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An Inter-Subband Device with Terahertz Applications

Philip D. Buckle, Philip Dawson, Mark A. Lynch, Chun-Yi Kuo, Mohammed Missous, and William S. Truscott

Abstract—A theoretical analysis of a modulator based on two of microwave filter engineering; this presentation shows that the
coupled resonators is presented in this paper. This modulator ex- novel ideas used in the triple-barrier devices could also be ap-
hibits aresonant enhancementin its response. Itis used asacompo-p"ed in the high-frequency modulation of microwave carriers.
nent of tunneling structures designed for operation at terahertz fre- . . . . .
quencies; unlike conventional resonant tunneling structures, these | Ne objective of using triple-barrier structures is to overcome
use triple barriers. Data from optical and electrical measurements  the frequency limitations for the operation of more conventional
on a series of devices based on one design of a triple-barrier tun- double-barrier resonant tunneling structures (DBRTS's); the de-
neling structure have been analyzed to estimate their behavior at yelopment of these seems to have reached fundamental material
frequencies over 1 THz. The analysis gives values for the resonantly 4 g4, ctural limitations that restrict their operation to frequen-

enhanced admittance, its bandwidth, the bias—frequency relation- . . )
ship, and the requirements for a matching circuit to a 5062 en- CI€S below 1 THz [2]. The section of the device that modulates

vironment. The results show that one existing structure might be the electron current exploits a quantum resonance within the
used in oscillators working at 1 THz. triple-barrier region of the device to overcome dynamic lim-

Index Terms—inter-subband devices, microwave filters, modu- itations associated with the electron mass. These limitations
lators, resonant tunneling, terahertz oscillators, triple-barrier de-  restrict the frequency at which the rate of electron tunneling
vices. through more conventional devices can be modulated. There is
a direct equivalence between the equations for the multibarrier
guantum system and those for multipole microwave filters. The
guantum system acts as a modulator with a resonant enhance-

ETAILED quantum mechanical modeling has shown thahent of its gain; by using equivalent principles and design fea-

triple-barrier tunneling structures can act as electricaltyres, these concepts could be applied to multipole microwave
excited terahertz sources. Terahertz operation is based ors@lctures enabling them to operate as effective modulators. The
inter-subband resonance and depends on the applied bias gt@hors propose that the quantum effect exploited in the ter-
ducing the correct subband alignment [1]. This paper preseatsertz devices should be named quantum modulation in scat-
an analysis of this behavior in the terminology of microwavgering and tunneling (QMIST)—the QMIST effect.
filters that are mathematically equivalent. The results of optical The trip|e_barrier structures consist of alternate |ayers of
and electrical measurements on a series of triple-barrier strgggAs and ALGa,_,As, an alloy with a larger bandgap that
tures are then presented and used to establish the Conditigag as a barrier to the flow of electrons between the |ayer5 of
under which a resonant enhancement of the negative condggAs. Fig. 1 shows the variation with distance of the minimum
tance should be observed. The data show that many of the n&gergy for electrons in the device under bias. It also shows (in
essary criteria for terahertz operation have been met in somerifets) a waveguide filter with many equivalent properties and

I. INTRODUCTION

these structures. a graph of the electron transmission probability as a function of
energy; this probability is equivalent &; for the waveguide
[I. THEORY OF ARESONANT MODULATOR filter. This filter is composed of a sequence of waveguide

The inter-subband devices that are the subject of this paﬁSFtions’ with alternating lower and higher CUtOf.f frequencies:
are designed to operate at terahertz frequencies by mean tf'e lengths of the low cutoff frequency sections that a(?t
a combination of quantum mechanical and physical electroffe fesonators between t.he pqrtlons of narrower waveg_u_|de
processes. These processes are used, respectively, to mod [gté:orrectly chosen, a filter with two pole pairs at specific

an electron current and to provide power gain in distinct regio gquencies _W'" be produced. The c_ouplm_g of the modes and
of the device. In order to present the case that some exist Ir bandwidths depends on the dimensions of the narrower

triple-barrier structures meet or nearly meet the requireme fions that will be cutofi over the operating frequency

for successful terahertz operation, a discussion of the quant[ﬁ'ﬂge' If the incoming wave at the frequency of the mode

electronic aspects of the device operation is included. An Jpainly associated with the first resonator is modulated and the

count of the quantum processes is given in terms close to th&%dulatlon_ frequency |_ncreased, the degree .Of modul_atl(_)n of
the transmitted wave will fall when the bandwidth of this first

mode is exceeded, but will recover, at least in part, when the
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restricted to one resonator or well, but have a finite amplitude
in each section that depends enthe ratio of the difference
Fig.1. Calculated plot of the minimum energy for electrons in the conductidd the time dependence Of_ the two mOdes t_O th_e coupling
band as a function of distance across the active region of a triple-barrier structir@gquency. The above equations describe the time-independent
similar to #762 showing the three ABa _, As barriers. The lines in each of system: if a wave of constant amplitude is incident onto the first
the quantum wells show the energies of the lowest resonant states. The dia er . f . h | litud h h

is drawn for a forward bias of 0.1 V, which brings the energies of the twBarfi€r or cutoft section, t_ e resu tant amp 't_u es throughout
states within 6 meV (1.5 THz). The inset to the right-hand side shows, aghe system can be found, including the amplitude of the wave

function ofene'rgyon'an expanded scale,_asketgh of the probability for elect t has passed through the final barrier or cutoff section.
transmission, indicating the peaks associated with the two resonant states._Lhe . . . fth in th
inset at the bottom shows a sketch of an equivalent waveguide structure theds Will be proportional to the amplitude of the wave in the

also has a pair of resonant modes; the waveguide equivalent to transmissecond resonator or quantum well and, in the case of electron
probability isszy . tunneling, the tunneling current will be proportional to the
square of this amplitude.

The triple-barrier structure acts as an energy-selective filterin devices that are subject to a sinusoidal time-dependent bias
for electrons in a very similar fashion to a four-pole waveguides(w,,t), whose scale is described by a small paramater
filter, with two pass energies whose splitting is determined hife term(w; — w») in the above equations will beconfie; —
the thicknesses of the layers of different materials and the bigs+ A2 - cos(w,,,t)]. Since one of the terms in the matrix equa-
applied to the device. The emitter region of the device acts aéigh has changed, the transformatfan3; —3*, a*] to the basis
source of electron waves with a wide spread of energies; only, and ¥, no longer diagonalizes the matrix equation. In that
those electrons with energies within the two resonances ag@resentation, the additional term adds a diagonal perturba-
transmitted. By correctly designing the widths of the barrierion to jw, (or jw;) of £jiA(a*a — B*3)Q - cos(w,,t)/2 and
it is possible to arrange that the mode associated with the figgt-diagonal terms-j A\a3Q - cos(w,,t), which will mix ¥, and
quantum well has the longer lifetime, in which case, it willb,. Since this latter term is time dependent, the time-depen-
dominate the transmission characteristics since the transmgient wave equation must be solved explicitly. A trial solution
sion coefficient integrated over the range of the resonance will, = [A(#)V,(z) + B(t)U,(x)] exp(jwpt — ['pt) is substi-
be greater than that for the wider resonance. tuted into the time-dependent wave equation

If the time and space dependence of the mode in the first

L . OUp(x,t)/0t
resonator or quantum well, when it is solely coupled to the in-
coming section and not to the second, is given by the function = [8A(t)/3t\lfa (z) + (Jwpt = Tp)A(t) W, (z)

Wy (x) - exp(jwit — I'1t) and that in the second b¥s(x) - )
exp(jwaot — I'2t) under the same conditions, and the two res- +9B(1)/0tWy(x) + (jwpt — FP)B(t)\Pb(x)}

Distance (nm)

onators or wells are coupled through the central section by a x exp(jwpt — I'pt)

coupling of strengthu,, then the coupled modesand b can

be obtained by diagonalizing the matrix equation describingthe = { [(jwa =)+ Mo — 3*3)Q Cos(wmt)/2}
coupled time evolution to give

AP () — JAaBQcos(wmt) A(R) Ty (x)
— JAa" 37 - cos(wnt) B(t) U, (x)

" + [(jwb —Ty) — jMa*a — BB
U, = [_/3*\111(37) + a*\PQ(.’If):| exp(jwpt — Tpt)

with -Cos(wmt)/2} B(t)¥, (a:)}

a//3:7’—|—(1+7’2)% x exp(jwpt — I'pt).

v, = [G\Ifl(]}) + /3\112(35)} exp(jwat — L'gt)
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Collecting together the terms ib, andW¥, gives
8A(t) /0t + (Jwpt — T'p)A(t)
- [jwa — T+ jMa"a — B*B) cos(wmt) /2} A(t)
— JAa” B cos(wmt)B(t)
0B(t)/0t + (jwpt —T'p)B(t)
—jA a3 cos(wmt)A(t)
+ [jwb =Ty — jAM oo — 77 5)Q Cos(wmt)/2} B(t).

The second of these equations shows @) is smaller than
A(t) by the parametek and, hence, the term involving(¢) in
the first equation can be ignored to first ordeninThe reduced
first equation can now be separated in two parts to give

(jwp —I'p) = (jwa —La)
and
DA(t) /0t = [j)\(a*a _ B B)rcos(wmt) /2} A(H)
hence,
A(t)
= 1+j M a— 3" B)Qsin(wn.t) /2w,
=1+ A (a"a—03"5)Q [ exp(Jwmt) —exp(—jwmt)} /4wm

which describes a phase modulation of the par gfthat is as-

sociated with¥,(x). The second equation may be reorganiz

to give
OB($)/0% + [ jwa — T — ju + 1] B(t)

— AR expljwmt) +exp(—jwmt)] /2
where the termy A(a*« — 8*B)2 - cos(wn,t)B(t)/2 has been

dropped as second order Ay jwp — I'p has been replaced by

jwe — ' @and A(¢) by one. This equation shows th&{¢) has
two partsB, () andB_(t) associated with the two termsjw,,
and—jw,,, which are solutions to the equations

OB(t)/0t + [jwa — T = jur + s B (2)

— 7302 exp(:l:jwmt)/Z

hence,

By(t)

1
= —5Aafexp(jwnt) /
[wa — Wy + Win +j]-_‘a - 7Fb .

The amplitude of the wave in the second resonatgt), which
determines the outgoing flux, is given Byl(¢) + o B(¢). Sub-
stituting for A(t) and B(¢) gives

Ax(t) =p [1 + %j)\(a*a — BB sin(jwmt)/wm

1
— 5)@*@9 exp(—i—jwmt)/
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In this equation, the second term describes a phase modula-
tion that decreases as,, is increased, this phase modulation
is that which is given by the change in the frequencigsand

wyp of the two modes as a result of the perturbation. The last two
terms describe a modulation that is resonantly peaked when

= |we—ws|. ASw,y, is swept through this resonance, the phase of
this modulation will change, and the modulation will vary from
being chiefly amplitude modulation far from resonance to phase
modulation exactly on resonance. The maximum degree of am-
plitude modulation is given whelw, — wy £ wy,| = |Tq — Ty

If the system is such thap| < |«| ~ 1, then the maximum
degree of amplitude modulation is given byd /|, — ['|.

This can be compared with the changedinthat would be pro-
duced by the static perturbatiof, which is equal to\Q2/ (w1 —
wa+4I'1 —jT'3). This comparison shows that a perturbation four
times as large is required to produce a given degree of modula-
tion in the amplituded, under conditions of maximum reso-
nant modulation compared with that required whan= w-;

this result will be used in the analysis of the experimental data
presented later in this paper.

This analysis shows that a wave emerging from a filter struc-
ture can be modulated at a higher frequency than the intrinsic
bandwidth of one of the filter modes by resonant coupling to a
second mode of the filter. Modulation is achieved by changing
the resonant frequency of the second mode at the required mod-

qlﬁjation frequency. In any such system, there is a resonant en-

ancement of the degree of modulation when the modulation
frequency is equal to the difference in the resonant frequencies
of the two modes. The mathematics of this result is quite general
and can be applied to any system in which a pair of resonators
are weakly coupled to an input and output and to each other. Nu-
merical modeling of systems with three quantum wells, which
correspond to a six-pole filter show that, with the right arrange-
ment of poles, the phase part of the modulation may be cancelled
and the amplitude modulation enhanced to give an even higher
modulation gain.

The analysis presented above considered the two natural
modes of the filter. If the system is used to modulate a con-
tinuous wave, then the unperturbed function will have a fixed
frequencywg, which will replace, in the analysis, the term
we + jI',. The continuous wave will excite to some degree
both the modesl, and ¥, to extents which depend on the
difference between its frequeney, and those of the two
modesw, and w,. Resonant amplification of the degree of
modulation may be observed when, = |w, — wo| and also
whenw,,, = |w, —wp|. Since the unmodulated continuous wave
state has no damping, the degree of modulation is proportional
t0 A/ (wo — wo £ wy + 31) Or A/ (wy, — wo £ wy, + 5145
this implies that the damping of the each of the separate modes
determines the degree of resonant enhancement.

In the triple-barrier device, the incoming electrons have a
broad spectrum of energies. The overall effect of the modu-
lator on the electron current is found be calculating the modu-
lation characteristics for each possible incident electron energy
and then integrating the overall modulation assuming random
phases for the different electron waves. Since the outgoing elec-
tron flux is dominated by the energies of the two passbands of
the triple-barrier structure, the modulation characteristics also



BUCKLE et al: INTER-SUBBAND DEVICE WITH TERAHERTZ APPLICATIONS 635

reflect these passbands. In the particular triple-barrier structufgs? cm—2), nt+ upper contact (0..xm, Si 7 x 10 cm—3).
described in this paper, the passband associated with the #kstumber of parameters were varied, including the aluminum
well is dominant and the modulation properties obtained by inteole fraction in the barriers, but the variable whose effect was
grating the modulation equations over the width of the passbamnabst closely studied was the width of the second well, which
To a good approximation, this gives a degree of modulation pn@nged from 6.8 to 4.2 nm over a series of ten wafers. Fig. 1
portional toAQ/(w, — wp + wy — L — j1%); implying that  shows energies of the quasi-confined levels and the band edge
the damping of both modes determines the resonant enharafeane of the structures under bias.
ment in the modulation. Isolated devices were made from all of these structures: the
The significance of this calculation for terahertz devices catevices were in the form of a double mesa with an active area ap-
now be presented. Due to the mass of the electron, there igraximately 80pm square. AuGe/Ni/Au ohmic contacts were
limit, both empirical and theoretical, to the energy width ananade to both the top and bottom contact layers, which were ex-
hence, bandwidth, of an electron state in the quantum well pésed on the two mesa steps. The upper contact had an optical
a DBRTS device. In order to achieve oscillation or amplificavindow so that optical studies could be conducted in the pres-
tion at frequencies over 1 THz, it is necessary to use the eaice of current flow.
tension of the bandwidth of tunneling devices provided by the
QMIST effect. If an ac electric field is applied, whose frequency
is near to that which corresponds to the difference between the
energies of the quasi-confined states of the two wells, then theThe objective in designing triple-barrier structures for tera-
effect of the electric field will be to drive charge in an oscilhertz applications is to ensure that, with a bias which lowers
latory fashion between the emitter and collector wells. Singge energy of the emitter-well quasi-confined state to equal that
the device is designed so that the amplitude of the wave in t§fthe emitter conduction band edge, the energy separation be-
first emitter wellA; and, hence, the electron density, is signifiiween the two quasi-confined states has the appropriate value
cantly higher than in the second collector well, a relatively smaby the desired operating frequency. The former condition corre-
fractional change in this electron density will produce a mucponds to the highest dc current density and the latter to the max-
larger fractional change in the collector well electron densifyhum resonant enhancement of the power gain of the device. It
and, hence, a significant change in the collector current. Thllows that the absolute and relative electron confinement en-
analysis shows that the maximum in the amplitud&¢f) oc-  ergies of the two wells need to be measured if the suitability of
curs whenjw, — wy| = wy,, and that the phase @ (¢) lags any triple-barrier structure for a particular terahertz application
the perturbation by 90 a situation which corresponds to maxis to be assessed. In simple quantum-well structures, photolu-
imum power absorption by the oscillating electron density giinescence spectroscopy is used to measure the confined elec-
resonance. The external device current is determineB (%Y, tron—hole transition energies, allowing the electron confinement
and a phase shift greater than®d8 required for there to be energies to be deduced. An intrinsic property of high-speed tun-
a component in this external current that is out of phase witfgling structures is that the electron and hole escape times from
the perturbation and, hence, feeds power into the source of {he quantum wells are very short; these will, therefore, be a very
perturbation. The maximum in the negative conductance okgall fraction of the time taken for radiative electron—hole re-
triple-barrier QMIST device will occur at the frequency that excombination. It follows that little if any intensity can be expected
ceeds that corresponding to the difference in the two state en@rwavelengths corresponding to the well transitions, and none
gies by about half the bandwidth of the interstate resonancesz&s been observed in our samples. A novel method of photolu-
condition giving a 135 phase shift between the collector curminescence excitation spectroscopy, which we have developed,
rent and the ac bias. has been used to measure the well transition energies. This tech-
nique has been applied to as-grown wafers and yielded good re-
sults for all our structures. In it, any optical radiation from the
structure at the wavelength for emission from the heavily doped
Wafers were grown in the GaAs/AlGaAs system on semtontact region of the structure is monitored: this region is where
insulating GaAs substrates using molecular beam epitaxy hinles, optically generated in the wells, will recombine after tun-
a VG Semicon V90H system. This system gives better thaeling through the barriers. The output of a tunable laser is di-
1% thickness and doping uniformity across 50-mm waferscted on to the sample (usually cooled to 6 K in most of our ex-
and a background doping density aroundl@m~3. The periments) and the wavelength of this light is scanned over the
growth was conducted with a near stochiometric flux ratidange of the well transitions. Clear signals of an excitonic char-
which allowed low growth temperatures (580-540 C) and higitter have been observed when the incident light has an energy
densities of active silicon n-type dopant. A typical structureorresponding to any of the lowest electron-heavy hole or elec-
included the following layers: Ti" bottom contact layer (1sm tron-light hole transitions in the wells of the sample. We have
thick, Si 3 x 10'8 cm™3), a spacer layer (10 nm, Six 101"  used the electron confinement energies deduced from these to
cm—3 and 10 nm, undoped), first barrier (4.5 nm, undopecharacterize the samples and to provide rapid feedback to the
Gay 67Alg.33AS), first well (6.5 nm, undoped), second barriegrower. Fig. 2 shows examples of such spectra for a number of
(5.4 nm, undoped Ga7Alg33As), second well (5.4 nm, our structures. This figure shows two very significant charac-
undoped), third barrier (4.5 nm, undoped (G@aAlo.33AS), teristics: first, it is possible to assess the confinement energies
spacer layer (20 nm, undoped), n delta doped layer (&i 1and well widths from these spectra and, second, that the spectra

IV. STRUCTURE CHARACTERIZATION

Ill. STRUCTURES ANDDEVICES
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Fig. 2. Optical spectra from zero-bias characterization (photoluminescer}_cI

excitation at 6 K) from a series of triple-barrier structures in which only one we, |f 80um square triple-barrier devices. The solid inverted triangles indicate

width was deliberately varied. The resonant electron state in each well givesgij bias at which the two resonant electron states are aligned. Operation as a
to two spectral transitions separated by about 20 meV. The data show the de ahertz device occurs at biases a few hundredths of a volt below this. The zero

g{/ g:) tr}:téoéltehc"?: ocrfilcr:]aﬁ; i%c[? (I)?t\ganci F'Jr;gr{]s;taelrgrgxahe zﬁg:g;egﬁéaﬁ;?% tﬁ%ﬁ%ﬁrrent ordinate is shifted up by one division for each data set, corresponding to
electron states in the quantum wells. mA for the lower three curves and 30 mA for the upper two curves.

8. 3. Forward-bias current—voltage curves measured at 80 K for a number

provide a direct confirmation that the energies of the quasi-cdﬁ'-tr?e emitter. Tpite(;ahert(zj ”ega“‘"? _c?n”ductagce 'sa rgsqnacr;t
fined states are well defined in our structures with linewidt ancement ofthe dc conductance; it follows that an optimize

from 1.0 to 2.0 meV. (corresponding to 250-500 GHz) evice will have as Igrge a_current density as ppssible and wi_II,

therefore, operate with a bias as close as possible to that which
aligns the emitter-well energy with the peak electron density in
the emitter. This is the origin of the first structural requirement
stated in Section IV.

A separation in energy of a few millielectronvolts between Once sufficient bias is applied to a device, an electron current
the two quasi-confined states is required for the resonant evill flow from the emitter to the collector, and any holes gener-
hancement of the negative conductance of the devices to ocatad in the collector, for example by an external light source asin
at terahertz frequencies. It is clearly useful to be able to idem-conventional photoluminescence experiment, would be trans-
tify the features that are characteristic of the alignment of thegerted toward the emitter. Under these conditions, the quantum
two energies so that the bias can then be adjusted by the appreHs would have a steady-state population of both electrons
priate amount to achieve this spacing. Our experimental studéew holes, and optical radiation with wavelengths characteristic
of a series of triple-barrier tunneling structures over the widd the quantum wells should be observable. Such radiation has
range of temperatures 13-300 K, supplemented by numeribakn studied for our devices for which the upper collector con-
calculations based on a physical device model, have establistezt was illuminated by a laser. The variation with bias of the
that the current reaches a peak at the bias at which the eneavelengths and line shapes give important information about
gies of the states are aligned [3]. This is a direct consequenceta internal behavior of the devices [4]. The data shown in Fig. 4
the integrated transparency of a triple-barrier structure havirggthe most significant for assessing the terahertz behavior of
its maximum value when the energies of the quantum states Hrese devices. The two curves in the upper part of the figure
aligned. Fig. 3 shows the current—voltage characteristics msaow the integrated light output characteristic of the emitter and
sured on three different structures at a temperature of 80 K. Tewlector wells as a function of bias, while the curve in the lower
currents atthe biases indicated have the temperature dependeaceshows the current—voltage characteristic. The intensity of
that is predicted for the current at the alignment of the two enehe output from either well is a function of a number of param-
gies and occurs at a bias that corresponds to the calculated kiass including the product of the electron and hole densities.
for this alignment. It follows that the bias required for the alignthe significant feature in this diagram is the abrupt dip at a bias
ment of the energy levels in any structure can be determineff0.12 V in the intensity of the light arising from the emitter
such a feature can be identified. The figure also shows thatvall. This bias also corresponds to that at which the energies of
structure with a greater difference in the confinement energige two quasi-confined states are aligned. The theoretical model
of the two wells requires a greater bias to produce the aligpredicts that the electron density in the emitter well falls when
ment and gives, for similar emitter-well confinement energiet)e energies of these two electron states are aligned; we interpret
a higher device current at alignment since the energies of the tthigs fall in the intensity of the light as a decrease in the electron
well states under these conditions are closer to the Fermi ledehsity in the emitter well caused by the alignment of the two

V. LEVEL CROSSINGEFFECTS
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. 5. Portion of the data from Fig. 4 showing in detail the dip in the optical

characteristic of the product of the electron and hole densities in the emitter put from the emitter well around a bias of 0.12 V.

(continuous line) and the collector well (dotted line) in a photoluminescence
experiment on a single device of structure #762 at 6 K. The lower part shows

the current-voltage characteristic of the device measured at the same time.2 « 10* S/en®. A negative conductance f0.02 S required to
drive a 509 system would require a device area of 10872,
energies. The significant feature for the prediction of the ter@he typical depletion length in our structures is 66 nm as deter-
hertz behavior of these devices is the bias range over which thaned from the ratio of the change between different structures
charge decreases: this is shown in detail in Fig. 5. The half-widththe bias required to align the two energy levels to the change
in bias of the charge decrease is 16 mV. This is consistent withthe zero-bias splitting of these levels. The capacitance for a
the observed energy half-widths measured for the two electrd®0 .m? device with this depletion distance would be 170 fF;
states in this sample, namely, 1.3 and 2.0 meV, and the measugech a device would have an impedance at 1 THz ofD.8he
ratio of 6.0:1 between a change in the applied bias and the ratsatching circuit for this device would, therefore, need af 60
tive energies of the two well states. in a 5042 environment. The bias at which this resonance would
One of the difficulties in theoretically modeling the responsee seen would be about 20 mV below the current peak.
of the device at high frequencies is the need to make self-con-The construction of a matching circuit wittaof 60 at 1 THz
sistent calculations of the field and resultant charge distributicgprobably beyond current technologies; however, the specific
that feed back on each other. The experimentally observed dramative conductance is controlled by the current density, which
in electron density on level crossing is subject to the same de-in turn, determined by the tunneling rate through the bar-
gree of feedback. An experimental measurement of the rangg's. The structures for which data have been presented in this
of bias over which this drop is observed, therefore, includes g¢liaper were designed to meet the requirements for optical mea-
rectly any extra effects associated with electrostatic feedbacksamements. These need reasonakl.§ A) bias currents for
the field distribution produced from the applied bias caused lofgvices with an area comparable to theufB-diameter of the

Fig. 4. Upper part shows the variation with bias of the integrated optical outggﬁh

changes in the electron distribution. image of the illuminating laser. Much greater current densities
have been reported for double-barrier tunneling devices fabri-
VI. TERAHERTZ BEHAVIOR cated from GaAs with AlAs barriers [5]; it is reasonable to ex-

éoect that ratios of conductance to capacitance could be achieved

In addition t.o 'f|nd|ng the condition fqr maximum negativ which are at least ten times those reported here. It should be easy
conductance, it is necessary to determine the expected magcr)u-

) . 0 match such devices to a 3Denvironment; they, therefore,
tude of this conductance, which can be found from the ac b'ﬁgve considerable potential as the basis for practical sources of
that would give 100% modulation of the collector current in 8ower in the 1—3-THz range
linear model. The data of Fig. 5 is most significant in makinB ge.
this estimate. The fall in charge in the emitter well is equivalent
to the ac resonance for zero frequency and theoretical models
show that the conductances for these two cases are comparabla,theoretical description of a resonantly enhanced modulator
but with the ac resonant effect smaller by a factor of four, dss been presented in this paper. This modulator is the basis for a
has been demonstrated in the theoretical section. We, theseries of triple-barrier devices that are intended to act as oscilla-
fore, estimate that, for our structures, an rms bias of 50 nturs and amplifiers at terahertz frequencies. Results of measure-
should modulate the collector current between 200% and G#ents on the devices have been analyzed to assess their prob-
of its dc value giving an rms ac current of 70% of the statigble performance at frequencies around 1 THz. There is good
value. The device structure with the highest current density, i.experimental evidence that the structures would exhibit a reso-
#787, has a peak current density of over £.80° A/lcm?; for nantly enhanced negative conductance in this frequency range.
this structure, the calculated maximum negative conductancétis apparent that one existing structure could be used as a power

VIlI. CONCLUSION
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source if good matching of the structural capacitance could B#lip D. Buckle, photograph and biography not available at time of publica-
achieved. Future developments of these devices are likely to if#fi0-

prove the ratio of the negative conductance to capacitance; this

would allow matching over a broader range of frequencies.

Philip Dawson, photograph and biography not available at time of publication.
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