theoretical and
Index Terms—High electron-mobility transistor, plasma-wave experimental problems have to be resolved in order to justify

electronics, terahertz detector, terahertz radiation. these expectations. The problems, which should be addressed,
include the role of the boundary conditions (i.e., to the role of
| INTRODUCTION contacts and external circuit [10]), the role of the viscosity of

the electronic fluid [3], the transient response [11], the role
T HE development of VLSI technology has led to a dramatigt the plasma waves propagating under a certain angle to the
reduction in device sizes (from }m or so in the 1960's gate [12], the mechanism of coupling of plasma waves with the

to sub-0.1zm in short silicon MOSFET's in the late 1990's).g|ectromagnetic radiation, the reflections of plasma waves from
The critical device dimensions are becoming comparable to Qntact pads, the effect of the velocity saturation and of the

even smaller than a mean free pass for electron collisions W§fysma wave choking [13], and the role of the nonuniformities
impurities or phonons. At the same time, this reduction of dgf the gate length along the channel [14].

vice feature sizes results in a greatly increased electron density, thjs paper, we review the theoretical predictions for

in the device channel [1], [2] since the gate voltage swing dogfsma-wave electronics devices and recent experimental

not scale proportionally to the gate length and to the thicknessgkyts for plasma-wave detectors of terahertz radiation.
the gate oxide. As a consequence, electron—electron collisions

become dominant, and electrons in an FET channel should be-

have as a two-dimensional (2-D) electron fluid, i.e., they should [I. PLASMA-WAVE INSTABILITY

be governed by hydrodynamic equations [3], [4]. As was shown ) ) ) ) o

in [3] and [4], these equations coincide with those describing aPlasma waves in an FET have a linear dispersion law similar

water flow in shallow channels. The electron fluid in an FETC Sound waves, and an FET channel acts as a resonance cavity

channel can support surface plasma waves, similar to shalliPlasmawaves [3], [4]. A quality factor of such a cavity is on

water waves and to sound waves. The velocity of the plasiig order of = s7/L, wheres = (cU/m)*/? is the velocity

waves depends on the gate voltage swing and exceeds the dlé¢he plasma waves, = um/e is the momentum relaxation

tron drift velocity by an order of magnitude or so [3]. time, andL is the channel length. Heren is the electron ef-
This result has profound consequences for the devitective massy is a low field mobility, andU is the gate-bias

behavior. First, a predicted instability of these plasma wav8¥ing. As was shown in [3], in a high-mobility short-channel

should result in the emission of terahertz radiation [3]. Sonfe= I, Plasma-wave instability may occur due to the plasma-wave

kind of terahertz emission from a GaAs-based high elegmplification (caused by the wave reflections from the channel

tron-mobility transistor (HEMT) in the right frequency rangdoundaries).

has been recently observed, even though the exact mechaniskgt us first assume that the gate voltage swing is fixetf at

of such emission remains unclear [5]. Second, an FET sho@@d the channel current is zero. The plasma-wave dispersion
law k£ = +w/s corresponding to the well-known shallow water

M ot received March 18. 1999, Thi ‘ red by th Off_Waves is readily obtained from the linearized equation of motion
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ditional damping with the decrement of2. Hence, the vis-
13 cosity is especially effective in damping higher order modes.
] Comparingw” with vk? for the first mode, we find that the ef-
fect of the viscosity foru, = s is small when the Reynolds
0] numberRe = Lwv, /v is much greater than unity. A very crude
] estimate yieldsy ~ 15 cm?/s andRe = mwv,L/h ~ 12 for
v, = 107 cm/s andL = 0.2 pm.
4] For a sample with = 0.2 ym at 77 K ¢ ~ 107!
] s), the incrementv,/L exceeds the decrement/(27)
T T s 6 o8 1 15 caused by the collisions when, > 10° cm/s. For the
same sample, the decrement caused by viscosity, i.e.,
v(2r/L)?/16, is smaller than the increment,/L when
Fig.1. Dimensionless plasma wave incrennt’ L/ as a function of Mach Yo > WQU/(4L) ~ 1.8 x 10° cm/s. Hence, the threshold
numberM = v,/s. The steady electron flow is unstable wher< v, < s velocity for the instability is well below the peak velocity in
andv, < —s[3]. GaAs.
Once the electron velocity exceeds the threshold, the plasma

We now consider the situation when the source and drajfaves grow. This growth should lead to oscillations for which
are connected to a current source and the gate and source@glasma-wave amplitude is limited by nonlinearity. The am-
connected to a voltage sourd&;s. The ac variation of the plitude of these nonlinear oscillations should be comparable to
electric current at the source side of the channel is possilygte-bias swing if the flow velocity is substantially larger than
even for a constant external current since the ac current at {he threshold value.
source is short circuited to the gate by the dc voltage sourceThe plasma oscillations result in a periodic variation of the
These boundary conditions correspond to zero impedance atdfgnnel charge and the mirror image charge in the gate contact,
source. A study of the temporal behavior of a small fluctuatiqns | o the periodic variation of the dipole moment. This varia-
superimposed on steady uniform flow leads to the followingon should lead to electromagnetic radiation. The device length
expressions for the real and imaginary parts w’ + iw": is much smaller than the wavelength of the electromagnetic radi-

Dimensionless Increment

Vo/S

o = |s? — 2| o (1) ation\ g at the plasma-wave frequency. Hence, the ballistic FET
" 2Ls should operate as a point or linear source of electromagnetic ra-
diation. Many such devices can be placed into a quasi-optical
L 2=t s+, array f(_)r power combining [9]. The maximum rad_iation inten-
=57, B|5T o (2)  sity is limited by the gate voltage swing. The maximum modu-

lation frequency is still limited by the transit time-2 ps in our
wheren is an odd integer fofv,| < s and an even integer for example).
|v,| > s. Equation (2) (see also Fig. 1) shows thatfar v, > With an exception of a nonresonant FET detector described
0, the steady electron flow is unstable at low electron velocitidselow, FET’s utilizing plasma waves must be short enough so
The reason for the instability becomes clear if we consider watheat paramete) = s7/L is greater than unity. This corresponds
reflections from each boundary. to the condition that can be written as [13]
The solution of linearized continuity equation and equation L< L. — Spm 3)
of motion shows that the reflection does not change the wave “ e
amplitude at: = 0 (where the voltage is fixed), while at= L  Criterion (3) coincides (within a numerical factor) with the re-
(where the current is fixed), the amplitude ratio of the reflectegbirementy, 7 > 1. Also, for plasma-wave electronics (again,
and oncoming waves (& + v, ) /(s — v, ). Hence, the reflection with an exception of the nonresonant FET detectors mentioned
from the boundary with the fixed current results in the wavabove), the frequency of operation has to be much higher than
amplification forv, < s. LetT = L/(s +wv,) + L/(s —v,) we = 1/7.Fig. 2 shows the plots of.. versus gate bias for
be the time during which the wave travels from the source thfferent material systems [13]. As can be seen from Fig. 2, the
the drain and back. During tintethe wave amplitude grows in required dimensions are well within the range of typical dimen-
[(s +v,)/(s — v,)]"/™ times sincet/7 is the number of wave sions for deep submicrometer FET's.
round passages during timeEquating[(s + v,) /(s — v,)]"/" The region of instability on thd-V plot is represented
to exp(w’’t), we obtain (2). Thus, the proposed new mechanisim Fig. 3 [17]. The current-voltage characteristics in units
of plasma-wave generation is based on the amplification of the= Cm(L/7)%/e, Uy = m(L/7)? /e are plotted for different
wave during its reflection from the device boundaries. values of the parameter = L/(s,7). Here,C ands, are the
There are two decay mechanisms that oppose wave growghte capacitance per unit area and the plasma-wave velocity at
external friction related to electron scattering by phonons the source, respectively. The heavy line indicates the instability
impurities, and internal friction caused by the viscosity of théreshold. The dotted line corresponds to the choking threshold
electron fluid. The external friction leads to the addition of thEL8]. The two curves, which merge at point, confine the
—1/(2/7) term to the wave increment. Hence, the wave growsstability region. Dashed lines indicate the unstable parts
only if the number of scattering events during the transit timaf the current-voltage characteristics. For > 0.54, the
is small. The viscosity of the electron fluid causes an ad-current—voltage characteristics are stable.
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Parameters,, Uy, andy determine the scale of currents, voltFig. 4. Length dependence of parameterd/s, andy [see (a)-(c)] for GaAs
ages, and device parameters, which correspond to the instabfﬂfn\f‘iﬁere”t values_ of mobil'it'y (in crYV-s). Numbers_nee}r the lines are the

. . values of the low field mobility. The heavy dashed line in (c) represents the
region. Fig. 4 shows the length dependence of these three pargkfical value ofy = 0.54 [17]. Parameters used in the calculation: electron
eters for GaAs for different values of the 2-D electron mobilitgffective massm = 0.063m,, dielectric permittivityz = 1.14 x 10~1° F/m,
[17]. We chose the mobility values of 9000 thd-s, 300000 gate-to-channel separatioi:= 10—3 m, gate voltage swing” = 0.1V for
cm?/V-s, and 3000000 cftv--, which can be achieved in g2 solidlines, and/ = 1.0 Vfor dashed fine in (c).
2-D electron gas (2DEG) in GaAs at 300, 77, and 4-20 K, re-
spectively. As can be seen from Fig. 4, sub-0.1 micrometer di- lll. PLASMA-WAVE DETECTORS
mensions, submicrometer dimensions, and dimensions on the
order of several micrometers are required in order to observeA short-channel FET should have a resonance response to
the instability in the samples with the lowest, intermediate, amectromagnetic radiation at the plasma oscillation frequency.
highest values of the electron mobility. Along-channel FET has a nonresonant response to electromag-

There are many unresolved problems that have to be amktic radiation, and such an FET can be used as a broad-band
dressed in order to observe this new instability. The role dktector for frequencies up to several tens of terahertz. Our
electron fluid viscosity, and the role of boundary conditionsstimates show that the sensitivity of the short-channel resonant
and coupling between electromagnetic radiation and the plasF&ET detector should exceed the sensitivity of conventional
waves have to be better understood, and integrated anteBohottky diode detectors by a factor@¥f. For a high mobility
structures have to be designed. It is possible that effectistevice, this factor could be several orders of magnitude. The
coupling will be easier to achieve in periodic structures, sudensitivity of the nonresonant broad-band HEMT detector is
as proposed for an “electronic flute” [9]. comparable to the sensitivity of conventional Schottky diode
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Fig. 5. Measured (symbols) and calculated (solid line) detector responsivity Gate Bias Swing (V)
for a GaN HFET with the gate length = 5 pm, the gate bia¥z = -1V,
and the threshold voltager = —2 V [7]. (@)
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Fig. 6. AlGaAs/GaAs HEMT detector responses versus the intensity of the
radiation for two detectors operating at 77 and 300 K. The linear relationship (b)
confirms that the HEMT operates as a square-law detector.

Fig. 7. Theoretical predictions of the responses for a GaAs HEMT-based
detector with a mobility: = 0.25 m?/V-s, and a gate length, = 0.17 um.
detectors [4], [6], [7], [13]. The dynamic range of such ahe operating frequency is 2.5 THz. (a) Detector responses [dc drain voltage
detector is limited by the gate voltage swing because tkéos)] versus gate-bias swing’cs — Vr). (b) Dimensionless responsivity

responsivity decreases when the terahertz-radiation-induced g& o" versusVes = Vr).
voltage becomes on the order of a few percent of gate voltage
swing [19]. which displayed the amplitude and the phasd/gf. Since

Our recent experimental data (see [6]-[8], [20], and [21] arttle phase kept fairly constant during each measurement of this
the results below) confirm many features of these theoreticildy, the value of/ps, in this paper, is just the amplitude
predictions, but also pose many questions. read from lock-in display. Therefore, it is always positive.

Fig. 5 shows measured and calculated frequency depend€he detailed device fabrication and the measurement setup are
cies of the detector responsivity for a GaN heterostructure FE&scribed in [20] and [21]. As can be seen from Fig. 6, a fairly
(HFET) with a cutoff frequency of approximately 2 GHz [7]. linear relationship between the drain response and laser power

The periodic variation of the responsivity with frequency isonfirms that the HEMT operates as a square-law detector.
caused by changes in the transmission-line impedance with freFig. 7 shows the calculated drain voltage response versus
quency. As can be seen from Fig. 5, the device operatesgage-bias swing for a GaAs HEMT detector with a mobility of
broad-band nonresonant detector of microwave radiation at f{ge25 n?/V -s, an effective gate length of 0.1, and zero elec-
quencies higher that the cutoff frequency and the measured d@a fluid viscosity. The operating frequency is 2.5 THz. The
agree with the theory. fundamental resonant peak should occur at the gate-bias swing

Fig. 6 shows the drain respongé,s of a 0.17um Al- [/ = Vgp = (Vgs — Vi) =~ 1V (not shown in Fig. 7). The
GaAs/GaAs HEMT detector to a 2.5-THz continuous wavgird harmonic peak (denoted ag) occurs at gate-bias swing
(CW) laser [20]t The terahertz radiation, which was choppe@ . = (Vas — Vr) ~ 0.13 V. Here, Vs is the gate-to-source
and focused on the HEMT, induced a dc drain-to-sour¢gas andV; is the HEMT threshold voltage. However, the gate
voltage Ups. Ups was measured using a lock-in amplifierjeakage current limited the gate-bias swing to a value smaller

1Due to a calibration error, the scale in the original figures for 2.5 THz ithan 0.8 V for an HEMT with &7 close t0-0.5 V. Therefore, .

| . e fundamental resonant peak could not be observed. The third

[20] and [21] is incorrect. The measured drain voltage was, in fact, smaller ) )
a factor of ten, as corrected in Figs. 6 and 8 in this paper. harmonic resonant peak is very week and does not lead to a very
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can drop because of the decreasing importance of the DIBL effect.

Above the threshold voltagé4 ~ —0.55 V for Detector D

in Fig. 8), the responsivity increases with the decreasing gate
voltage as predicted by the detector theory [4]. This theory
Detector D is only valid for Vag > V7 and when the carrier density in
the HEMT channel is high enough to form a 2-D electronic
fluid. For Vqs <« Vg, the carrier density becomes too low,

©
=

T T T T L

o
(3]
1
1

)

. ’ the parasitic leakage becomes dominant, the transistor stops
s \5. | operating as a transistor and, therefore, cannot respond to a
," " terahertz signal. This is why the detector responsivity decreases
024 l-’ _ to zero forVag < —0.65 < V. However, in the subthreshold
_/' regime, the effect of the terahertz signal on the potential barrier

Responsivity Function (Arbitrary Unit)
(=]
w

0.1 1 separating the source and drain might become important. In
this regime, the drain curretis atVps < £7'/q is given by
005 02 01 00 o1 oz 03 04 05 Ins = goVpbs exp Yor — aVps (5)
Gate Bias Swing, (Vg5 V1) (V) Vin
wherec is the drain-induced barrier lowering (DIBL) constant,
®) Vin = nkT is the effective thermal voltage, angdis the ide-

ality factor. In HFET's,« is a function of the gate bias [22].
Fig.8. Measured responses for AlGaAs/GaAs detector versus gate-bias swhig. 9 shows a typical dependencecbn theVgr (using de-

(Vas — V). The extracted electron mobility, threshold voltage, and gate lengfBult AIM-Spice parameters given in [22]) Assumim@s —
from the devicd-V characteristics arg = 0.25 m?/V-s,Vy = —0.55V, and )

L, = 0.17 pm, respectively. The operating frequency is 2.5 THz. (a) Detect&[DSO_"' Ua Sin(w_t) and equating the Second'c_’rder Taylor ex-
response&’ns . (b) Dimensionless responsivity function (defined as the produgansion of the time-averaged drain current with respect to the

Ups(Vas — Vr)) [see (4)]. drain voltage (to satisfy zero current for the open circuit at the
drain), we obtain for the detector response

pronounced feature in the drain voltage response [see Fig. 7(a)]. Upso = —aU2/(2Viy). (6)
As shown in [4], the measured res?]c;nse The measured detector response (using a lock-in amplifier)
Ups = |-AU| = = —2 f(w) 4) should bd/ps = |U/ps.|- This mechanism can possibly explain
4 Vgt the detector response close to and below threshold.

whereU, is the amplitude of the ac source-to-gate voltage in- Fig. 10 compares responsivity function [see (4)] measured
duced by the incoming radiation arnfdw) is adimensionless at 77 and 300 K [21]. The threshold voltage of this HEMT is
responsivity functionThe calculated responsivity function cor-around—0.5 V at 300 K and-0.4 V at 77 K. The measured
responding to the detector response shown in Fig. 7(a) is plottedponsivity function exhibits a peak, which may correspond to
in Fig. 7(b). As can be seen from the comparison of Fig. 7(a) atitk third harmonic (see below). However, we do not observe the
(b), the third harmonic peak is much more pronounced in the rgéxpected large increase in responsivity function related to an in-
sponsivity function. The drain voltage dependence on the gaiease in the mobility at cryogenic temperatures (see Fig. 10).
bias is dominated in this case by th¢Vor dependence [see The responsivity is possibly more strongly limited by the vis-
(4)]. cosity of the electronic fluid, which might have been underes-
Therefore, we used the responsivity function (defined as ttimated in [3]. Also, the viscosity is more important at higher
productUf¢Var) in order to identify the resonant detector reharmonics. Fig. 10 also shows the calculated responsivity (nor-
sponse [21]. malized to the measured data) for a detector with the mobili-
The experimental results confirmed that this teraherties of 0.25 m/V-s (for 300 K) and 0.8 Vs (for 77 K), the
detector response can be tuned by the gate bias (see Fige8gctive gate length of 0.14m, and for the viscosity values



SHUR AND LU: TERAHERTZ SOURCES AND DETECTORS USING 2-D ELECTRONIC FLUID IN HEMT'S 755

4
T=300K (a)| =77k (d)
31 u=0.25m%Vs | 3 1=0.8m%/Vs
) _ K v=0 cm%s ) _ v=0 cm?¥/s
. [
148 [} 1

‘.“ .

1l =

—_

2 N S

- 00 01 02 03 04 05 00 01 02 03 04 05
4

g] ®) ©

g 31 v=15cm?s | 37 v=15cm?/s

< ]

g 2 o 24

2 { _ ]

= 1408 a 14

5

=, 1- " | v

g 00 01 02 03 04 05 00 01 02 03 04 05
4

& @] ®
3 34

R~ v=100cm?/s v=100cm?%/s

0

Gate Bias Swing (Vgg-Vp) (V)

nanoampere), the heating effect should be entirely independent
of the gate bias. Hence, it could not have been responsible for
the measured gate-bias-dependent responsivity. Also, as shown
in Fig. 11, the gate current decreases monotonously (from pos-
itive to negative) with decreasing gate bias, while the detector
response reach a peak near the thresHgld=¢ —0.5 V for this
detector). Hence, the detector response could not be explained
by the response of the Schottky gate.

We have also studied the detector response as a function of
the angle between the ac electric field and the direction from
the source to the drain (during these measurements, the elec-
tric field was always in the device plane). Our theory applies to
the case when this angle is zero. However, the modulation of
the electron sheet density by the terahertz radiation should also
occur at other angles. We expected that the detector responsivity
should decrease as a square of a cosine square function of the
angle. The experimental data confirm a strong polarization de-
pendence. However, the measured dependence is very sensitive
to the sample position, which might affect the radiation cou-
pling. Therefore, the polarization dependence might be com-
plex, as was reported in [21]. It might be also affected by the
excitation of the plasma waves with a wave vector component
along the gate [12]. Such modes might be excited if the gate
length varies slightly along the gatewidth due to technological
nonuniformities.

Fig. 10. Measured (symbols) and simulated (solid lines) gate-bias
dependencies of responsivity function at 300 (left-hand side) and 77 K
(right-hand side) ang = 2.5 THz for a AlGaAs/GaAs detector (Detector
G). The parameters used for these calculations Iage = 0.17 um,

1= 0.25 m?/V.s for (a)—(c) and: = 0.8 m?/V-s for (d)—(f), and three values

IV. CONCLUSION

of the viscosity of the electron fluig of 0, 15, and 100 cfis. The peaks
correspond to the third harmonic of the surface plasma frequen¢91].

200

We reviewed theoretical predictions for plasma-wave genera-
tion and excitation in FET's and presented recent experimental
data that show that an FET can operate as detection and gener-
ation of electromagnetic radiation in a broad range of frequen-
cies from microwave to terahertz range, including frequencies

Detector# T4

F 150

100

50

Gate Current, I (nA)

Responsivity, Upo/P, (mV/W)
>

T T T T -50
-0 -08 -06 -04 -02 00 0.2 04

Gate-to-Source Bias (V)

[1]
Fig. 11. Measured detector responsivity (symbols defined’'as/P;) at
2.5 THz and gate-to-source current (dashed line) versus gate-to-source bias for
an AlGaAs/GaAs detector (Detector #T4). [2]

of 0, 15, and 100 cAis. These calculations show that, in prin- [3]
ciple, a higher viscosity can explain the observed temperature
dependencies. As can be seen from Fig. 10, the position of the]
maximum of the responsivity function is very close to the third
harmonic frequencys, which is in agreement with the theory.
Fig. 11 compares the gate-bias dependencies of the detector
responsivity and the gate-to-source currents. Since the drain cur-
rent was zero (dc open circuit at the drain), and the gate cur-
rent in the measurement range was very small (on the order of

far exceeding the transistor cutoff frequency.
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