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 1 Introduction The interest in Schottky Barrier (SB) 
MOSFETs (in which the doped source and drain junctions 
of conventional MOSFETs are replaced by Schottky con-
tacts) has recently increased due to their particular proper-
ties, e.g., a lower access resistance together with extremely 
abrupt source/drain interfaces, thus allowing an improved 
scalability and reduced short channel effect [1]. It is also 
remarkable the elimination of the parasitic bipolar action 
[2] (of particular relevance for ultra-scaled devices) and 
the reduced thermal budget necessary in their fabrication 
process. For these reasons, SB-MOSFETs have been sug-
gested as a potential solution to some of the problems iden-
tified in the ITRS related to CMOS scaling [1]. 
 Accurate modelling of such structures is extremely 
complicated due to the particular features of charge trans-
port across Schottky barriers and the importance of the di-
rect quantum tunnelling [3], so the use of advanced simula-
tion approaches such as Monte Carlo (MC) models [4] is 
strongly recommended. 
 In this paper we present a detailed Monte Carlo inves-
tigation of electronic transport through Schottky contacts 
(including quantum tunnelling) in fabricated back-to-back 
Schottky diodes with a lowly doped Silicon substrate. This 

kind of structures reproduces the lateral configuration of 
the source/drain contacts of a MOSFET with the advantage 
of suppressing parasitic resistances effects; moreover back-
to-back diodes are particularly adequate to experimentally 
characterize the properties of the Schottky barrier, a very 
important fact from the experimental point of view [5]. 
 The paper is organized as follows: In Section 2 we 
briefly describe our model and the main features of the 
fabricated structure. Section 3 offers first a comparison be-
tween the results obtained with the MC simulator and ex-
perimental measurements, together with a detailed analysis 
of internal quantities. A thorough study of transport inside 
the device and the existence of quasi-ballistic effects is 
provided. Finally, we present the main conclusions in Sec-
tion 4. 
 
 2 Monte Carlo procedure and fabricated struc-
ture The experimental setup corresponds to two top Er 
silicide Schottky contacts fabricated on a lowly doped n-
type silicon substrate (1015 cm–

3). After masking, the wafer 
was evaporated in ultra high vacuum. Er was covered with 
a thin protecting Ti layer. After deposition, Er silicide was 
grown by rapid thermal annealing at 450 °C for 2 min in 
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N2. Finally, Ti is stripped by Sulfuric Peroxide mixture. 
The contact length is 100 µm and the gap between both 
Schottky contacts is 0.5 µm. The structure is basically one-
dimensional. It can also be represented by the series com-
bination of lumped element as schematized in Fig. 1 [5]. 
When bias is applied, the total current is controlled by the 
current provided by the corresponding reverse-biased 
Schottky contact.  
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Figure 1 Simplified 1D scheme of back-to-back diodes. 

 
 In order to perform the simulations, a one dimensional 
simulator (including scattering with impurities, acoustic 
phonons and optical phonons) self consistently coupled to 
a Poisson solver has been used [6]. The study is carried out 
in the <100> crystallographic direction. Both thermionic 
injection (from metal to semi-conductor) and absorption 
(from semiconductor to metal), together with direct quan-
tum tunnelling processes [3] have been incorporated in our 
model using the WKB approach to solve Schrödinger 
equation in the direction perpendicular to the contact [7, 8]. 
The statistical enhancement technique based on an expan-
sion/compression algorithm has been considered [9] in or-
der to achieve accurate current values in the reverse bias 
regime.  
 To allow the comparison to the experimental structures, 
an equivalent surface corresponding to the simulated one 
dimensional device is considered. In our case it has been 
found to be equal to 8.5×103 µm2. The value of the barrier 
height is 0.35 eV, extracted by the method presented in [5]. 
In order to reduce the CPU time the simulated structure is 
3 µm long, and an extrinsic temperature dependent Silicon 
resistance (e.g. 590 Ω at 300 K) has been properly taken 
into account in the Monte Carlo simulation. 
 
 3 Results and discussion From the experimental 
point of view, the Arrhenius plot is a useful tool for the 
characterization of Schottky barriers. Figure 2(a) shows the 
Arrhenius plot for the structure under test for several val-
ues of the applied voltage VR. Lines correspond to experi-
mental measurements and symbols to MC results. An ex-
cellent agreement is obtained between the experimental 
data and the Monte Carlo simulations, thus confirming the 
suitability and accuracy of our model.  
 As it is shown in Fig. 2, two different regimes are ob-
served in the Arrhenius plot, especially at low VR. In the 
first one, an exponential decay as a function of T–1 is ob-
tained, as predicted by the thermionic emission/diffusion 
theory [3]. However, for relatively high temperatures, the 
Schottky law is not obeyed and a decrease of current is ob-
tained as the temperature increases, with the appearance of 
a maximum in the Arrhenius plot. 
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Figure 2 Arrhenius plot for the n-type back-to-back diode ana-

lyzed: lines correspond to experimental data and symbols to 

Monte Carlo results (a). Current components obtained with the 

MC simulation for a reverse voltage equal to 0.12 V (b). 

 
 To analyze this effect, we have studied the four differ-
ent contributions to the total current across the Schottky 
contact, i.e., thermionic and tunnelling injection and 
thermionic and tunnelling absorption provided by the 
Monte Carlo simulation. The results are shown in Fig. 2 
(b) for VR = 0.12 V. As it can be observed, the dominant 
contribution at low temperatures is that of thermionic in-
jection processes; thermionic absorption is also significant, 
but much lower than its injection counterpart. Tunnelling 
injection is significantly lower, but dominant as compared 
to tunnelling absorption. As the temperature is increased 
(lower values of 1000/T), both injection and absorption 
tend to increase, with a stronger raise of absorption phe-
nomena. In this way, both mechanisms tend to compensate 
and the total current shows a maximum and then a slight 
reduction.  
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Figure 3 Profile of the conduction band for the first 2 µm from 

the reverse biased Schottky junction at several different tempera-

tures, from 200 K to 300 K. 

 
 The explanation of this behaviour can be obtained by 
analyzing the profile of the conduction band (Fig. 3). At 
low temperatures, a very significant curvature of the con-
duction band appears as a consequence of the existence of 
the Schottky barrier. This curvature implies an elevated 
electric field, and consequently a wide space-charge region 
appears (Fig. 4). This depletion region is highly resistive 
and accounts for most of the potential drop from one con-
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tact to the other, which explains that the behaviour of the 
structure is correctly described by a Schottky law.  
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Figure 4 Profile of the electric field and the carrier density for 

the first 2 µm from the reverse biased Schottky junction at several 

different temperatures, from 200 K to 300 K. 
 
 As the temperature is raised, however, the difference 
between the Fermi level and the conduction band in the 
semiconductor increases and the curvature of the conduc-
tion band associated to the Schottky junction is reduced. 
The depletion region becomes narrower and its corre-
sponding equivalent resistance is lowered. At the same 
time, the previously mentioned separation between Fermi 
level and the conduction band also implies an increase of 
the Silicon resistance. Therefore, for high temperatures 
there is a significant potential drop in the semiconductor, 
and its resistance becomes dominant as compared to the re-
sistance associated to the Schottky junction. As a conse-
quence, the previously mentioned maximum in the Ar-
rhenius plot takes place. 
 

E
n

e
rg

y
 (

e
V

)

0.03

0.04

0.05

 Position (µm)

0.0 0.5 1.0 1.5 2.0

V
e

lo
c
it
y
  

(1
0
4
 m

/s
) 8

6

4

2

0

T = 200 K

T = 220 K

T = 240 K

T = 260 K

T = 280 K

T = 300 K

(a)

(b)

V
R
 = 0.12 V

 
Figure 5 Energy and velocity profiles at several different tem-

peratures, from 200 K to 300 K. 

 

 Figure 5 shows the average energy and velocity profile 
for several temperatures. At the highly resistive depletion 

region, carriers injected from the silicide to the semicon-
ductor are rapidly accelerated inside the semiconductor due 
to the previously shown large electric field and acquire ele-
vated energy and velocity values until a maximum is 
reached. When carriers leave behind the space-charge re-
gion (which extends several hundreds of nm and gets nar-
rower as the temperatures raises, Fig. 4(b)), their average 
values of energy and velocity drop to reach a quasi-
equilibrium situation. It is noticeable that, as the tempera-
ture increases, the velocity maximum is lower and even 
negligible for higher temperatures.  
 From the data obtained from the Monte Carlo simula-
tion, we have also analyzed the density of the scattering 
probabilities for which the profile as a function of the posi-
tion is shown in Figure 6. When the electrons enter into the 
device, the initial rise of energy at the depletion region in-
duces an important increase of the probability of suffering 
an isotropic scattering mechanism with phonons; this in-
crease is less significant as the temperature is higher and 
the maximum of energy profile disappears. For the lower 
temperatures, where the presence of the maximum of en-
ergy is noticeable, such scattering with phonons tends to 
induce a significant relaxation action over the momentum 
and the energy. Simultaneously, the average velocity and 
energy are increased by the electric field. Both effects 
compete with each other, but finally the influence of pho-
non scattering tends to impose few hundreds of nm away 
from the interface (where in addition the electric field is 
smaller) thus achieving the quasi-equilibrium situation, 
which takes place nearer to the Schottky contact as T is 
higher.  
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Figure 6 Scattering density profile for the first 2 µm from the 

reverse biased Schottky junction at several different temperatures, 

from 200 K to 300 K. 
 
 We also have calculated the velocity distribution func-
tion at several locations inside the semiconductor and for 
different temperatures in order to examine in depth the be-
haviour of the injected electrons. In Fig. 7, we show the re-
sults for VR equal to 0.12 V at 200 K (a-c), at 260 K (d-f) 
and at 300 K (g-i) at three different locations: 0.5 nm away 
from the reverse biased contact, 15 nm and 255 nm. For 
this reverse voltage value, injection processes are more 
dominant at the lower temperatures (see Fig. 2(b)), thus 
yielding a distribution function at the location closer to the 
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contact which is approximately a positive hemi-Max-
wellian (Fig. 7(a), (d)); however, the importance of absorp-
tion processes raises with the temperature (see Fig. 2 (b)) 
thus contributing with a considerable negative tail in the 
distribution function (Figs. 7(a), (d), (g)). 
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Figure 7 Distribution function of the velocity of carriers at sev-

eral locations indicated on the graph for VR = 0.12 V at different 

temperatures, 200 K (a-c), 260 K (d-f) and 300 K (g-i).  

 
 As the carriers enter the device from the contact they 
are rapidly accelerated and acquire elevated velocity values. 
However, the action of the electric field varies depending 
on in which of the six ellipsoidal minima of the conduction 
band are situated the carriers. Electrons in longitudinal X 
valleys present an elevated effective mass (0.91m0) and 
consequently acquire less velocity; on the contrary, carriers 
in the “light” transversal valleys (mass equal to 0.19m0) get 
higher velocities. This translates into the appearance of two 
peaks in the velocity distribution function as the carriers 
move away from the Schottky contact towards the right. 
Each of these peaks is associated to quasi-ballistic elec-
trons inside longitudinal valleys (the maximum at lower 
velocities) and in the transversal ones (maximum at higher 
velocities) (Figs. 7(b), (e)). As the temperature rises, the 
values of the maximums are located at lower velocities 
(see Figs. 7(b), (e) and (h)); moreover, for T > 280 K, both 
peaks have practically disappeared. Going far away from 
the contact, the velocity peaks tend to smooth even for low 
temperatures and finally, the distribution function ap-
proaches a full Maxwellian (Figs. 7(c), (f), (i)); thus indi-
cating that carriers are practically thermalized. 
 The Monte Carlo simulator also provides information 
about the number of scattering mechanisms undergone by 
electrons. In the first 15 nm from the reverse-biased Schott- 

ky contact, the average number of phonon-induced scatter-
ing events undergone by a carrier has been computed to be 
1.1 events per unit time at 200 K, 1.9 events per unit time 
at 240 K and 14.7 events per unit time at 280 K. Therefore 
it can be concluded that in the space charge region, up to 
some tens of nm close to the Schottky contact, the trans-
port of carriers injected from the silicide into the semicon-
ductor presents strongly quasi-ballistic features, that are 
reduced at high temperatures but get strongly favoured if 
the applied reverse bias is higher.  

 

 4 Conclusion Electronic transport in fabricated back-
to-back Schottky diodes have been studied by means of a 
Monte Carlo device simulator. An excellent agreement be-
tween experimental data and the Monte Carlo results for 
the device current at different temperatures has been ob-
served. While in the low temperature regime the highly re-
sistive space-charge region created by the Schottky junc-
tion has shown to control the device behaviour, in the high 
temperature regime the Monte Carlo results indicate that 
the potential drop in the semiconductor becomes dominant. 
A complete analysis of non-equilibrium carrier transport in 
the depletion region near the contact is presented with par-
ticular attention to the influence of the temperature. Veloc-
ity distribution functions show the appearance of quasi-
ballistic carriers at the vicinity of the reverse biased Schot-
tky contact, an effect that becomes stronger as the tempera-
ture is reduced. 
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