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We present an original method to investigate electronic noise in semiconductor structures by 
providing a spatial analysis of the spectral density of voltage fluctuations under constant-current 
conditions. Monte Carlo simulations performed for submicron n+nn + structures of Si and GaAs 
show that at equilibrium most of the low-frequency noise originates from the n-region while at 
increasing voltages relevant contributions come from the hot electrons which penetrate the drain 
region. 

The recent trend of scaling down the dimensions of a 
device below the micron size has emphasized the impor- 
tance of a better understanding of far-from equilibrium 
phenomena. In this respect, the analyses of fluctuations are 
of particular interest since they provide information not 
otherwise accessible for the study of transport processes 
which are relevant to optimize the performances of elec- 
tronic devices. The aim of this letter is to present an orig- 
inal method to investigate electronic noise at different spa- 
tial points in one-dimensional semiconductor structures. 
To this end, voltage noise operation should be employed.‘*’ 
This means that constant current conditions through the 
structure are imposed and the spectral density of voltage 
fluctuations of the open circuit, S&f ), is determined as 
a function of different positions x as measured starting 
from one of the leading contacts. In this way, we provide a 
spatial map of the noise at the given frequency of interest. 

The calculations make use of an ensemble Monte Carlo 
simulation coupled with a one-dimensional Poisson solver. 
For each carrier, through the use of random numbers 
evenly distributed in the range (0,l) the stochastic free 
flight between two collisions is generated in accordance 
with the collision probability of the scattering mechanisms 
here considered. The randomness is so introduced in the 
ensemble, and the fluctuations in carrier velocity and elec- 
tric field are self-consistently accounted for, without intro- 
ducing any approximation concerning the statistical prop- 
erties of the microscopic sources, as done in more 
traditional methods such as the impedance field3 or the 
transfer impedance.4*5 

The theory underlying the present method is based on 
the general expression for the total current, 1(t), which, 
for a one-dimensional structure of total length L, is given 
by’ 

E&A d 
I(t)=I,(t)- L d* - - AV( L,t), 

where e. is the free space permittivity, er the relative static 
dielectric constant of the material, A the cross-sectional 
area, A V( L,t) the instantaneous voltage drop between the 
terminals, and I, the conduction current defined by 
I,(t) = -e/L X2, vi(r), with e the absolute value of the 

electron charge, NT the total number of carriers inside the 
structure (here taken constant since periodic boundary 
conditions are considered),6 and Vi(t) the component 
along the field direction of the instantaneous velocity of the 
ith particle. 

By imposing that the total current is constant in time, 
i.e., I(t) =lo, from Eq. ( 1) we obtain 

L 
$Av’(L,t)=- AEOE, t&(t) --lo19 

where the superscript I is to remind the employment of 
voltage noise operation (Thevenin generator). From the 
above equation the instantaneous voltage drop between the 
terminals can be evaluated in the following way. 

(i) Starting from the stationary operation point 
[A V’( L,O), lo], one solves the Poisson equation, simulates 
one time step At (typically 10 fs) and gets I,(At). 

(ii) Once I,( At) is obtained, Eq. (2) can be integrated 
and, by employing a finite differences method, for the new 
instantaneous voltage drop AV’( L,At) one gets 

AY’(L,At)=AV’(L,O)+~ tI,(At) --lolAt. (3) 
Or 

(iii) With the new value of the voltage drop obtained 
in this way one solves the Poisson equation and obtains the 
value of the voltage drop at each position x of the structure 
as measured from the first terminal A V’(x,At) = V’(x,At) 
- I’I(O,At). 

I 

(iv) A successive time step is then simulated to obtain - ; 
the new I, and the process is iterated by repeating from ’ 
point (ii). The number of time steps employed must be 
sufficient to achieve an adequate resolution of the autocor- 
relation function of the voltage fluctuations C,(x,t) , 
= 6V’(x,O)6V’(x,t), where AV’(x,t) = AV’(x,t) 
- A V’(x), the bar indicating time average. For illustrative 
purposes we consider the simple case of a submicron 
n+nn+ structure. As direct output of the simulation we 
evaluate the correlation function of voltage fluctuations be- 
tween one of the terminals taken as reference and several 
sampling points inside the structure (typically 20). By 
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FIG. 1. Autocorrelation function of voltage fluctuations as a function of 
time and position in the Si nfnnt structure at T=300 K  with n+ = IO” 
cmm3, /z= lOI cma3, and length 0.20-0.20-0.20 pm, respectively. 

Fourier transformation, the corresponding spectral density 
as a function of frequency, SY(x,f), is then determined. 

In the following we present the results for the case of a 
n”nnf Si structure at 7’=300 K with n+=lO” cmm3, 
n= lOI crnw3 and length 0.20-0.20-0.20 pm, respectively. 
The microscopic modeling is the same of Ref. 6. Figure 1 
shows the correlation function of -voltage fluctuations at 
equilibrium for different sampling points. The time evolu- 
tion of the autocorrelation functions depends on the con- 
tribution to the voltage fluctuations which comes from 
each region in the structure through the value of its resis- 
tance and doping. In this way we observe that the nt 
regions are responsible for an oscillatory behavior associ- 
ated with the plasma time that, at increasing times is sup- 
pressed by the dielectric relaxation time.” In the n region 
the evolution is mainly determined by dielectric relaxation 
through a contribution which decreases exponentially with 
time. It is remarkable the very good agreement found for 
Cy(x,O) =KBTx/( eoer A ) where KB is the Boltzmann con- 
stant. ’ 

Figure 2 shows the voltage spectral density corre- 
sponding to Fig. 1. Here, the different influence of each 
region in the structure is clearly emphasized. At low fre- 
quencies, most of the noise is originated in the n region due 
to its larger resistance. It is interesting to notice that the 
presence of the self-consistent field in the homojunctions 
produces some smoothing from the three-slope linear be- 
havior which is expected for a simple series-resistance 
model Sv(x,O) =4K,TR (x), where R(X) is the ohmic re- 
sistance of the structure up to the point x. When going to 
higher frequencies, the contribution to the spectral density 
coming from the n region decreases, while that of the it + 
regions increases, reaching its maximum value for the as- 
sociated plasma frequency ( 1275 GHz). At this frequency 
it can be clearly observed that the only contribution to the 
spectral density comes from the n+ regions. 

Figures 3 and 4 show the analogous spatial analysis of 
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FIG. 2. Spectral density of voltage fluctuations as a function of frequency 
and position in the same structure and conditions as Fig. 1. 

the previous figures as calculated for an average voltage 
A V’(L) =0.6 V. The onset of hot carriers conditions in the 
structure produces important changes in the behavior of 
the correlation functions as well as of the spectral densities. 
In Fig. 3 the spatial evolution of the voltage correlation 
functions reflects the presence of hot carrier near the sec- 
ond homojunction (drain contact). Indeed, C,(x,t) at 
short times increases sharply with x starting from the be- 
ginning of the n region and, for given x, vanishes at times 
longer than those at equilibrium. This is attributed to the 
increase of the dielectric relaxation time due to saturation 
with the electric field of the local drift velocity. In Fig. 4 at 
low frequencies the increase of the noise is made evident in 
Sv(x,O), whose value increases for more than a factor of 4 
with respect to that at equilibrium. At the highest frequen- 
cies, the values obtained for the spectral density and its 
spatial distribution remain similar to those of equilibrium. 
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FIG. 3. Autocorrelation function of voltage fluctuations as a function of 
time and position in the structure of Fig. 1 for an average voltage A  V’( L) 
=0.60 V. 
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FIG. 4. Spectral density of voltage fluctuations as a function of frequency 
and position in the same structure and conditions of Fig. 3. 

The high value of the low-frequency noise is due to the 
saturation of the local drift velocity that occurs in the n 
region because of the high-held conditions. This originates 
a low local mobility, leading to an increase in the resistance 
that makes the low-frequency fluctuations in the voltage to 
rise considerably in this part of the device. The low value of 
the local mobility persists even at the beginning of the 
second n+ region as far as the carriers are not thermalized. 
This fact, together with the high velocity of the carriers 
when reaching the second homojunction, provokes the 
low-frequency noise to penetrate this zone, as evidenced by 
the increase of S&x,0> inside the drain contact. By further 
increasing~ the applied voltage this effect of noise penetra- 
tion is found to become more and more important. The 
dependence of S&x,0> on x remains linear in the first .+ 
region, where the carriers are thermalized, but it strongly 
deviates from linearity in the n region due to the presence 
of hot-carrier effects. 

Finally, with the aim of comparing the behavior of the 
voltage spectral density between devices made with differ- 
ent semiconductor materials, we have considered a GaAs 
n+nn+ structure at T=300 K with nq=1017 cm-s, 
n= 1014 cmm3 and length 0.15-0.25-0.50 pm, respectively. 
The microscopic modeling is the same of Ref. 7. Figure 5 
shows the spatial frequency analysis of the voltage noise for 
an average voltage A V’( L) =0.45 V. Analogously to the 
case of Si, the structure exhibits a noticeable peak at the 
plasma frequency corresponding to the II+ region. Further, 
in the lowest frequency region the contribution of the drain 
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FIG. 5. Spectral density of voltage fluctuations as a function of frequency 
and position in the GaAs n”nn+ structure for an average voltage A I”( L) 
=0.45 V at T=300 K with n+=lO” cm.-3, n= 1014 cm-‘, and length 
0.15-0.25-0.50 pm, respectively. 

region to noise is found to be of great importance. Indeed, 
the presence in this region of carriers in the higher satellite 
valleys implies a deeper penetration of hot carriers in the 
drain before they can thermalize. Therefore, this region 
becomes highly resistive and thus highly noisy. We remark 
the evidence of a minor peak at about 500 GHz, the origin 
of which is attributed to the presence of r-L intervalley 
mechanism in the vicinity of the second homojunction. A 
more complete analysis of the subject is under process and 
will be published elsewhere. 
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