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Microscopic Modeling of Nonlinear Transport in
Ballistic Nanodevices

Javier Mateos, B. G. Vasallo, Daniel Pardo, Toméas Gonzalez, Jean-Sébastien Galloo, Sylvain Bollaert,
Yannick Roelens, and Alain Cappy

Abstract—By using a semi-classical two-dimensional (2-D)  The first step in the design of ballistic structures is the de-
Monte Carlo simulation, simple ballistic devices based on termination of their optimal geometry. At this level, simulation
AlinAs/inGaAs channels are analyzed. Our simulations quali- - 14|5 constitute a valuable alternative to the expensive and time-
tatively reproduce the experimental results in T- and Y-branch consuming test-and-error procedure. Some theoretical descrip-
junctions as well as in a ballistic rectifier appearing as a result of * : . "
electron ballistic transport. We show that a quantum description tions of the operation of ballistic devices have been proposed
of electron transport is not essential for the physical explanation [8]—[10], [19], always starting from a coherent transport de-
of these results since phase coherence plays no significant role scription based on the Landauer—Buttiker formalism [11], [12].
On the contrary, its origin can be purely classical: the presence of | this paper, we present a microscopic analysis, performed by
classical electron transport and space charge inside the structures. means of Monte Carlo (MC) simulations, of the transport prop-

Index Terms—Ballistic transport, Monte Carlo simulation, tera-  erties of several structures based on AllnAs/InGaAs ballistic
hertz devices. channels specially designed to be applied in electronic devices
for terahertz data processing. MC simulations provide an insight
|. INTRODUCTION of the processes taking place inside the devices, thus allowing
us to relate the macroscopic results of the experiments with the
. . : ﬁicroscopic behavior of electrons. Our model, which is based
of tr_adltlonal scaling when re_achmg the nanomet n a semiclassical transport description, is able to qualitatively
range (which ha}s been th_e main engine of-the progress OfF ﬁroduce the main features of the ballistic effects measured in
semiconductor industry) is the use of devices exploiting t £ sic devices like T-branch (TBJs) [6] and Y-branch (YBJs)
ballistic transport of electrons. Ballistic devices fabricate nctions [1], [3] and ballistic rectifiers [2], [4], thus demon-

tjsmg thte GP?AS/'EIGaAj heterfjljtngt|(in gpe;atlng at lo trating that coherent transport plays no significant role on the
emperature have been demonstrated [1], [2]. However, rec in characteristics of these devices.

works have achieved an important improvement using InG Sin Section I, the details about the MC model and the simu-

chanm_—els .W'th h|gh In_ content [3]-{6], room temperaturg,; o sructures will be given. In Section ll1, the validity of our
operatlon Is possible since t.he mean-free-pa_th O.f electron roach will be checked by comparison of the simulations with
still larger than 100 nm, wh|c_h is a feature size n the rea easurements performed in real AlinAs/GalnAs channels, with
of gur_rent I_|thograph|c tgchmque_s. The small Sizé of the?ﬁe layer structure typically used in the fabrication of HEMTS.
ballistic devices and the high velocity of electrons inside redu%en’ in Section IV, simulations of ballistic TBJs, YBJs, and

S|gn|f|gantly their transit t|me_, and as a re;ult, the fabrlcatl0:5'allistic rectifiers will be presented, qualitatively reproducing
of devices for data processing at ultra-high bit rate can t‘[)ﬁ

envisaged [4], [5]. Moreover. InGaAs-based ballistic devic ]e main experimental findings shown in the literature [1]-[4],

offer the advantage of being compatible with modern HEMT ~
technology; indeed, AlinAs/InGaAs HEMTs nowadays operate
in the millimeter and submillimeter wave frequency range [7].

Thus, the integration of ballistic devices with HEMTs in order We make use of a semiclassical ensemble MC simulator self-

to benefit from their complementary advantages and reach gfsistently coupled with a 2-D Poisson solver. The transport

terahertz regime appears feasible in the near future. model locally takes into account the effect of degeneracy and

electron heating by using the rejection technique and the self-

consistent calculation of the local electronic temperature and

Manuscript received October 22, 2002; revised May 23, 2003. This work wermi level [13]. The surface charges appearing at the bound-

supported in part by the European Commission through the NANOTERA undgfies of the semiconductors in contact with dielectrics are also
Project 1IST-2001-32517, by the Direccién General de Investigacién (Ministerio id dinth del 1141, Th lidi f thi hh
de Ciencia y Tecnologia) and FEDER under Project TIC2001-1754, and by fh@nsidered in the model [14]. The validity of this approach has

Consejeria de Cultura de la Junta de Castilla y Leén under Project SA057/been checked in previous works by means of the comparison
The review of this paper was arranged by Editor H. Sakaki. with experimental results of static characteristics, small signal

J. Mateos, B. G. Vasallo, D. Pardo, and T. Gonzalez are with the Universi havi d . f h t-aate AlnAs/|
de Salamanca, Salamanca, Spain (e-mail: javierm@usal.es). ehavior, and noise performance of a pib-gate nAs/in-

J.-S Galloo, S. Bollaert, Y. Roelens, and A. Cappy are with the Instit@aAs lattice matched HEMT (InP based) [14], [15]. Since con-
d’Electronique de Microélectronique et de Nanotechnologie U.M.R. C.N.R.$gt injection is a critical point when dealing with ballistic trans-
Département Hyperfréquences et Semiconducteurs, Villeneuve D’Ascq Cédex, . L . . T .
France. port, the velocity distribution and time statistics of injected car-

Digital Object Identifier 10.1109/TED.2003.815858 riers will be accurately modeled [16], [20].

NE of the possible approaches for overcoming the limi

Il. MONTE CARLO MODEL

0018-9383/03$17.00 © 2003 IEEE


https://core.ac.uk/display/9483271?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

1898 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 50, NO. 9, SEPTEMBER 2003
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Front View

Fig. 1. Three-dimensional (3-D) geometry and layer structure of the ballistic channels and scheme of the 2-D front-view (FV) and top view (TV)ridonte Ca
simulations.

The main features of the ballistic channels that will bduced since thisis a “virtual” doping associated with the charges
simulated are shown in Fig. 1, where the geometry is usuatljthe cap and-doped layers. On the other hand, a negative sur-
defined in the fabrication process by a typical mesa etchirfgce charge density is assigned to the semiconductor-air inter-
The real layer structure fabricated by molecular beam epitafaces to account for the influence of the surface states originated
(MBE) consists of an InP substrate, a 200-nm Allng 50As by the etching processes. Therefore, to ensure the accuracy of
buffer followed by a 15-nm-thick In;Ga 3As strained this TV approximation, the values of two important parameters
channel, three layers of Alslngs2As (a 5-nm spacer, a must be carefully chosen: the background doping in the channel
6-doped layer, and a 10-nm Schottky layer), and finally, &p, and the lateral surface charge density
15-nm-thick IR 53Ga 47As cap laye Np = 6 x 108 cm=3).
Layers with two differenty-dopings have been fabricated (4
and 5 x 102 cm™2), and they will be modeled as a 4-nm
layer doped atl0'® cm=2 for the§ = 4 x 102 cm=2 and Initially, the validity of the simulation tools is checked by
1.25 x 10" ecm™3 for the § = 5 x 10'2 cm~2 (moreover, a comparison of the numerical results with experimental Hall-ef-
structure withs = 6 x 1012 cm~2 will be also simulated using fect measurements of carrier concentration and mobility of two
Np = 1.5 x 10" cm™3). To account for the thickness of thefabricated layersy= 4 x 10?2 cm=2 and§ = 5 x 1012 cm™2).
6-doped layer while keeping the overall size, the dimensidio improve the ballistic character of electron motion, impurity
of the spacer and Schottky layers are set to 3 and 8 nstattering will be diminished by allowing transport only through
respectively. the InGaAs channel. For this sake, recessed channels (the cap

For the correct modeling of these devices, a 3-D simulatidayer is removed) will be used. By adjusting the surface charge
would be necessary in order to take into account the effectafthe cap layer to a value ef.,/q = 4.7 x 102 cm~2, and
the lateral surface charges and the real geometry of the stratthe bottom of the recess (free AlinAs interfacepta./q =
tures. However, for the moment, only a 2-D MC model has be@r8 x 1012 cm~2, we have obtained a good agreement with the
developed, and some simplifications and assumptions mustrbeasured values of Hall density in both recessed and nonre-
made. Indeed, two different types of 2-D simulations will beessed layers. However, we have appreciated that the channel
performed: front-view (FV) and top-view (TV). Within the FV mobility obtained by MC simulations overestimates the mea-
simulations, the layer structure will be taken into account, batred values (around 10 000 /Ws). We have checked that
the device in the dimension is considered to be homogeneouthis discrepancy is due to remote impurity scattering (not in-
This kind of simulations will be useful for simple structurescluded in the MC model) since the experimental mobility of
like homogeneous channels, and will provide the concentratithre channel is improved when a thicker spacer layer is growth,
of carriers in each layer. On the other hand, to account for theaching a better agreement with the MC values (around 14 000
top geometry of more complicated devices (such as TBJs, YB3sy/Vs).
or ballistic diodes), TV simulations will be carried out. They are We have performed the FV simulation of two different chan-
performed in thexy plane; therefore, the real layer structure isels (considering the whole layer structure) with lengkhs-
not included, and only the InGaAs channel will be simulated. 1000 nm andZ. = 100 nm between two ohmic contacts. The
order to account for the fixed positive charges of the whole laydiffusive or ballistic character of transport depending/onan
structure, a net doping is assigned to the channel in TV simue monitored, from the point of view of the Monte Carlo simu-
lations, but impurity scattering is switched off. In this way, théation, by means of the number of scattering processes the elec-
electron transport through the undoped channel is well reptoens overcome while crossing the sample. In practice, trans-

IIl. BALLISTIC CHANNELS
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Fig. 2. Normalized current versus applied voltage for nonrecessed chann 02k _‘
with lengths of 100 nm (dotted lines) and 1000 nm (solid lines) and différent ]
dopings. The values obtained from TV simulations wil, = 107 cm~32 »QE 0.01
and L = 100 nm are also shown. The inset shows the normalized saturatic ™~ _g2
current as a function of the channel length o= 4 x 102 cm—2. 04
-0.6
port will never be completely ballistic since, even for very shor 08
L, electrons always overcome a few scattering mechanisr 1o , . ) ) . . . ) .
Some other features can give us information about how be 05 04 03 02 01 00 01 02 03 04 05
listic the transport inside the channels is, ranging from diffu V (V)

sive (for the channel witl, = 1000 nm) to quasiballisti¢L =

100 nm). One of these indicators is the ratio between the satklg. 3. (a) Electric potential at the bottom of the central branch (open circuited)

ration current/, and the total current injected by the contactef the TBJ and (b) normalized horizontal current when biasing the left and
L . right contacts in push-pull fashiofi” = V;, = —Vk) for different values

I'max, which is the maximum current that may flow through th%f the lateral surface charge. The inset shows the geometry of the TBJ with

channels [16], [20]. In the case of completely ballistic transpoHy-nm-wide and 75-nm-long branches.

I, = I,.x Since every electron injected by the cathode arrives

at the anode (for high enough biasing). When scattering meg&tions. It can be appreciated that setting the background doping
anisms appear, some carriers return to the anode, making #hg valueN;, = 1017 cm~3 and considering injecting contacts
ratio I / Imax lower than unity. In Fig. 2/ /1.« is represented with N, = 4 x 1017 cm~2 [16], [20], TV simulations satisfac-

as a function of the applied voltage, showing that/max in-  torily reproduce the behavior of the ballistic channels (both re-

creases when reducidgdue to the lower amount of scatteringcessed and nonrecessed). These values will therefore be used in
mechanisms, which leads to a more pronounced velocity ovartfurther TV simulations.

shoot originated by the enhanced ballistic transport. The value
of I,/Imax as a function ofL is plotted in the inset of Fig. 2, IV. BASIC DEVICES
showing that for, < 200 nm, I, /I,,,.. exceeds 95%, and elec- )
tron transport can be considered to be quasiballistic. We hdye T-Branch Junctions
to note that the results plotted in Fig. 2 correspond to nonre-As a first example of devices that benefit from ballistic trans-
cessed channels (including the cap layer). In the case of recegsa, we will analyze the main features of a TBJ. In [6], the ex-
channels, impurity scattering in the cap layer is prevented, aperimental measurements of the negative potential generated at
the ratioI/I,,.x is increased but only for the long channelsthe bottom of the central branch (open circuitéd~= 0) of a
The values of / I,,.x for the 100-nm nonrecessed and recess@d®J (V) when the left and right ones are biased in push-pull
channels overlap since the mean free path associated with ifashion /' = V;, = —Vg) are presented. As stated in [10]
ized impurity scattering is longer than the length of the struand [19], this property of the three terminal ballistic junctions
tures. Therefore, the recessed technology will be useful for irfiboth TBJs and YBJs) can be very useful from a practical point
proving the ballistic transport only when the length of the chaf view since it can be exploited to perform logical operations
nels approaches the ballistic/diffusive limit (around 200 nm).[17], second harmonic generation [5], [18] or rectification [2],
The simulation of the ballistic channels can also be mad].
within the TV approach, considering a background dopifg, In Fig. 3(a), we show the values dfc calculated with
with no impurity scattering. In Fig. 2, the inductance—voltag€V-MC simulations of the TBJ sketched in the inset consid-
(I-V) curve obtained with this model is compared with the coering different values for the lateral surface charge density
rect FV simulations of the 100-nm channels. In this case, Tthe value ofl at equilibrium has been subtracted from the re-
compare with the FV results, no lateral surface charge is caults to account for the difference of electrochemical potentials.
sidered since this charge can not be accounted for in FV sinfthe simulations do qualitatively reproduce the experimental
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0 20 40 60 8 100 120 140 160 180 200 s in the middle of the structure. When the TBJ is biased, the
X Coordinate (nm) carrier number inside the device increases since more and more

electrons are able to surmount the potential barrier (i.e., more

Fig. 4. (a) Electron concentration and (b) electric potential profiles along ttaodes are opened under the Landauer—Buttiker description
middle of the horizontal branch of the TBJ of Fig. 3 with= 0.3 x 10*? cm~3 _ : . = .
for different bias condition$V’ = V,, = —Vj). The insets of (b) show the [81-{10], [19]), leading to the nonlineal-V" characteristic

vertical potential profile in the middle of the central branch for several biasinggNoOwn in Fig. 3(b). Moreover, the concentration exhibits an
and the values of the potential at the bottom of this brdrigland at the center asymmetric shape (higher near the negative electrode due to
of the junctionV,,.. as a function of”. the electron ballistic motion) so that a shift of the potential
minimum toward the negative electrode takes place. As a
results, thus also supporting the validity of our TV-MC modetonsequence, the potential at the center of the horizontal
As seen in Fig. 3, the values &t depend on the amount ofchannelVg(z.) = Vg, is always lower than the equilibrium
surface charge considered at the semiconductor-air interfagakie and decreases with largér The inset of Fig. 4(b) shows
since it controls the intensity of space charge effects [tllee vertical profile of the electric potential in the middle of the
amplitude of the potential minimum observed in Fig. 4(b)]. Theentral branch. It can be observed that the variation¥af
effect of the surface charge is similar to that observed in [@ersusV propagate down to the bottom of the vertical branch,
by changing the potential of a top gate contact, both affectitigus originating the characteristic bell-shaped valued/ef
the Fermi level pinning and the electron concentration insidéderefore, the vertical branch acts just like a voltage probe
the TBJ. The correct values of the background doping aednnected to the horizontal channel, detecting the potential
surface charge density to be used in the TV-MC simulation witariations at the junction. This happens because the penetration
have to be further adjusted, taking as a base the experimepfatarriers in the central branch is just the consequence of the
measurements of channels with different length and widtitonzero vertical velocity component of the carriers flowing
that we plan to fabricate. Nevertheless, as pointed out in [4jthin the horizontal channel, thus being almost independent
the lateral depletion length of InGaAs channélg is about of V. In the case that the vertical branch is slightly shifted
10-30 nm, which corresponds to surface charge densitis from the center of the horizontal channel, the potential at the
0.1 — 0.3 x 102 cm=2 (using Np, = 107 cm—3), which is junction V(z), and thereforé/, are no longer symmetric,
in reasonable agreement with the range of values used in taking positive values for some valueslof(Fig. 5), as already
simulations. predicted in [10] and [19] for asymmetric junctions.

The negative values df. are related to space-charge effects In Fig. 3, we can also observe that the negative values of
originated by the joint action of the surface charge at the serttie V> versusV’ curve reach a maximum for an intermediate
conductor-air interfaces, the background positive fixed chargealue ofo, just when the width of the channel coincides with
Nps, and the inhomogeneous charge distribution associatbeé lateral depletion induced by the surface charge ffor
with the ballistic motion of carriers injected at the contacts. THe25 x 10*2 cm—2, L; = 25 nm, and the theoretical effec-
surface charge lowers the electric potential when moving awtye width of the channeW.g = W — 2, becomes 0). In
from the contacts, provoking the progressive depletion of tlivég. 6(a), it is shown that under these conditions, and for low
channel, thus leading to the typical minimum of potential andalues ofV, V- follows the predicted quadratic dependence on
concentration (see Fig. 4) characteristic of space-charge limiféd10], [19], but it becomes linear for high. In Fig. 6(b), the
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slope of V- (V) is plotted, first showing a linear increase (cor- vV (V)
responding to the parabolic increasé/@f) and then saturating
for high V' (in the linear portion of the curve). The value ofFig. 7. Vc as a function of the biasingl” = Vi = —Vg) in YBJs with

: : : ; 20-nm-wide and 50-nm-long branches with= 0.1 x 10'2 cm=2 (W =
dVC/dV for a constan¥” (inset of Fig. 6) increases witheg 0) and different opening angles. The inset shows the value of the switching

for Weg < 0 (strong space-charge effects) and reaches a saibtameter, = dV,/dV as a function ofi’. The geometry of the YBJ with

ration value wheW.¢ > 0. a = 90° is sketched at the top.
If o is increasedW.g becomes lower than 0 (for example, ol
o = 0.35 x 10'2 cm™3 leads toW.g = —20 nm), meaning ARV

that the potential barrier is too high to be surmounted by an
carrier at equilibrium. The asymmetry in the electron concen
tration for low values of” is very small, and/ approaches
(Vi + Vr)/2 = 0. When strongly biasing the TBJ, some car- I
riers can flow through the device, and thus, the negative values | [
of Vi emerge only for high” (with the characteristic parabolic ;ni
shape). On the other hand,dfis reduced W.z > 0), some R
alteration on the bell shape bt is observed for low/, where 002 pr"
Ve even takes positive values due to the perturbation induce 1
by the central branch on the minimum of the horizontal poten 5]
tial profile. This perturbation could be avoided by reducing the o3 | oy i O 0=120°
width of the central branch. i PO R B
It is important to remark that all these results are a conse i v, 0402 00 02 04 0402 00 02 04
quence of purely classical effects related to the ballistc me o4l oo v v v v v v v 0 W 0 0 0 0
tion of electrons and Coulomb interaction, with no essential rol 04 02 00 02 04
played by phase coherence. Therefore, a quantum transport . rv)
scription, as adopted in [10] and [19], is not strictly NECeSSaRy, g v, v, andVy as a function of” when biasing with’ = V;, =

0.0

for the modeling of these kinds of devices. —Vr,V = Vg = =Ve,andV = Ve = —V, respectively, a YBJ with
50-nm-wide branchesy = 90°, ando = 0.25 X 10'2 cm=2 (W = 0).
B. Y-Branch Junctions The length of the central branch is 125 nm, whereas that of the left and right

) ) o ) ones is 75 nm. The two insets show the results for two symmetric (three 75 nm
Let us now study a slightly different ballistic device: the YBJong branches) YBJ, with = 90° anda = 120°, respectively.

(a TBJ can be considered a particular case of a YBJ with an
opening angle between left and right branches of188s re- 1. = 0) of a YBJ is measured when biasing the left and right
ported in [3], if the potential at the central brandi-( with branches with/ = V;, = —Vg, it shows the same qualitative
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behavior as that discussed before for the TBJ. However, one idifferent length of the branches has an effect similar to that ob-
portant difference exists: Ag is enlarged, the electrons peneserved in Fig. 5 for the TBJ, leading even to positive values of
trate more and more into the central branch (stem), pushedtbg potential in the open-circuited lead. Moreover, as shown in
the increasing electric field (and not only because of the vertidaily. 3, positive voltages can also appear due to a |&¥gg.
thermal velocity component as in the TBJ), thus makipgde- On the other hand, the asymmetry of the electron injection into
crease further. As a consequence, the electron concentratiotheopen-circuited branch affects mainly the slope of the mea-
the stem grows significantly when increasivigenhancing the sured voltage. This can be easily explained with the help of the
curvature of thel/ versusV curve. The bell shape dfo is two insets of Fig. 8, showing the value of the potentials in the
therefore the addition of two effects: i) the horizontal behaviapen-circuited lead both far = 90° anda = 120° when the
of the potential (as shown for the TBJ) and ii) the vertical penéengths of the three branches are identical. For the YBJ with
tration of carriers into the central branch. The firstis justan elea- = 90°, the behavior of’;, and Vy is different for positive
trostatic effect, and as predicted in [10] and [19], it depends ordynd negative values 6f. Let us explain the dependencelgf
on the conductance of each of the three branches, being inded”. When applying a negative voltage @ and positive to
pendent of the angle between the left and right branches. Onihe (Vg = -V = V < 0), V1, behaves similarly to the case
contrary, the second depends on the amount of carriers injeabédhe TBJ since few electrons (fewer than in a TBJ because of
into the stem and, therefore, on the angle between left and rigfnt orientation of the biased branches) are injected into the left
branchesy having a maximum effect for'0and minimum for branch, leading to small positive valuesigf for low V' (even
180 (TBJ case). In Fig. 7, the results of the MC simulations faf W.g = 0). When biasing inverseljygr = —Veo =V > 0),
both V> and the so-called switching parametee= dV/dV V5, decreases faster withi since the biasing favors the injec-
are plotted [3] for YBJs with different opening angles. Whetion into the left branch. Indeed, under these conditidns,
increasingV, V¢ passes from a parabolic to a linear behaviotakes values very close to those obtainedWfgrwhen biasing
in the same way as observed before for the TBJ. Consequernitly,= —Vr = V < 0, due to the similar penetration of carriers
~ increases linearly for loww and then saturates for high, into the measuring branch. The same explanation can be given
showing a remarkable agreement with the experimental resutis the behavior o’y just changing the sign df . In contrast
of [3]. It can be also appreciated that the decrease (ffom with this case, forx = 120°, the symmetry is recovered since
the 180 value of the TBJ) enhances the negative valuelsof the orientation of the branches does not originate differences of
(making the saturation value g¢fincrease from 0.4 for the TBJ electron injection into the measuring branch between positive
to 0.8 for the YBJ withoe = 52°), due to the stronger injection and negative values df.
of carriers into the central branch. o .

Our model can also explain the asymmetric behavior of tife Ballistic Rectifier
potential measured in the left (right) branch of a YBJ when bi- A new concept for the fabrication of a ballistic rectifying de-
asing right and central (central and left) branches, as shownvige has been introduced in [2] and [4] by inserting a triangular
Fig. 8 for a YBJ witha: = 90°. The asymmetry of these curvesscatterer (antidot) into the center of a ballistic cross junction.
is not only due to the more or less straight path of the electrorigy. 9(a) shows the values of the potential between the bottom
(as it was claimed in [3]) that affects the penetration of carriegd top branche§/sr = Vi — V) when biasing left and right
into the left (right) branch but also to the different length of thiranches in push-pull fashidi = V;, = —V5 obtained from
left and right branches as compared with the central one (in thit MC simulation of the device sketched in the inset. The ef-
case, it is 50 nm longer). The asymmetry associated with thieiency of this ballistic rectifier reaches 15%Ht= 0.2 V, in
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Fig. 10. Two-dimensional contour plots of (a) electron concentration and (b) electric potential in the ballistic rectifier of Fig. 2 fof, = —Vz = 0.2 V.

good agreement with the experimental results shown in [4]. A 04 IR /I‘ RN AR AN AL
shown before for the YBJs, when biasing right and left branche: ’ LR max

a negative potential appears in the central branch. In this case _ﬁ 02— Vir
is generated in both central branches (bottom and top) but wit }
different values due to the unequal width of the opening spac 9 0.0
W3

between the horizontal and the top/bottom branches [Figs. 9(l

and (c), respectively], leading to an asymmetric injection o -0.2

carriers into them. The narrower the space between the hoi 04 - 200 GHz | 1.0THz | 2.0THz
zontal and the vertical branch, the higher the potential barrie R TR I TR P TTTTT I
created by the lateral surface charge, and the lower the pro ooa L T [ A

ability of an electron to pass from one branch to the other, o
following the formalism of [9], the transmission coefficient be- 0.02 | + T -
tween those probes is smaller. This can be clearly observed S 0.00 KA ) A A n m n %@M
the 2-D charts of electron concentration and potential in the de<~ ™ ’ o

vice shown in Fig. 10. While th&r values are similar to those »5 g2 |
previously shown for TBJs [Fig. 3(a)] due to the small carrier
penetration into the top branch, the stronger injection of carrier ~ -0.04 |
into the bottom branch (because of the asymmetric geomet
of the obstacle) enhances the curvature ofithevalues (like
in a YBJ). Therefore, since the curvaturelgf is higher than
that of V-, negative values fovz 1 are obtained, which depend
mainly on the size and shape of both the obstacle and the dif-
ferent branches. Remarkably, even if the values of bgtland Fig. 11. Vs response to periodic signals with amplitude of 0.2 V and
Vi depend on the surface charge, their differehge- is al- frequencies of20_0 GHz, 1 THz, a_nd2THz gpplied”gg;_g (poter_ltial difference
. ; . between left ad right electrodes) in the ballistic rectifier of Fig. 9.

most constant, as observed in Fig. 9. This happens because e
different curvature of/g with respect td’r comes from the un-
equal penetration of carriers into the top and bottom branchédsm). These two factors originate from the observed vertical
and this difference remains nearly unchanged witihthe range asymmetry of electron concentration and, thus, of electric po-
of o values reported in the figure. As in the case of TBJs artential.
YBJs, the behavior of’g and Vr (and thus ofV/gr) for low In order to demonstrate the intrinsic capability of this de-
V remains parabolic up to a given biasing, for which the urvice for rectification at extremely high frequencies, ther re-
balanced injection of charge into the top and bottom branchgsonse to periodic ac signals with amplitude of 0.2 V and fre-
reaches a saturation regime driglr takes a constant value. quencies of 200 GHz, 1.0 THz, and 2.0 THz applied between left

The origin of the rectifying behavior of this device can band right electrodes are plotted in Fig. 11. The excellent perfor-
therefore understood as a consequence of i) the horizontal asymance as frequency doubler or power detector in the terahertz
metry of the electron concentration associated with both the bednge (at least up to 1 THz) is illustrated in the figure. More-
listic transport and space charge inside the device (as in the cager, by reducing the size and optimizing the geometry of the
of the TBJs and YBJs) and ii) the different openings betweaevice, its intrinsic cutoff frequency, sensitivity, and linearity
the horizontal and top/bottom branches (or, following the focould be further improved. For this sake, our MC simulator ap-
malism of [9], the different transmission coefficients betweepears as an extremely useful tool since any kind of geometry can

_0.06 1111 | I | Ll I Lt | 111l L1l | I | Ll I | I ‘ L1l
01 2 3 4 5 1 2 3 1 2 3
Time (ps) Time (ps) Time (ps)
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be easily implemented with no need of a technological procesgl4] ——, “Effect of the T-gate on the performance of recessed HEMT’s. A
thus av0|d|ng a great waste Of tlme and money Monte Carlo analySiS,Semicond Sci. Technolzol 14, pPp. 864-870,
1999.
[15] —, “Monte Carlo simulator for the design optimization of low-noise
HEMTSs,” IEEE Trans. Electron Devicesol. 47, pp. 1950-1956, Oct.
V. CONCLUSIONS 2000.

[16] T. Gonzélez, O. M. Bulashenko, J. Mateos, D. Pardo, and L. Reggiani,
By using a Monte Carlo simulator, a semiclassical analysis “Effect of long-range Coulomb interaction on shot-noise suppression in
. . . . . h ballistic transport,’Phys. Rev. Bvol. 56, pp. 6424—-6427, 1997.
of ballistic transport in a V?.fl?ty of basic mesoscop!q dev'ce?ﬂ] S. Reitzenstein, L. Worschech, P. Hartmann, and A. Forchel, “Logic
(AllnAs/InGaAs-based ballistic TBJs, YBJs, and rectifiers) has =~ anonanD gates based on three-terminal ballistic junctior@gctron.
been performed. The experimental measurements of nonlinealg3 ] Iﬁzettf vol. 38|’ F’\JAP- 951_9?3'3510026 o L S son. L. Thvién. and
PO . . . Lewen, I. Maximoy, I. orupbalko, L. Samueison, L. ylen, an
ballistic effects reported ”_“ the literature (such as the appear- H. Q. Xu, “High frequency characterization of a GalnAs/InP electronic
ance of a negative potential in the central branch of TBJs and  waveguide T-branch switch,J. Appl. Phys.vol. 91, pp. 2398-2402,
YBJs when biasing’ = V;, = —Vjg) have been qualitatively ao%z-x ‘A novel electrical o of three-terminal ballistic |
. . . Q. Xu, novel electrical property o ree-terminal ballistic junc-
repmdl'!ce_d and eXpla_"ned’ ta'_"”g asa base.the presence of spg&l,\ tions and its applications to nanoelectronicBiysica E vol. 13, pp.
charge inside the devices, which is strongly influenced by the ef-  942-945, 2002.
fect that the surface charge exerts on the electron concentrati€i] IMGOY‘M'E_Z- O. '\I" 5“'?5%9?'(0’ J. Mateos, D. Pardo, agd L. Regtg'%”'i
. . . . ICroscopic analysis of snot-noise suppression In nonaegenerate bal-
in such small structures. In our simulations, phase coher_en_ce IS Jistic transport,"Semicond. Sci. Technokol. 13, pp. 714-724, 1998.
not necessary for the appearance of the measured ballistic ef-

fects. Thus, a semiclassical transport description can be enough

to analyze the performance of these devices.

MC simulations also allow the study of the dynamic behavic
of these ballistic devices, which have exhibited intrinsic cut-o
frequencies in the terahertz range. The flexibility of our simt
lator to model any kind of geometry makes it an excellent to
for the optimization of the device performance with no need f
a (long and expensive) technological process.
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