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Quantum Monte Carlo simulation of resonant tunneling diodes based
on the Wigner distribution function formalism

J. Garcia-Garcia, F. Martin,? X. Oriols, and J. Sufé
Departament d’Enginyeria Electrica, Universitat Autnooma de Barcelona 08193 Bellaterra (Barcelona),
Spain

(Received 27 July 1998; accepted for publication 14 October)1998

A tool for the simulation of resonant tunneling diod&TDs) has been developed. This is based on

the solution of the quantum Liouville equation in the active region of the device and the Boltzman
transport equation in the regions adjacent to the contacts by means of a Monte Carlo algorithm. By
accurately coupling both approaches to current transport, we have developed a quantum simulation
tool that allows the use of simulation domains much larger and realistic than those previously
considered, without a significant increase in computational burden. The main characteristics
expected for the considered devices are clearly obtained, thus supporting the validity of our tool for
the simulation of RTDs. ©1998 American Institute of Physid$s0003-695(198)00550-9

The scaling down of vertical and lateral dimensions oftransport quantum device. In what follows, we will discuss
electron devices up to the nanometer scale, associated wittow the classical Monte Carlo algorithm and the Liouville
recent progress in heteroepitaxial growth and nanopattersolver have been coupled, and the main results, derived on
fabrication techniques, has opened the door to design stratthe basis of RTD’s. Although the idea of such a coupling
gies based on quantum-mechanical phenontsaeh as tun- was previously advocated by Salvino and Btfbit was
neling or quantum interference effectfAmong these de- never subsequently developed.
vices, resonant tunneling diodd®RTD’s) have received Self-consistency has been implemented by iteratively
much attention due to their potential applications as microsolving the Poisson’s equation in the whole device and the
wave sources and to high-speed electrohfcEo predict and  Liouville/Boltzmann equations in the quantum/classical re-
explain device behavior, as well as to aid in RTD-based cirgions. In the quantum window, the Liouville equati¢n-
cuit design, the development of efficient and reliable simu<luding dissipative effects by means of a relaxation time
lation tools is of great importance. In this regard, the nonterm') is solved by discretizing the phase space, so that the
equilibrium Green function theory due to Lakeal®and the =~ WDF is obtained from a matrix equation at each time step,
Wigner distribution functioWDF) formulation of quantum  provided the boundary conditions are knotfriThese are
mechanick’ have been demonstrated to be a powerful basi#ferred from the Monte Carlo distribution of carriers pro-
for the numerical simulation of vertical transport quantumjected to the component of the wave vector in the direction
devices, in which dissipative effects and self-consistencyf motion in the adjacent cells to the QW. A transformation
have to be considered. For instance, the intrinsic bistabilityf the Monte Carlo distribution to the WDF formalism is
and current oscillations that are experimentally found inneeded. For this purpose, the classical regions are discretized
resonant tunneling diodes biased in the negative conductand& k space with identical intervals as those considered in the
region have been reproduced in the framework of the WDFRQW. In this way, the distribution of carrierfg; can be ob-
formalism? However, the computational burden associatedained. From it, the boundary condition for the WDF solver
with the iterative solution of the Liouville and Poisson equa-is found to be
tions has imposed severe limitations on the spatial domains,
these being too small for reliable simulations of quantum  f (k)=27 B (1)
electron transport in RTD8.The need to extend the simu- AxAkA
lation domain is not relateq to the fact that quantum effeCt%vhereAx, Ak, andA are the cell width, thé-space interval,
are present at the boundarieince scattering events tend t0 g the cross-sectional area of the device, respectively.
destroy phase coherencéut to the fact that the usual open  ag previously indicated, the BTE is solved by means of
system boundary condl_tlo?‘nsare not applied at boundaries 5 \onte Carlo algorithm in the classical regions. At each
where the potential profile is flat. To overcome this computefiaration step, charge carriers have to be injected from the
tlme—related'Ilmltatlon,. one posglblllty is to gxtepd the SiMU- reservoirgexternal contacts to the devicand from the QW.
!auon dpmam by so|y|ng the c_hs_:crenzed Liouville equation niection from the external contacts has been implemented
in a region of the device containing the double barf@ran-  5ccording to an Ohmic contact modéiwhere charge neu-
tum window (QW)], and the Boltzmann transport equation y-5jity in the adjacent cells to the boundaries dictates carrier
(BTE) using a Monte CarldMC) solver in the external re- jiaction. Obviously, this model cannot be applied for carrier
gions, where a c!asslcal _behawor for current transport is ®Xhjection from the QW since, in general, charge neutrality
pected. With this in mind, we have developed a Oneyses not hold at the boundaries between the QW and the
dimensional simulation tool applicable to any vertical ¢jagsjcal regions. On the other hand, injection from the QW
to the classical region has to be dependent on the behavior of
dElectronic mail: fmartin@cc.uab.es carriers in the neighboring to the classical regions. We have
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used the portion of the WDF at the QW interfaces with Iteration Number (a)
wave-vector pointing to the classical regions, weighted by — 1xqps0___2500 5000 7500 10000 12800 15000
carrier momentum, as the injecting distribution. Accordingto _ N,=1.8:10t6cm-3
it, the component of the momentum of injected carriers in the ‘\é 8x103 | AX=2.5nm -
direction of motion has been randomly determined, while a © N =100 \'\\\
Maxwellian distribution has been used to obtain the trans- 3 &x103} s 1ot o
verse components. The number of carriers injected at each'§
time step, has been obtained from L M0
c
JipAAL 2 208t
g @ 3
%5 0.1 02 03 0.4

whereq is the electron chargét the time step, and,;, is a

current density due to carriers entering the classical region
from the QW. This current is obtained from the WDF at the (b)
boundary according to the expression provided by the WDF me : aw 5 MC

Voltage (V)

formalism? but limiting the integral to the portion of thie o~ 4x10181

axis corresponding to carriers flowing to the classical region. £ 02 S
Our tool has been applied to the simulation of RTD’s £ 310t o

with the aim to demonstrate the advantages of the technique= 01 “§

over previous simulators based on the WDF, and to point out % 2x1016}: ; ]oa

the potential applications of it to the simulation of quantum O . 00 =

devices requiring extensive simulation domains. In this re- 51,(1016 _01§

gard, we have simulated the-V characteristidFig. 1) of a ‘8‘ L

RTD with a deliberately small nhominal doping level, since i 0 102

under these conditions the electric field is expected to extend P S R U S S

above the boundaries of the QW, and therefore, the device is 0 50 100 150 200 250 300 350 400 450

an appropriate test structure to analyze the behavior of our Position (nm)

simulation tool. At the moment, scattering in the QW has (c)

been purposely switched off to magnify the quantum effects. __
Figure 1 has been obtained by the application of successivex
voltage steps of 0.02 V increments to the structure. The evo- %
lution of the current up to steady state that results after the
sudden voltage changéaveraged from the beginning of the
switch for noise filtering shows that a stable current is ap-
proximately achieved after 500 iterations. Also in Fig. 1, the
static |-V curve that results without the coupling to the
Monte Carlo algorithm, i.e., by considering only the quan-
tum Liouville equation applied to the QW, is shown for com-
parison. The differences in the peak-to-valley ratio and reso-
nant current reveal the limitations of previous simulation
tools, which are based on the solution of the Liouville equa-
tion in small integration boxegdue to computational bur-
den, and are not able to reproduce the more reliable results
obtained by extending the simulation domains according to
the technlque pl‘.Op(.).SQd in this Work' .BESIdeS these Improvq:_IG. 1. Simulation of a RTD with an ionized impurity density of 1.8
ments in the reliability of the simulation results, the funda- x 116 ;-3 and scattering in the QW switched off. The barriers are 3 nm
mental point to emphasize is that no significant CPU time iswidth and 0.3 V height, and the well width is 8 nm. Spacer layers of 7 nm
added by coupling the Liouville solver to the classical Montehave been considered at bot_h side_s of the barrie_rs. '_I'he numbe_r of par_ticles
Carlo algorithm. This is so because, for typical Monte CarloPe’ cell uged to start up_tht_e simulations, t_he cell size in the classical regions,
L . . and the time step are indicate@ Evolution of the current up to steady
parameters, it is the WDF that dictates the rate at which theite(in solid circles the statit—V curve that resuilts by solving the Liou-
simulations proceed. As an example, for the conditions conville equation without the coupling to the classical region is depicted for
sidered in Fig. 1, the time needed by the Liouville solver tocomparison (b) Self-consistent potential profile and electron density at

. . . . . - resonance. Both the instantaneddstted ling and the charge density av-
give a single WDF is higher than thef time re,qu”ed,by theeraged over the latter iteration stefslid line) are depicted(c) Phase-
Monte Carlo scheme to move the particles during an iterativgpace distribution function at resonance showing the tunneling fiige).

step by a factor of 10. This is very important since improve-

ment in accuracy can be achieved without a penalty in effireproduced. In particular, the flatband at the extremes of the

ciency. devices reveals charge neutrality at the external contacts,
In Fig. 1(b), the steady-state potential profile and elec-contrary to what occurs if smaller domains are considered. In

tron concentration obtained at resonaf@d7 V) show that  view of Fig. 1(b), charge accumulation in the well results at

the main qualitative features expected for the devices areesonance, in accordance with guantum-mechanical consid-
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erations. Note that the electron density peak in the emitter is (a)
slightly separated from the edge of the emitter barrier, such __
as one expects for a quantum system. It is also very impor-“-é 8x104 - N =4.3-1017cm-3
tant to mention the smooth transition of the charge density © AX=2.5nm :
and potential profile at the QW boundaries, which means that < 6x10* - N_=1000 o« \

the coupling model is well behaved. The momentum distri- At=0.1fs
bution of carriers at resonand&ig. 1(c)] shows that the
tunneling ridge (already found in previous WDF
simulations?) is also reproduced, although it progressively
vanishes due to thermalization of carriers in the collector.

We have also simulated a RTD with more realistic de- o Y 02 03 04 05
vice parameters and accounted for scattering in the QW Voltage (V)
through a momentum relaxation time reasonable for opera- (b)
tion at room temperature. Specifically, a nominal doping mC L aw MC
level of 2x10* cm~2 and a well width of 6 nm have been 4 o101 -
considered. The price to pay at these high doping levels is% e
the use of a large number of MC particles per cell to start up g 1.0x10
the simulations and a much lower time step, which means 2 8.0x1017[
that longer simulation times are needed. These simulation % 6.0x1017 F
conditions are required for the elimination of noise-related o
instabilities, which are expected to be magnified at high dop- § 4-0x10"[
ing levels, since the charge “carried” by each MC particle 5 2 0x1017 [
increases. In spite of this, the potential profile has to be j 0.0
treated with some caution to avoid divergence of the current. ’ 5 T : s 260 250300
In this regard, the actualization of the potential profile has »
been done by averaging the potential profile of the previous Position (nm)
iteration with the new one, giving a higher weighing factor to FIG. 2. Simulation of a RTD with an ionized impurity density of 4.3
the former. In such a way, divergences are avoided, although 10t cm™3 at room temperature. In contrast to Fig. 1, scattering is consid-
time evolution towards steady state can be slightly affecte@red in the QW, the well width has been considered to be 6 nm and the
by this artifact. The statit—V curve, obtained by the evo- spacers are 2 nm widti(\_a) Stat_icI—V character_istic. In the i_nset th_e time
lution of the average current up to steady state after the a evolution of the current is depictetb) Self-consistent potential profile and

: i ) ; ] ) _Fe'lectron concentration obtained in the valley.
plication of successive 0.04 V step increments, is depicted in

Fig. 2(a). In the inset of Fig. &), the evolution of the current 504 o the WDF, which are related to the consideration of

is shown without time averaging. In spite of the presence Ofarger simulation domains without paying a penalty in com-

noise, an oscillatory behavior can be clearly observed in t,hf)utational efficiency. In view of the obtained results, our

negative conductance region. In our opinion, this behaviohqhosa is a good candidate for the simulation of vertical
(found previously by other'authé‘bs's notdue to instabilities  yansport quantum devices oriented to device design optimi-
of the tool, but to the continuous filling and depletion of the ,44ion.
electron density in the well driven by self-consistency. This
conclusion is supported by the fact that out of the negative  This work has been supported by the Direccteeneral
conductance region, instabilities are not found. The frede Investigacin Cientfica y Tecnica (DGICYT) under
qguency of oscillationgapproximately 15 THg has to be project Contract No. PB94-0720.
taken as orientative since the free evolution of the system at
high d_oplng I.evels is I|_m|.ted due to the averaging of the LE. R. Brown, J. R. Sgerstion, C. D. Parker, L. J. Mahoney, K. M.
potential profile. Work is in progress to relax this bond in  Molvar, and T. C. McGill, Appl. Phys. Let68, 2291(1991).
order to use the simulator not only to obtain the ldev 2p. Mounaix, A. Fattorini, J. L. Lorriaux, M. Francois, M. Miens, J. Van-
ot [ bremeersch, and D. Lippens, J. Phys.111539 (1991).
CharaCt.enStlc of R.TDS’ but also to .make ('.:lccuraFe pljedICtlons;,R. Lake, G. Klimeck, R. C. Bowen, and D. Jovanovic, J. Appl. Pi3js.
of the time evolution of these devices. Finally, in FigbR 7845(1997.
the electron density and potential profile obtained in the val-“K. L. Jensen and F. A. Buot, Phys. Rev. L&6, 1078(1991).
|ey are represented_ The h|gher dop|ng level gives a moresFi Rossi, P. Poli, and C. Jacoboni, Semicond. Sci. Techholl017
pronounced transition of the electrostatic potential, andsy "y " iapalii, . R. Miller, and D. P. Neikirk, Phys. Rev. 89, 2622
charge depletion in the well results, as is expected, under the(1g9g4.
considered applied bias. B. A. Biegel and J. D. Plummer, Phys. Rev.58, 8070(1996.
| ) s ) ! _ ] i

In conclusion, we have presented a tool for the simula- g.ogﬂ(rlog;;arca, X. Oriols, F. Marmn, and J. Sua J. Appl. Phys.83,
tion of RTDe, also extensiblel to other vertical trensport ‘W R. Frenéley, Rev. Mod. Phys2, 745(1990.
quantum devices. On the basis of the results obtained oMR. E. Salvino and F. A. Buot, J. Appl. Phy2, 5975(1992.
RTDs we have demonstrated the validity of our techniqueEK- L. Jensen and F. A. Buot, J. Appl. Phy&¥, 7602(1990.
since the main characteristics expected for these deviceé'gngense” and F. A. Buot, IEEE Trans. Electron Devie8s 2337
have been perfectly reproduced. We have pointed out theT GonZdez and D Pardo, Solid-State Electr@®, 555 (1996,
advantages that our simulator offers over previous tooig*K. L. Jensen and A. K. Ganguly, J. Appl. Phy8, 4409(1993.
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