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Abstract—An equivalent circuit model for the double-electron
layer tunneling transistor (DELTT) integrated with an antenna is

presented in this paper. This device is used basically for THz de- E-fleld

tection, and the antenna is used to efficiently couple THz radia-

tion into the device for processing. Developing an equivalent circuit /

model is extremely helpful in matching the antenna to the device. o control sate Top Depiton

Index Terms—Circuit model, double-electron layer tunneling Top QW

transistor (DELTT), THz detector. sQeaet £
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I. INTRODUCTION 77 Teotemaw |
INCE the first theoretical work on GaAs—AlGaAs super- v Bottom QW contact

Back depletion gate

attices and experimental work on resonant tunneling (RT
double-barrier, and later triple-barrier heterostructures, the
has been much interest in these devices for high frequen
applications in oscillators, detectors, switches, etc. Attracted t
the high-frequency detection and room-temperature operatir z
of the RT device, theoretical investigation as well experiment: //
work have been performed to study the device [1].
In the last decade, there has been much interest in realizing
THz detectors based on the idea of photon-assisted tunnelifg1. Overview of the DQW THz detector integrated with a bowtie antenna.

(PAT) between confined states inside double-quantum weélle top and bottom bows are connected to the top and bottom control gates,
pectively. The control gates are used to change the density of electrons in

. . . I
(DQW) device, and considerable work has beer_‘ 'd.one n ﬂﬁgch QW, and therefore provide the electrical tunable characteristic through a
direction [2]-[5]. A proposed THz detector, utilizing two-dc bias. The depletion gates are used to deplete the QW the one does not wish

dimensional-two-dimensional (2-D-2-D) PAT in doubléo contact. The top QW contact is called the source, and the bottom QW contact
: - : i lled the drain. The structure without the bowtie antenna is called DELTT.
quantum wells, has the structure depicted in Fig. 1. The cdré?
of the detector is a double-electron layer tunneling transistor
(DELTT), the first quantum tunneling transistor whose behavior d the | 0 b he device i d hould b
is not sensitive to lateral dimensions of the device, and the offt ;‘ € anomlngl eam, the $v;1ce Impeadance (Sj ould be
critical dimension is the vertical growth direction. The DELTTEdU@l to the complex conjugate of the antenna impedance. For
is typically fabricated from a modulation-doped DQW het?h's purpose, a method to estlmgte _the freguency _dependent
erostructure, made from AkGa, -As/GaAs material system. A |mpgdance of the DQW well dev_lce is requm_ad. This can be
complete review of the principle of operation of the device catfi€ved by developing an equivalent circuit model of the

be found in [4]. Since the active area of the DELTT structure gevice which incorporates all the important physical processes

very small, alone it is not efficient in collecting THz radiation,and geometncgl dlmensmns that affect the dewc_e operatlo_n.
lumped circuit model for the DELTT, valid at dc, is

and an antenna is needed to increase the coupling efficiency. i i - i
The bowtie antenna structure is chosen to be integrated with gsented in [6]. Another equwa_lent_cwcun m_o_del for a single
device because of its broadband characteristic, easy design,%ﬁ% electron gas (2-DEG), which is capacitively contacted

compatibility with the detector fabrication process. The resulta m_eta!llc_gates was presenfced n [7], based on ihe concept
structure of the THz detector is shown in Fig. 1. of kinetic inductance. The circuit model consists of either

lumped elements or distributed elements (i.e., transmission
line), depending on the structure dimensions. The validity of
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region consists of a resistanfen series with an inductande,
to model each QW, and a shunt capacitaficend conductance
Top depletion gate G to model the capacitance and the tunneling conductance be-
tween the top and bottom QWSs. The values of the elements in
% Drain

Region 1
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Region 2

Region 3
Lg
Top control gate
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this region are per unit length.
e Region 3: This region consists of the section of the DELTT
where there is overlap between the top and bottom QWs, and
g covered by the top and bottom control gates, and in this region
tunneling can occur. The equivalent circuit for this region is also
a transmission line of length,. An incremental length of this
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! Region 1! ) C o . X
: : - °'; ; region has a similar circuit as that of region 2, but with an extra
o xi x2 X3 top and bottom capacitor€}; andC;,, to model the contact ca-

i i ) ) ___pacitances between the top control gate and top QW, and be-
Fig. 2. Cross section of the DELTT showing the three regions used in the .
calculation of the equivalent circuit. ween the bottom control gate and bottom QW, respectively. The

values of the elements in this region are per unit length.
It should be mentioned that the DELTT structure studied here

symmetrical, i.e., electron densities in both QWs are the same.

DELTT structure, which has both top and bottom gates. This

work represents an extension to the work found in [7] and ; L .
b 7] [ he overall equivalent circuit model for the DELTT transistor,

to include the effect of the top and bottom gates. ith an antenna connected between the top and bottom control
Using the equivalent circuit models in [6]-[8], and the ond” . I W P )
ates, is shown in Fig. 3. In terms of mobility areal density

developed in this paper, circuit models for more complex g— i . . N .
P bap plex g the widthw, dielectric permittivitye of the material between

ometries can be easily built by connecting these simple circyit X
models in series or parallel. %e QWs, and distance between the two Q¥)is, R, L, andC

in Fig. 3 are given by

[I. KINETIC INDUCTANCE OF ELECTRONSINSIDE A 2-DEG R— 1 @
The Drude model for the frequency dependent resistivity of a enpy
single 2-DEG layer is [7] L= ©)
eZnw
m* . d U
p(CU) = m (1 + jw'rmom) (1) C=¢ex % (4)

wheren is the electron density; the electron chargep* the The small signal tunneling conductan@ean be obtained from
effective mass, and,,.., the momentum scattering time. Equathe/-V" curve of the DELTT by taking the derivative of the cur-
tion (1) is the sum of a real part, which is the resistance, anent with respect to the applied bias. The element vaiied. .,

a positive, frequency-dependent, imaginary part, which can B, andL,; shown in Fig. 3 can be calculated from (2) and (3)
considered as an inductive reactance. This inductance is kndwynmultiplying the result from each equation by the length

as the kinetic inductance, because the inductive energy is stofdéé remaining elements;, andC}, represent the geometrical

in the kinetic energy of the electrons. At low frequencies, thgapacitance between the top gate and the top QW and that be-
imaginary part ofp is very small and usually neglected wherween the bottom gate and bottom QW, respectively, and can be
developing circuit models for the 2-DEG. At THz frequencies;alculated as follows:

however, the imaginary part becomes dominant, and it is nec- d,
essary to include in any circuit model. It should be mentioned Cr =ex E (5)
that the momentum scattering timg,,.,, in modulation doped dy
MBE-grown, high-mobility GaAs/AlGaAs structures at low Cp=ex (6)

temperatures<4 K) is 3—4 orders of magnitude larger than in )
conventional, bulk doped semiconductors at room temperatufdlered: andd, are the distances between the top gate and the
To ease the calculation of the equivalent circuit model for t{8P QW, and the bottom gate and bottom QW, respectively, and
DELTT, its cross section is divided into three different regions, S the dielectric permittivity of the material between each gate
as shown in Fig. 2. These regions are as follows. and the correspondlng QW. The antenna is modeled as a cur-
e Region 1: This region consists of a section of either the t§fNt SOUrceay; in parallel with the antenna impedangg,. as
or the bottom QW, and extends from the source (or drain) cop?oWn in Fig. 3. The current sourég,. is related to the antenna
tact to the end of the bottom (or top) depletion gate. In this rglrectlwty,_ radlatlo_n resistance, and the incident power through
gion, there is no tunneling. The equivalent circuit for this regiote following relation [9]:
is composed basically of a resistance in series with inductance. SDP.
The length of this regions i&; . L=/ —2 )
e Region 2: This region consists of the section of the DELTT i,
between the control gates and the depletions gates where thvenereD is the antenna directivityg.. is the radiation resistance,
is overlap between the top and the bottom QWSs, and in this mmdF,, is the incident power. We should mention that before the
gion tunneling can occur. The equivalent circuit for this regioequivalent circuit model of the device was developed, an exten-
is atransmission line of length,. An incremental length of this sive static analysis (based on the numerical solution of Poisson’s
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1 Top gate 2

3 Bottom gate 4

Fig. 3. Equivalent circuit model of the DELTT with an antenna connected between the top and bottom control gates.

equation) and full-wave electromagnetic simulations using tlaad accurate models would take a serious look at these effects,
finite difference time domain (FDTD) method, were performedspecially if variations of our device are considered. The circuit
on the device structure. The purpose of these simulations wasdel can also be improved by performing some measurements
to investigate the electric field distributions inside the devicat relatively high frequencies-60 GHz).
both as a function of frequency and the dc voltage applied to thewe can analyze the structure shown in Fig. 3 by assigning po-
gates or the source and drain. Based on these simulations sitidn dependent voltage and current for each transmission line,
other published work, we decided that the simplest, and yet agd then solve the resulting coupled differential equations. The
curate, equivalent circuit model for our device is the one showfiput impedance between any two points in Fig. 3 can be found
in Fig. 3. by applying the appropriate boundary conditions and solving
for the unknown coefficients, and then divide the appropriate
voltage and current. Before starting the analysis, the following
variables are defined. For< z < z1, we havéV} ;(z): voltage

It is clear that the circuit model as depicted in Fig. 3 is vergn the top QWY; ;(z): voltage on the bottom QW, ;(x): cur-
complex and difficult to analyze. The analysis can even be mgent on the top QW/, ;(z): current on the bottom QW. For
complicated if the condition of symmetrical QWsisrelaxed, andt < = < x2, we haveV;,(z): voltage on the top control
the effect of the control gates voltages on the electron densityjate, V,,(): voltage on the bottom control gaté,(x): cur-
each QW is taken into consideration. It should be mentiongent on the top control gatéy, (z): current on the bottom con-
here that we attempt to develop a first-order circuit model fdfol gate,V;(z): voltage on the top QWY (x): voltage on the
the DELTT that incorporates the most important parameters lagttom QW,Z,(x): current on the top QW (x): current on the
the device (gate width, electron density, separation between tittom QW. Forz, < z < 3, we haveV; ,.(z): voltage on
gates and the QWs, and the separation between the QWs ththa-top QW,V;, ..(x): voltage on the bottom QW, ,.(x): cur-
selves, etc.) We also tried to make the circuit model semi-at@nt on the top QW, and, ,.(x): current on the bottom QW,
alytical as much as possible. Measurements on a single QWerez; = Ly, 2 = Ly + Ly, andxz = 2Ly + L,. Itis
with a top gate in the frequency range 1-10 GHz [7] showedgéso useful to define the following parameters in terms of the
good agreement with a circuit model similar to ours, without irgircuit elements shown in Fig. 3. This is useful because it re-
cluding the discontinuity effects. Moreover, since in our devigguces the notation of the resulting solution. We defifle=
the separation between the gates and the QWs is very safall R+jwL,Y = G+jwC,v = \/2(R+ jwL)(G + jwC) Z, =
1), the electric field is almost entirely distributed beneath the /v/2) /(R + jwL)/(G + jwC), Y; = jwC}, Y, = jwCy,
gate region, and the fringing field at the edges is very small (thi§ = \/4Y2 + Y2+ Y2 —2Y}Y,, Yo =2V + Y, + Y}, 71 =
was also verified by our full-wave simulations and static anal/2/2)[Z(Y; + Y5)]*/?, andy, = (v/2/2)[Z(=Y1 + Y2)]V/2.
ysis). Due to these reasons, we decided that the discontinuity efit is relatively easy to formulate the transmission line equa-
fects are not important in our model. Certainly, more completiins for each region [10]-[12], and solve the resulting system of

I1l. A NALYSIS OF THE EQUIVALENT CIRCUIT
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differential equations, although the solution involves a consid- TABLE |
erable amount of mathematical manipulations. A mathemati(%lMPLE PARAMETERS FORDELTT DEVICES G1717AND EA255. THE LISTED
) A

RAMETERS ARE QW WIDTHS (tw,.,), TUNNEL BARRIER THICKNESS (d4.,),

software like Matlab or Mathematica can be used to solve the g ectron DensITIES FOR THETOP AND BOTTOM QWS (1, AND 725),
resulting differential equations for each region. The details afsTANCE FRom Top CONTROL GATE TO TOP QW (d;) AND DISTANCE FROM

skipped here, and we quote only the final results.
For0 < z < z{, we have

Vi =L(A+ By + Cre™ + D) ®)
1

L= 27 (—AL +9C1e7™"" — 4D ™) 9

Vi1 = % (Ala: + By — Cie 77 — Dleﬁ’“") (20)
1

Ib,l = i (—Al - ’}/Olcirym + ’}/Dleﬂw). (11)

Forz; < x < x4, we have

1
‘/t(l’) = ? [E2+Y;E7+71(E36"/11‘ — E467’y1m)
t
—i—’}/g(.E;)G’yZalc — E(;G_’yzw)] (12)
1
Vi(z) = Y, 2(Y+Y,) Ex+2Y Y, B
71 (Y = Yy — Y1) (E3e™® — Ege™ )
+72(Y; — Yo+ Y1 )(E5e™” — Ege™ ") (13)
Vige)= (ot 4 L) Byt (15)
bglL) = th Y;, Y 2 7
1
L(z) = ——— [V (Esc"* + Eye M®
(@) = = DB+ By )
+75(E5¢7" +Ege” 17")] (16)
1
() = = g7 DRV = Yo = Vi) (Bs "+ Fae™ ™)
+73 (Ve = Yo+ Y1)(Ese™* + Ege™ 7)) (7)
Itg(l’) IEl +E2$+E36’ylm+E4Ciﬂﬂw
4+ Ese® 4 Ege™ 12" (18)
1
L (2) =———[2YY(E, — E)+2YY, Ebx
bg( ) 2YY, [ t( 1 s) tii2

+(YHYY1 = YY) (B + Ege )
— (V2 Y Y1413 Vi) (Ese ™ + Ege )], (19)

Finally, for z; < z < x3, we have

Vvu = % (AQ.’L' —+ BQ =+ C(QC_’Wc + DQC’WC) (20)
1

L= 57 (=A2 +7Coe™ 7 — yDye™) (21)

Vi,r =5 (Agz + By = Coe " = Dae™) - (22)

1
Iy = 57 (—A2 = 7Coe ™" £9Dpc™). (23)

Equations (8)—(23) contain 16 unknown coefficiems, », . ..

BoTTOM CONTROL GATE TO BOTTOM QW (d;), DEVICE CHANNEL
WIDTH (Wenan), LENGTH OF THECONTROL GATES (L), LENGTH OF THE
DEPLETION GATES (L 4, ), AND THE SEPARATION BETWEEN THE CONTROL

GATES AND DEPLETION GATES (L cg—a4)

Wa | dguw ng np dy dy | Wehan | Leg | Ldg | Leg—dg
Sample | (4) | (4) | (10" em™2) | (10"em™2) | (um) | (um) | (um) | (um) | (pm) | (um)
G1717 | 150 | 125 2.0 14 0.13 22 500 40 10 5

EA255 | 120 | 100 5.6 6.6 0.09 ;| 0.12 10 1.0 0.5 0.5

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results for the input
impedance of the DELTT between different points. Mainly,
we will be concerned with impedance calculation between the
source and the drain, and between the top and bottom control
gates. These are the two possible locations were an antenna can
be connected to the DELTT device. Sample parameters values
for two DELTT devices (G1717 and EA255) will be used in
the calculations, and these parameters are shown Table I. The
DELTT devices used here are the same devices used in [3],
and are chosen because the electron densities in the QWs are
close from each other, so that a symmetrical device is assumed
for impedance calculations. In all of the following results, the
tunneling conductance is assumed to be zéfo= 0, unless
mentioned otherwise. Even if the tunneling conductance is not
zero, the reactance of the capaci€omwill short out G at high
frequencies of our interest, and the same simulation results will
be obtained.

A. CalculatingZ,4

To calculate the input impedance between the source and the
drain Zsp, (8)—(23) are solved for the unknown coefficients
using the boundary conditions of a voltage source at ghiahd
aground at the draidy. After finding the unknown coefficients,
the input current at the source is found from (9), and then the
voltage is divided by the current at the source to obfain,.
Element values likeR, L, C, C,, Cy, R,, Ry, L, andL, are
calculated from the parameters in Table | using (2)—(6). The
tunneling conductance is calculated from #hé” curve of the
DELTT device by evaluating the slope of the current—voltage
(I-V) curve at a certain bias point.

Applying the previous procedure, we calculatéd, as a
function of frequency and the result is shown in Fig. 4 for the
G1717 sample. The imaginary part 8k p increases slowly
with frequency because of the source and drain conductances
(Ls and Ly). The results show that the high frequency limit is
basically that of an inductor. Each extra peak with increasing
frequency corresponds to fitting one more wavelength into the

Dy 9, Ey, ... Eg, and we need 16 independent boundary coeembined length of regions 2 and 3.

ditions to find these coefficients. The unknown coefficients can At this point, we want to verify the accuracy of the simulation
be found by imposing the appropriate boundary conditions &sults of the input impedance based on the implementation of
x = 0, z1, x2, andzs. For example, at = 1, the boundary (8)—(23). This is done by calculatirity , for the DELTT device

conditions areV, ; = V;, I, 1 = I, Vi,1 = Vi, andl, ; = 1.
We have similar boundary conditionsat= x».

but without control gates. The DELTT equivalent circuit without
the top and bottom control gates is similar to that shown in Fig. 3
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Fig.5. Simulation results (left plot) and theoretical results (right plofj ef, for the G1717 sample. The simulation results are obtained dsiagdd, = 1.0 m.

but nowC; andC,, are zero. Therefore, the equivalent circuit oThe simulation results and predicted results based on (24) for
the DELTT reduces to that of a DQW (similar to the one in rethis case are shown in Fig. 5. These results are virtually indis-
gion 2) but now it extends froma = 0 to z = x3. The voltages tinguishable, which verifies the validity and generality of our
and currents that exist in the DQW structure are given by equarcuit model for the DELTT structure.

tions similar to those in (8)—(11). For this case, a closed-form The above calculations are repeated for the EA255 sample

solution forZ,, can be obtained and it is given by [8]
Tt = Zo+ Za + ”“"—23 Z + Z. coth (%) (24)

whereZ, = R, + jwlL, andZ; = R4 + jwlLy. The DELTT

and the results are shown in Figs. 6 and 7. The dimensions of
this device are much smaller than the dimensions of the G1717
device, and therefore the resonances are more separated and
shifted to higher frequencies. We also note tHgt, exhibits

large, sharp resonance peaks (around 0.75 and 2.25 THz), sur-

structure without top and bottom control gates can be simulateninded by many smaller resonances. These resonances, large
by using large values aof; andd, so thatC; andC;, are very and small, are observed both in the real and imaginary parts of
small as if they do not exist in the circuit model of the DELTTZs 5, as can be seen from Fig. 6.
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Fig. 6. Simulation results o s, for the EA255 sample.
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Fig. 7. Simulation results (left plot) and theoretical results (right plog ef, for the EA255 sample. The simulation results are obtained usiagdd, = 1.0 m.

B. CalculatingZ;3 Zy3 is simply the reactance of the series combination of the ca-
. . acitorsCy, C, andC},, and thereforéZ,3 is given b
The impedancé,s represents the impedance of the DELTP i b 13150 y
between the top and the bottom control gates where an antenna Zis = 1 <l + 1 + i) (25)
can be connected. This impedance can be calculated by applying Lg \Y " Yi Y}

a voltage source at point 1, grounding pointsS3,andD in  whereL., is the length of the control gate(s). The calculated
Fig. 3, solving (8)—(23) for the unknown coefficients, and thewalues ofZ3 using (25) are also shown in Fig. 8 for different
dividing the voltage by the current at point 1. Simulation resulislues ofd,. The simulation results and the theoretical results
for the G1717 sample are shown in Fig. 8 for different valueree very well, which suggests that (25) is accurate enough
of d,. The input impedanc&; s has a very small real part (neg-to predictZ, 3 of the DELTT structure. Simulations and calcu-
ligible and not shown in the figure), and a negative imaginafgtions are repeated for the EA255 sample, and the results are
part that resembles the reactance of a capacitor. We propose shatvn in Fig. 9.
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Fig. 8. Simulation (dashed line) and predicted (solid line) resultd,gffor the G1717 sample at different valuesdaf

-9 T T T T T T T T T

_10+- ........ [ SRR D L :
: -~ simulation | : : : : : P
= = prediction : : : : :

2,(9)

2.1 22 2.3 2.4 25 2.6 2.7 2.8 2.9 3
Frequency (THz)

Fig. 9. Simulation (solid line) and predicted (dashed line) result8,affor the EA255 sample.

For antenna matching purposes, the behavidf,gfas a ca- should be mentioned here that connecting the antenna between
pacitor is not good. Assuming a bowtie antenna of self sinhe source and drain is as effective as connecting it between the
ilar design connected between the top and bottom control gateg and bottom control gates, and the device should retain its
as shown in Fig. 1, then its input impedance is abouf27gn full functionality. In this case the antenna will collect the THz
top of a GaAs substrate. To have maximum coupling betweeadiation and transform into a voltage difference between the
the DELTT and the antenna, the DELTT impedance should beurce and drain such that, with the correct photon energy (or
the complex conjugate of the antenna impedance. This suggstz frequency), resonant tunneling can be initiated between the
that connecting the antenna between the top and bottom ctwwe QWSs. The location of the peak in thé%V characteristic
trol gates is not good and should be avoided. We propose cofithe DELTT will be proportional to the source—drain voltage,
necting the antenna between the source and drain terminalsvtich is in turn proportional to the frequency of the THz radia-
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tion through the relationisp = Vsp +hf /e, whereVsp is the

dc voltagef: is Planck’s constany, is the frequency, andis the

electron charge. From Fig. 4, we see that a bowtie antenna of
2 input impedance could be matched to the real pa# g at

some frequencies. However, the presence of a big inductive
actance inZsp complicates any further matching between th
antenna and the DELTT. More investigation is required to s
if it is possible to change the DELTT parameters and dime..
sions, or find a new antenna so that a better matching betwegRnas for wireless ¢
the DELTT and the antenna can be obtained.
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V. CONCLUSION

This paper presented a general equivalent circuit model
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