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Abstract: One extension of our device simulator MINIMOS is the selfconsistent solution of the transi
ent semiconductor equations, including transient generation-recombination of bulk and interface traps; 
we have intensively investigated charge-pumping effects in bulk MOSFET's and SOI devices. A model 
for two-dimensional numerical calculation of the band-to-band tunneling in Si-MOSFET's, accoun
ting for nonuniform electric field, has been developed and implemented. For modeling submicrometer 
FETs, a Monte Carlo simulator, which solves the Boltzmann transport equation and accounts for hot
carrier transport phenomena, has been self-consistently included into MINIMOS. Moreover, work has 
been carried out to extend the simulation capabilities to strained-layer Si/ Ge heterostructure devices 
(MODFET, quantum-well MOSFET) and AlGaAs/GaAs-HEMTs, where quantum-size effects play a 
significant role. 

Transient Model of the Charge-Pumping Effect in MOS Devices 

Charge-pumping current measurement has become a valuable technique to analyze experimentally 
interface and volume traps in MOS devices. This technique has been mostly used to extract the 
amount and the space distribution of interface states generated by the non-uniform hot carrier injection 
[1],[2),[3] and by irradiation. Studies of the front and the back interface in SOI devices (4] and traps in 
the polysilicon and the recrystallized silicon by the charge-pumping techniques have been presented 
in the literature as well. Unlike other reliable techniques for the analysis of interface states as the 
conductance and low-high frequency C-V measurements, charge pumping can be performed directly 
on small MOS devices. 

We have developed and implemented in MINIMOS a transient model for the charge-pumping expe
riment [5],[6] . To the best of our knowledge, this approach enables one for the first time to calculate 
the terminal charge-pumping current for assumed trap distributions, physical model for traps, device 
geometry and doping profile. The approach is based on the self-consistent numerical solution of the 
time-dependent continuity equations, the Poisson equation and the trap-dynamics equations. To solve 
this system at the beginning of a new time-step the decoupling algorithm after (7] is applied using the 
total current continuity equation in the place of the Poisson equation. After the chosen accuracy has 
been achieved, the time-dependent Gummel-algorithm is used to obtain the final solution. Thus, in 
our approach the Poisson equation is solved with an accuracy which is independent of the actual time 
step. Trap dynamics is described by the Shockley-Read-Hall equations. Arbitrary interface and vo
lume trap distributions can be discretized in energy and position space. After each simulation lasting 
a few signal periods, we calculate the time average of the terminal currents and of the total interface 
effective generation of electrons and holes, taking care for the periodic steady-state condition (6]. The 
numerical model for the charge-pumping experiment has been applied to study several effects: 

1) The stretch-out of the charge-pumping curve Iep (U G) due to the junctions and the trapped-charge
potential feedback effects (2] has been analyzed. An example is shown in Fig .I. An increase of 
frequency (namely of the top level duration) produces a shift of the charge-pumping curve - the 
charge-pumping threshold voltage increases [2]. In addition, we have investigated the changes in the 
charge-pumping curve after a nonuniform stress, when a localized damaged region is produced near 
and within the drain and source junctions. The example given in Fig.2 shows the charge-pumping 
curves for a device before and after the stress. In the virgin device a uniform trap distribution with 
density 2 x 1010 /cm2eV is assumed. To model the damaged region in the stressed device a gaussian 
acceptor-like trap distribution with a peak density 1012 / cm2 e V, located almost completely within the 
drain junction, is superposed on the uniform traps. Although the assumed high-density acceptor-like 
traps increase the local charge-pumping threshold by 0.9V, the Icp(Uc) curve for the stressed device 
is shifted to the left, but not to the right as we expect for the assumed acceptor-like traps. An 



explanation is the large decrease of the threshold voltage at the place where the damaged region is 
located, due to the junction doping [2). By analyzing several cases we found that the shift of the 
Icp (U G) curve after the stress is much more influenced by the position of the stress-induced traps than 
by the increase or decrease of the local threshold voltage due to the acceptor- or donor-like nature 
of the induced traps. Consequently, this shift contains no reliable information on the nature of the 
stress-induced traps in practice [2]. 

2) We have investigated the accuracy of some analytical models for the charge-pumping current Icp 
and for the interface state density Dit(E) extraction. A comparison between the MINIMOS numerical 
(exact) result and an approximative model we derived for Icp is given in Fig.6 for the charge-pumping 
threshold region. Differences between the top levels reflect an inaccuracy in the emission-based model 
(8), to which our model reduces in this region . Similar conclusion follows from the comparison presented 
in Fig.4. Assuming a linear trap distribution in energy Dit(E) as given in Fig.5, we have calculated the 
charge-pumping current versus fall-time by analytical model ([8)) and numerically. Trap distribution 
in energy is extracted by the well-known procedure [8] from the numerically calculated curves (dashed 
curves in Fig.4). It is given in Fig.5. In addition, we have investigated the definition and the location 
of the charge-pumping threshold and fl.at-band voltage on the Icp(Ua) curve. 

3) Based on an intensive study, we have explained the geometric component of Icp in Si MOSFET's 
for the 2D case (Let! ~ W) . It is found that the geometric component consists exclusively of the 
bulk electron current . This (parasitic) current component originates either due to fast turn-off (short 
fall-time of the gate voltage) or due to a novel effect we observed by numerical simulation. The effect 
consists of transfer of electrons emitted from the interface states towards the bulk, which exists even 
for slow turn-off. A detailed discussion is given in [5),(6). 

4) Extraction of the spatial distribution of interface traps Nit ( ~) by the charge-pumping experiment 
(1], (3) has been studied in detail. The extraction procedures presented in the literature are based 
on analytical expressions which rely on several approximations. Until now, however, no confirmation 
has been given for these methods in the literature (there is no method to measure Nit ( ~) directly). 
Using our numerical model for the charge-pumping experiment we have calculated the charge-pumping 
signal for an assumed distribution of interface traps and fixed oxide charge (e.g. Icp versus source/drain 
junction reverse bias Ur) . This signal Icp is further used in the place of the experimental signal to 
extract Nit ( ~) by applying analytical expressions. Comparing the extracted trap distributions with 
the assumed, we have evaluated and improved the techniques for the Nit ( ~) extraction. It is found that 
the variation of the electron and hole emission times with variation Ur does contribute significantly 
to Icp· The present extraction procedure has been improved to account for this effect. These results 
has been presented in [6). 

5) The charge-pumping characteristics of virgin and stressed LDD MOSFET's has been studied. There 
are two characteristic tails in Icp ( U G) for virgin LDD devices compared to conventional devices. For 
the first tail, located near the charge-pumping threshold, we found that it originates from the whole 
LDD subdiffusion (gate/LDD overlap) , while the second long tail in the deep subthreshold region 
is produced by pumping the LDD region due to gate-LDD area fringing effect (Fig.3). The space 
distribution of traps generated by hot-carrier stress (at max IB) can be extracted by matching the 
experimental and the simulated Icp (U G) curves. Note that, in order to calculate the contribution 
from the LDD region to the charge-pumping current due to the gate-edge fringing effect, 2D-transient 
numerical approach becomes indispensible. 

6) The coupling between the front and the back interface and the dimensional (geometric) parasi
tic current components make an exact interpretation of the charge-pumping measurements on the 
thin-film SOI devices quite difficult [4). The two-dimensional transient model of the charge-pumping 
experiment we implemented in MINIMOS enables one to study these effects by the numerical simu
lation, in order to improve the present understanding of them. Some of our investigations have been 
presented in (9). 

Numerical Modeling of lnterband Tunneling in MOSFET's 

Interband (band-to-band) tunneling has recently become increasingly important for Si MOS techno
logy. It is a source of leakage in memory cells and MOSFET's [10), and can be responsible for a 
degradation in static and transient bias conditions. The interband tunneling can be used to design 



programing memories with a high injection efficiency (11], as a monitor for local hot-carrier degra
dation, or to develop ULSI devices whose operation is based on this effect. Tunneling is a sensitive 
function of the electric field, which depends on several parameters such as oxide thickness, dopant 
distribution, geometry and terminal biases. Consequently, interband tunneling in MOS devices can 
only be properly modeled by a numerical approach ([12],(13),(14]). 

We have developed and implemented in MINIMOS a two-dimensional numerical model of the band
to-band tunneling leakage (14). By analyzing the location and the amount of the generated electron
hole pairs for several graded (P) and abrupt (As) drain junctions at different gate, drain and bulk 
voltages we found that the tunneling leakage is strongly dependent on the two-dimensional potential 
and field distribution in the critical area (13],[14]. Consequently, an assumption that the tunneling 
path lies in direction normal to the interface, which has been often applied in the literature ([10]), is 
not correct, but a two-dimensional model for the tunneling path must be assumed. In addition, we 
observed significant variations of the electric field along the tunneling path, from the starting field 
E, to the endfield E •. E,/Ee ranges from 2 to 5 in common cases. This ratio can be smaller than 
1 as well, as is the case for tunneling towards the interface [11] and in p-channel devices. The two
dimensional method we implemented consists of searching from the given starting point (each point 
in the discretization mesh) in two dimensions for the nearest endpoint whose potential difference is 
larger than the characteristic tunneling band gap E9 • The tunneling path found is normal to the 
corresponding equipotential lines, assuming a sufficiently fine local grid. As the tunneling length lt is 
less than the the curvature of the equipotential lines, the tunneling between the starting point and 
the endpoint is treated like a planar one-dimensional problem. To calculate the generation rate N 
models for direct and indirect tunneling based on E,, average field E9 /lt and field variable from E, to 
Ee are implemented and compared. The calculated generation rates of electrons and holes, which are 
separated in space (Fig. 7), are coupled after :filtering with the continuity equations via the generation 
term. For terminal current calculation an accurate method is used, which is derived assuming local 
concentration-dependent weight functions. 

To derive an expression for N due to direct tunneling in a variable field the WKB method with 
an appropriate barrier is used. We follow the quasi-classical reasoning in the interpretation of an 
internal field emission result, where N is the product of the band-oscillation frequency, concentration 
of the valence-band electrons and the penetration probability averaged over the normal impulse k.l 
space. The transition probability is calculated by the WKB method assuming parabolic barrier 
corresponding to the linearly variable field E(:v) = E, - {3:v, where :vis the axis along the tunneling 
path and {3 = (E, - E.)/lt. This parabolic barrier has been derived considering the kinetic energy 
from the two-band k·p model (15]. For a constant field ({3 = 0) the barrier we derived reduces to a 
symmetric barrier which reproduces by WKB exactly the Kane result for the transition probability 
(15]. After integrating over k .l, assuming several approximations, the number of the generated pairs 
in a linearly variable field follows 

(1) 

[14], with a 0 = (E? - E;)/(E? + E;). In the derivation of (1) a field variation less then four times 
is assumed. Nvf reduces to the Kane expression N K (15] for a constant field. We conclude that field 
E 0 is responsible for tunneling in a linearly variable field. If the field variation is less then about 
four, E0 becomes close to the average field along the tunneling path E = Eg/Zt = (E, + E.)/2, giving 
Nvt;:::; NK(E). The previous considerations were for direct tunneling, which is negligible in Si-devices 
in practice. We expect that the constant-field expressions for the phonon-assisted tunneling, where an 
average field is used, could be a good approximation for the the corresponding tunneling in a variable 
field as well. 

A comparison between the experimental data and the MINIM OS calculation assuming two-dimensional 
model and phonon-assisted tunneling with E is shown in Fig.8. Note that an excellent agreement 
between the total tunneling generation rate in the device 'total N' and the drain/bulk current in deep 
subthreshold region reflects the accuracy of the terminal current calculation. 



influence of frequency and trap-density on the CP curve 
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Figure 1: Rising edge of the normalized charge-pumping 
curves. Uniform trap distributions are assumed along 
the interface. Note that very high uniform density 
of 1012 cm-2 ev-1 is assumed to enhance the charge
potential feedback effect. 
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Figure 3: Simulated charge-pumping characteristics 
versus experiment for n-channel LDD virgin device. 
D;t is extracted by matching lcp at UG = -5.5V, 
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Figure 5: Trap distribution in energy recalculated 
by the standard method given in [8] versus assumed 
distribution. 
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Figure 2: Change of the charge-pumping curve af
ter the stress modeled numerically. Virgin device: 
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• Degraded region: acceptor
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Figure 7: Holes and electrons generated in MOSFET (2D approach; indirect tunneling model). 
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Advances in Monte Carlo device simulation 

In this section, we present two improvements to the state of the art in Monte Carlo device simulation. 
Firstly, a method of free flight time calculation using a new self-scattering algorithm is described, 
in which a piecewise• linear total scattering rate allows for an efficient reduction of self-scattering 
events. Secondly, a unique Monte Carlo-Poisson coupling scheme is adopted, which can be rigorously 
justified within the semiclassical Boltzmann transport theory, and converges faster than presently 
known schemes. 



Improving the self-scattering algorithm 

In a Monte Carlo simulation a stochastic sequence of a free-flight times must be generated according 
to a given probability distribution. Using the direct technique [20] one obtains for the free-flight time 
t f the following integral equation, 

t I J A.(k(t)> r(t)) dt = -ln{r) , 

0 

(2) 

where Tis a random number evenly distributed between 0 and 1, and A.(k, r) denotes the momentum
and space-dependent total scattering rate. 

Coupled with the equations of motion for k, (2) yields a self-consistent integro-differential system of 
equations, whose numerical solution cannot be efficiently implemented. Analytical solutions on the 
other hand have hitherto been obtained by adding to A.(k, r) an ad hoc term, known as self-scattering 
rate [25], which does not affect the particle state, but is such that the total scattering rate 

r{k, r) = A.(k, r) +A.., {k, r) (3) 

can be modelled by simple analytical functions. Until now, the models found in the literature [26, 21, 
24] have all taken r to be some sort of constant. In our algorithm, we deviate from this assumption, 
and let 

r(k) = a k2 + b ' (4) 

where k evolves linearly in time. It is easy to show that, under these assumptions, (2) becomes a cubic 
equation, for which a closed-form solution always exists. In Fig.9, the agreement between the total 
scattering rate and r is shown to be everywhere better than 5 %. This implies that the self-scattering 
is strongly reduced by the use of (4), leading to significant time savings. 

Monte Carlo-Drift-Diffusion Coupling 

The Monte Carlo-drift-diffusion coupling algorithm implemented in MINIM OS is based on the method 
discussed in [16], in which the first three moments of the Monte Carlo distribution function are used 
to calculate mobilities and thermal voltages which are then inserted in an extended drift-diffusion 
formulation of the transport equations. One shortcoming of this method is that the value of the 
energy tensor, which enters the expression for the mobility, is often inaccurate due to the statistical 
noise associated with the Monte Carlo averaging process. We have improved on this approach by 
expressing the mobility in terms of the average momentum loss rate, which can be extracted directly 
from the Monte Carlo distribution function. 

The coupling itself is performed by including the continuity equation and the extended drift-diffusion 
relation in the iteration loop: 

div(E grad'lfi)=e(n-p-Nc), 

div j = 0 , 

j = e µMc n(-grad'lfi + ~ grad(n UT,Mc)) 

(5) 

{6) 

(7) 

where the symbols have their usual definition, and the MC subscript indicates quantities which are 
extracted from the Monte Carlo distribution function. Figure 10 showes the drain current and the 
potential and carrier concentrations error norms for a 0. 75µ MOSFET, plotted versus the iteration 
number. Convergence is almost monotonic, and we found that in practically every case examined, 5 
iterations were sufficient to obtain the final drain current. This is a significant improvement on other 
self-consistent coupling schemes reported in the literature [17, 19, 27]. 
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for a 0. 75µm-transistor. 

Simulation of devices other than Si MOSFET's 

MINIM OS is currently undergoing profound structural and conceptual changes, with a view to turn the 
presently Si MOSFET's oriented, standalone version into a modular tool which is part of a much larger, 
generalized software environment [28). In this environment, process, device, and circuit simulators 
cease to exist as independent units, and are replaced by sequences of modules, each performing a 
specific task of general utility, for example the solution of a system of differential equations or the 
generation of a mesh. This concept allows the user to tailor the simulation to suit his/her exact 
needs , by either running existing programs in sequence, or assembling basic modules to create a new 
application. 

Obviously, these modules must conform to a strictly unambiguous communica tion protocol in order to 
be able to exchange information unequivocally with one another, and thus retain their generality. The 
Profile Interchange Format (PIF) [29) is an extremely powerful and flexible metalanguage incorporating 
the standard for the exchange of process and device simulation information, as well as measurement 
data. While a discussion of PIF's capabilities is beyond the intended scope of this paper, the rest of 
tl1e section will be devoted to a description of the geometrical constructs which have been developed in 
order to extend MINIMOS' simulation domain to multilayer, compound semiconductor devices such 
as AlGaAs/GaAs HEMT's or Si/Ge MODFET's. 



Novel device geometries 

Fig. 11 depicts the generalized multilayer device structure which can be represented in MINIMOS. 
Roughly speaking, in PIF each layer of this structure is associated with a geometrical construct referred 
to as segment, defined as a list of elements known as faces, which in tum contain lists of lines. The 
information is stored hierarchically in the so-called PIF file, which supplies a complete specification 
of the device under investigation, and is constantly updated in the course of the simulation run. 

HEMT's and MODFET's, and more generally any device whose operation relies on bandgap engine
ering, will often consist of layers having different material compositions, and hence different physical 
properties. Moreover, the band structure of these materials allows for the existence of carriers in 
separate energetic configurations. In MINIMOS, the construct shown in Fig. 12 is associated to each 
segment. The Segment Description subtree is unique for a given layer, and contains information about 
its extrinsic material properties (chemical composition and permittivity), while a Carrier Description 
subtree can be defined for each carrier type within a given segment (e.g., the L-valley in (Al)GaAs, or 
hole bands in Si) and contains information specific to that carrier. Up to 3 hole and 3 electron bands 
can be accounted for in each layer, and a rudimentary material server automatically supplies default 
values for the carrier's physical properties, for instance mole fraction- and temperature-dependent 
band edges or densities of states. 

At the time of writing, the geometrical constructs described above have been implemented. Work is 
currently underway to upgrade parts of MINIM OS and allow it to simulate these structures. As well 
as material-specific quantities such as mobilities and doping distributions, a generalized initial guess 
for the electrostatic potential is being developed, and carrier transport across heterojunctions is being 
critically reviewed. 

Multilayer Structure in MINIMOS 
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Figure 11: Typical geometry of a multilayer device. 
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Figure 12: The hierarchical structure used in MINIMOS to describe carrier and material properties 
in a layer. 

Quantum size effects in multilayer structures 

Although the practical relevance of quantum mechanics to macroscopic device quantities such as drain 
currents or threshold voltages can be argued, it is generallly accepted that carrier concentrations in 
the dimensionally confined regions of bandgap-engineered structures can be accyrately modelled only 
by simultaneously solving Poisson's and Schrodinger's equations. 

In this section, we briefly discuss the salient characteristics of a one-dimensional Schrodinger-Poisson 
solver, and how the current standalone version could be coupled to MINIMOS. 

The program solves the Schrodinger equation for the envelope function 1/!n ( :e) in the effective mass 
approximation 

(8) 

by means of the Numerov method [30), and the Poisson equation by simple backward/forward inte
gration. Subband carrier concentrations and Fermi energies are computed using Fermi-Dirac statistics 

N _ mnoskT l (l (EJ - En)) 
n - 2 n +exp k . 

~h T 
(9) 

All symbols in (8) and (9) have their conventional meanings. Special features of this code include 
the possibility of accounting for incomplete donor / acceptor ionization, simple exchange-correlation 
effects, and the inclusion of an arbitrary number of sub bands and layers, as well as separate energetic 
configurations (valleys) within the same layer. The latter is useful when modelling, for instance, the 
L-valley in (Al)GaAs, and above all Si., Ge1 _., devices. 

In p-QWMOSFET's, where the threefold degenerate hole band splits into heavy-hole and light-hole 
bands. band lineups are extracted from the ab-initio calculation of [32] . In n-channel Si/Si.,Ge1 _., 

devices, performance is heavily influenced by stress-dependent splitting of the sixfold degenerate X
valleys of the conduction band into a twofold degenerate longitudinal band and a fourfold degenerate 
transversal band, the lineups of which are computed by phenomenological deformation potential theory 
([33)). 

Figs 13 and 14 show the conduction band edges and the quantum mechanical charge ditribution re
spectively for then-channel MODFET structure described in [35]. Hole statistics is treated classically, 
while the ionized dopant distribution is handled using Fermi-Dirac statistics, whose neglect, we be
lieve, can lead to significant differences. The graded layer of this device is approximated in a stepwise 
manner, which explains the unphysical spiked conduction band profile of Fig.13. By comparing our 
results to a similar calculation performed in [36], we notice that the spike of the parasitic channel in 



the b-doping layer is larger. This is probably due to the smaller and larger values of the band offsets, 
which we have chosen for the longitudinal and transversal valleys respectively. 
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