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 1 Introduction The design and fabrication of new 
nanometer-sized electronic devices is a subject of growing 
activity in recent years [1–3]. As the smallest features of a 
device approach the nanoscale, the electronic properties of 
the constituent materials are increasingly affected by the 
surrounding surfaces and interfaces. In particular, in some 
nanodevices the sidewall surface charge, by depleting part 
of the conducting channel, plays a key role [4]. To analyze 
the physics of these devices by means of Monte Carlo 
(MC) simulations, surface states are typically modelled 
through a constant (neither depending on the position nor 
on the applied potential) negative surface charge density σ 
placed at the semiconductor-air interfaces [5]. This ap-
proach has been found to provide incorrect results when 
channels are very thin. Recently we proposed an improved 
model, based on the depletion induced by traps, in which 
the local value of σ is updated self-consistently with the 
carrier dynamics near the interface during the simulation 
[6]. In this work we apply such a model to investigate the 
influence of surface charges on the values of the output 
voltage VC measured at the bottom of the (open circuited) 
vertical branch of T-shape three-terminal ballistic junctions 
(TBJs) [7] when several parameters of their geometry are 
modified; in particular, the width of the vertical branch 
WVER, and the length LHOR and width WHOR of the horizon-
tal branches (see Fig. 1). 

 

 

Figure 1 Schematic representation of the simulated T-branch 

junctions. The inset shows a SEM image of a TBJ with an 84 nm-

wide central branch. 

2 Physical model 
2.1 Monte Carlo model We make use of a semi-

classical ensemble MC simulator self-consistently coupled 
with a 2-D Poisson solver, where some assumptions, de-
scribed in [5], are made to deal with the 3-D topology of 
real devices. To account for the fixed positive charges of 
the whole layer structure, a net background doping 
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We analyze the influence of the surface charge on the opera-

tion of ballistic T-branch junctions based on InAlAs/InGaAs 

layers by means of a semi-classical 2-D Monte Carlo simula-

tor. A new self-consistent model in which the local value of 

the surface charge is dynamically adjusted depending on the 

surrounding  carrier  density  is  used  in the calculations. The 

 rectifying behaviour exhibited by these devices (down-

bending shape of the output voltage VC as a function of the 

applied voltage VR= -VL =V) is found to be much influenced 

by the surface charge. A satisfactory agreement is achieved 

between simulated results and experimental measurements. 
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NDb=1017 cm−3 is considered when solving Poisson equa-
tion. A negative surface charge density σ, associated with 
the surface states, is assigned to the semiconductor-air in-
terfaces (Fig. 1). The non-simulated dimension Z is esti-
mated as Z=ns/NDb=2×10−5 cm, with ns=2×1012 cm−2, typi-
cal value of sheet electron density in the fabricated  
InAlAs/InGaAs channels. The output voltage VC (Fig. 1) is 
calculated by averaging the electric potential (and subtract-
ing the equilibrium value) at the bottom of the (open cir-
cuited) central branch when the horizontal branches are bi-
ased in push-pull fashion (VR=- VL=V). 

 
2.2 Surface charge models An initial possibility to 

include the influence of surface charge in MC simulations 
is to consider a constant-charge model (CCM) in which σ 
is fixed to the experimentally-extracted equilibrium value 
(σ/q=0.4 ± 0.1×1012 cm–2 for In0.7Ga0.3As channels [8]), 
and kept constant independently of the topology of the 
structure, position along the interface, bias and time. While 
being adequate for thick branches, this model provides in-
correct results for narrow channels (thinner than the theo-
retical depletion induced by the surface charge). To solve 
these problems we have recently proposed a self-consistent 
charge model (SCCM) able to reproduce more closely sur-
face charge effects. The new model is based on the update 
of the local surface charge values according to the carrier 
density present in the nearby region [6]. First, the carrier 
concentration next to the boundary (Nfront) is evaluated. 
Then, it is checked if Nfront has a value in the range [Nlow, 

Nhigh], which represent the limits to which we try to adapt 
the electron concentration next to the interface. If the con-
centration (Nfront) is higher than the upper limit (Nhigh), we 
increase the surface charge in a given amount ∆σ. On the 
other hand if Nfront is smaller than the lower limit (Nlow), the 
surface charge is decreased in the same density ∆σ. An op-
timization of the values of the parameters to improve the 
efficiency of the algorithm and the agreement with ex-
perimental results has been made. The selected values are 
Nlow=NDb /100, Nhigh=NDb /50 and ∆σ =10–10 cm–2. Every 
Ni=500 iterations the value of Nfront is recalculated and the 
surface charge update algorithm is carried out. Neither the 
value of Ni nor that of ∆σ has been found to influence sig-
nificantly the final results. 
 

3 Fabricated and simulated devices The fabrica-
tion process and experimental characterization have been 
carried out at the IEMN, France. The InAlAs/In0.7Ga0.3As 
layer structure was grown by molecular beam epitaxy and 
the geometry of the TBJs was defined by a high resolution 
negative e-beam resist, Hydrogen Silses Quioxane, ex-
posed by a LEICA EBPG5000+ machine, and CH4/H2/Ar 
reactive ion etching [8]. Several TBJs with different widths 
of the vertical branch WVER (from 66 to 108 nm) were fab-
ricated. A scanning electron microscope (SEM) image of 
the TBJ with 84 nm wide vertical branch is shown in Fig. 1. 
Contact resistances of 650 Ω are considered in the simula-
tions to account for the potential drop in the non simulated 

portion of the accesses (of the order of 300 nm) [9]. In all 
the TBJs, the length and width of the horizontal branches 
are LHOR=250 nm and WHOR=170 nm, respectively. Simula-
tions and experimental measurements were performed at 
room temperature (300 K). 
 

4 Results and discussion Typically, the vertical 
branch of TBJs is considered to act as a passive element 
[7], so that VC is expected be independent of its width WVER. 
However, the experimental measurements of VC (per-
formed with a high-impedance voltmeter) shown in 
Fig. 2(a), corresponding to TBJs with narrow vertical 
branch, exhibit a different behaviour. The narrower the 
width of the branch, the higher (more negative) the meas-
ured value of VC. As concerns the current flowing through 
the horizontal branches I, shown in the inset of Fig. 2(a), as 
expected, it is independent of WVER, since these branches 
are practically identical for the different TBJs. 
When trying to reproduce these measurements with MC 
simulations using the CCM, the results are totally inconsis-
tent with experiments due to the fact that for narrow 
branches the depletion region that surface charges should 
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Figure 2 (a) Experimental and (b) MC values of the bottom po-

tential VC and current (insets) in the TBJ junctions with WVER = 66, 

84 and 108 nm (denoted as T66, T84 and T108, respectively) as a 

function of the push-pull bias V. 
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induce is wider that the real width of the branches, so that 
charge neutrality is not ensured and unphysical negative 
potentials are obtained. In contrast, the calculations of VC 
performed with the SCCM, reported in Fig. 2(b), are con-
sistent with the experimental results, showing the same 
trend (higher negative values for lower WVER, with quad-
ratic shape at low bias) and a rather good quantitative 
agreement. In particular, the agreement is excellent for the 
TBJ with the wider vertical branch (T108). In the case of 
the current [insets of Figs. 2(a) and (b)], measurements and 
simulations match almost perfectly for the whole set of 
junctions, both qualitatively and quantitatively. 
Results in Fig. 2 indicate that in the TBJs under analysis 
the vertical branch is not just a voltage probe which re-
flects the variations of the voltage at the centre of the hori-
zontal branch VHC. As observed in Fig. 3, which compares 
VC and VHC in T66 and T108, VC is not a faithful reflection 
of VHC. This is due to the presence of surface charges at the 
lateral walls of the vertical branch. As expected, the values 
of VHC hardly depend on the width of the central branch, 
and even on the presence or absence of this branch (since 
the values coincide with those calculated in a channel 
without vertical branch, dashed line). Therefore, the de-
pendence of VC on the width of the vertical branch WVER is 
a vertical effect associated with the changes (among the 
different TBJs) in the profiles of the electrostatic potential 
along the vertical branch induced by the surface charges 
[6]. In the inset, the improved parabolic behaviour ob-
tained with the SSCM as compared with the CCM is ob-
served. The SCCM leads to a significant increase of the 
negative values of VHC for a given bias as a consequence of 
an enhanced surface charge asymmetry in the horizontal 
branch [6].  
Apart from the fitting of the measurements performed in 
the TBJs with different WVER fabricated at the IEMN, our 

surface charge model can also be applied to interpret the 
experimental behaviour found in similar TBJ structures, 
recently reported in the literature [10], where the length 
L

HOR and the width W
HOR of the horizontal branches are 

modified. We will take as a basis the structure with 
WVER=108 nm previously analyzed, in which the values of 
L

HOR and WHOR will be changed. As will be shown in the 
following, the qualitative behaviour of our MC simulations 
coincides with that found experimentally. A quantitative 
agreement is far from the objectives of this work, since for 
comparison we will simulate structures similar to those 
fabricated at the IEMN are not the TBJs measured in [10]. 
Figure 4 shows the results obtained by modifying the 
length of the horizontal branches LHOR, for WVE R= 108 nm. 
The values of VHC are very similar for all the structures. 
This is due to the analogous horizontal concentration pro-
files found for the different lengths, so that the potential 
drop from the contacts to the centre of the junction is prac-
tically the same. As in the previous TBJs, it is the presence 
of the vertical branch and the associated surface charges 
which induce different values of VC in each of the struc-
tures. Like in the case of the experimental results reported 
in [10], we find that the down-bending behaviour of VC is 
stronger for shorter junctions. This result is expected be-
cause of the more ballistic character of transport in shorter 
structures, but our results indicate that surface charges and 
the presence of the vertical branch also play a role. 
Finally, Fig. 5 shows the values of VHC and VC in TBJs 
where the width of the horizontal branch WHOR is modified, 
for LHOR = 250 nm and WVER = 108 nm. As observed, the 
values of VC are higher (more negative) as the width is de-
creased, in accordance with the trend found in experiments 
[10]. Remarkably, and in contrast with the behaviour found 
when modifying WVER and LHOR, in this case the values of 
the potential at the centre of the junction VHC exhibit a 
strong dependence on WHOR. In these structures, despite the 
length is the same, the profile of carrier concentration 
along the horizontal branch depends strongly on its width 
due to the depletion induced by the surface charges, as ob-
served in Fig. 6. As expected, carrier concentration at the  
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Figure 4 VHC-V and VC-V for TBJs with L
HOR 

= 150, 250, and 

400 nm. 
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Figure 3 VHC and VC as a function of the applied voltage for the 

TBJs with WVER = 66 and 108 nm. VHC for a channel without ver-

tical branch is also plotted for comparison. The inset shows VHC 

calculated in the channel without vertical branch with the CCM 

(σ/q = 0.4×1012 cm–2) and SCCM models of surface charge. 
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centre of the horizontal branch is lower for smaller WHOR 
due to the more pronounced depletion. For this reason, the 
horizontal profile of electric potential changes significantly 
with WHOR, and consequently the values of VHC are differ-
ent in each TBJ. Such differences are smoothed along the 
vertical branch by the influence of surface charges, but are 
still noticeable at its bottom, in the values taken by VC. 
In Fig. 6, a remarkable asymmetry is observed in the elec-
tron carrier density profile, originated by the combined ef-
fects of quasiballistic transport and surface charge asym-
metry (enhanced by the SSCM, as mentioned previously). 
Due to the lower electron concentration, most of the ap-
plied voltage drops in the anode region, leading to the high 
negative values of VHC (and VC).  
 

5 Conclusion The rectifying behaviour of TBJs with 
different topologies has been analyzed by means of a 2D 
ensemble MC simulator which implements a new self-
consistent surface charge model. The characteristic quad-
ratic output voltage of TBJs, VC = -αV

2, is found to be 

much influenced by the size of the different branches. The 
self-consistent surface-charge model provides a good 
qualitative description of the operation of TBJs fabricated 
with different width of the vertical branch, yielding higher 
negative values for VC as WVER is decreased. The current 
flowing through the horizontal branches has been quantita-
tively reproduced in a totally satisfactory way. As long as 
the vertical branch is narrow enough, the bias dependence 
of the surface charge and electron concentration inside it 
originates that the variations of the potential at the centre 
of the TBJs VHC are not transmitted in the same way to the 
bottom of the vertical branch when its width is modified. 
The influence of the length and width of the horizontal 
branches has also been analyzed and found to agree quali-
tatively with experimental findings in the literature.   
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Figure 5 VHC-V and VC-V for TBJs with WHOR = 120, 170, and 

240 nm. 
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Figure 6 Electron concentration along the centre of the horizon-

tal branch for different WHOR for a bias V = 0.25 V. 


