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An analysis of current fluctuations in homogeneous N-type GaAs structures of different lengths 
and doping concentrations is presented. The study is performed coupling self-consistently a 
Poisson solver to a many-particle Monte Carlo simulation. The autocorrelation functions and 
the spectral density of current fluctuations are calculated, dividing them into different 
contributions that allow one to analyze several sources of noise. A qualitative analysis of shot 
noise is made. DiEerent behaviors of current fluctuations are found among the different 
structures; these are interpreted in terms of the microscopic processes occurring inside them. 
For high values of impurity concentration ( lOi’ cmB3), the coupling between fluctuations in the 
electric tield and in carrier velocity is found to be an important source of noise. 

I. INTRODUCTION 

When one wishes to optimize the performance of elec- 
tronic devices it is extremely important to have detailed 
knowledge of the transport processes responsible for the 
noise in the output current. Accordingly, the analysis of 
the fluctuations in velocity, current, electric field, carrier 
number, etc. is of great interest. The progressive decrease 
in the size of electronic devices down to submicrometer 
dimensions implies that the study of fluctuations should be 
based on techniques such as the Monte Carlo method, 
which allows one to take into account all the processes 
(scattering mechanisms, variations in the electric field, 
etc.) affecting the appearance of fluctuations, instead of 
phenomenological approximations’,’ that do not integrate 
in detail all the mechanisms responsible for the appearance 
of noise. 

The Monte Carlo method has been used to analyze, 
under stationary conditions and with constant electric 
field, the fluctuations in current and in carrier velocity for 
different situations and models in the semiconductors most 
frequently -used, using both single-particle3-lo and multi- 
particle simulations. ’ l-l3 Studies have also been made of 
velocity fluctuations in transients between two different 
constant-field situations.5’13”4 Some works have also dealt 
with the calculation of current fluctuations in simple de- 
vices,‘5-‘* such as n+nn+ and homogeneous structures. 
Some of these works’5,‘7,‘8 include the self-consistent cal- 
culation of the electric field, thereby enabling the analysis 
of the correlation between fluctuations in the current and 
in the field.‘7*18 The difficulties encountered when fluctua- 
tions are studied using multiparticle Monte Carlo simula- 
tions including Poisson solver are manifold: lengthy com- 
putation times, “noisy” autocorrelation functions, 
sensitivity to contact models, influence of the number of 
simulated particles, etc. Thus, there have been relatively 
few works attempting to deal with noise in which this kind 
of simulation has been used. However, it is only the en- 
semble Monte Carlo method that provides access to all the 
information required for a correct characterization of the 

fluctuations occurring in submicrometer structures. In 
view of this, in the present work we employ it to analyze 
current fluctuations in homogeneous GaAs structures. 

In previous works13v14 we have analyzed the fluctua- 
tions in carrier velocity in N-type GaAs (considered as a 
homogeneous and limitless material) when the carriers are 
subjected to the action of a constant electric field, and also 
in transient conditions when the electric field changes. 
However, when the material considered is limited and a 
voltage is applied to its ends, the current circulating 
through it will depend not only on carrier velocity but also 
on the number of carriers present in the structure. Addi- 
tionally, the dynamics of the charge inside the device leads 
to the electric field being nonhomogeneous: rather, there 
are oscillations which in turn contribute to modifying car- 
rier velocity and, through this, the current. This velocity- 
field coupling, according to its magnitude, may also be the 
origin of current fluctuations. 

In the present article we analyze current noise in ho- 
mogeneous GaAs structures of different lengths and dop- 
ings. To do so we employ a one-dimensional Poisson solver 
coupled to a three-dimensional multiparticle Monte Carlo 
simulation, which allows us to study the effect of field fluc- 
tuations on those of the current. We also report. on the 
static characteristics of the structures, which are a first-and 
very important step in understanding the fluctuations, 
since they provide information concerning the processes 
occurring inside the structures that are the origin of the 
behavior of the fluctuations. 

The article is organized as follows: Section II details 
the Monte Carlo simulation developed for this study, and 
the physical model used for GaAs. In Sec. III we present 
the theoretical analysis of the magnitudes calculated, to- 
gether with the decomposition of the autocorrelation func- 
tion and of the spectral density of current fluctuations that 
has been performed. Section IV deals with the results con- 
cerning the static characteristics of the structures analyzed. 
The results obtained for the autocorrelation function and 
the spectral density of current fluctuations are given in Sec. 
V. Finally, in Sec. VI we offer the main conclusions. 
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II. MONTE CARLO SIMULATION 

A. Physical model 

We consider homogeneous structures of N-type GaAs 
and length L, at 300 K, with two contacts at their ends 
between which a constant voltage is applied, studying the 
fluctuations of the output. current. Throughout the struc- 
ture the cross section is homogeneous, such that the device 
can be analyzed as one dimensional. 

To obtain the physical magnitudes to be studied, we 
have coupled self-consistently a one-dimensional Poisson 
solver with a multiparticle Monte Carlo simulation, three 
dimensional in momentum space and one dimensional in 
real space. 

We consider the conduction band of GaAs formed of 
three nonparabolic spherical valleys: I, L, and X. The 
electric fields attained in the different structures are not 
excessively high, such that this conduction band model is 
valid for the analysis performed. The scattering mecha- 
nisms considered are: intervalley (equivalent and non- 
equivalent), acoustic, piezoelectric, polar optical, nonpolar 
optical, and interaction with ionized impurities. The phys- 
ical parameters of GaAs employed in the simulation are 
the same as those used for the three valleys of the first 
conduction band in previous works,l’ and used by other 
authors.20’21 

Structures of different lengths and doping levels have 
been simulated to observe the effect that such magnitudes 
have on the noise occurring in the output current. The 
dopings concentrations analyzed are: 1014, lo”, 1016, and 
1017 cme3, and the lengths range from 0.6 to 2 pm. In 
each, the static characteristics were calculated, together 
with the autocorrelation function and the spectral density 
of current fluctuations for different applied voltages. 

B. Simulation parameters 

The number of simulated particles varies as a function 
of the doping concentration of each of the structures, 
searching for a compromise between a reduction in com- 
putation time and obtaining a reliable solution of the elec- 
tric field. This number varies between 500 and 13 000 par- 
ticles. As mentioned, the simulation is one dimensional in 
real space, such that each simulated particle is equivalent 
to Q electrons rne2. The value of Q, the simulated particle- 
electron equivalent, varies according to the doping density 
of the structures between 1.25~ 10” and 1013 elec- 
trons rnM2. Q corresponds to the inverse of the value of the 
cross-sectional area that gives with the number of carriers 
initially simulated a free-carrier density equal to the impu- 
rity concentration of the structure.“918 The values of the 
output current are therefore given as current density in the 
electrodes through a cross-sectional area perpendicular to 
the field-resolution direction. 

The Monte Carlo simulation, incorporating the Pois- 
son solver, is performed following the usual method.22 All 
the structures are divided into equal cells of 100 A each. It 
has been confirmed that by reducing the length of the cells ’ 
the results obtained are the same. The same time step is 
used for all the simulations, 10 fs, which is appropriate in 

all cases for obtaining a correct solution for the electric 
field. Simulations have been made reducing this time step; 
similar results were obtained. Current values are recorded 
under steady-state conditions every 10 fs over 2 ns to cal- 
culate, from these values, the autocorrelation function of 
current fluctuations.23 Despite the long time interval sim- 
ulated with a view to obtaining sufficient precision in the 
calculation of the autocorrelation functions, these show a 
fair amount of noise. This gives some idea of the calcula- 
tion difficulties encountered when studying fluctuations. ‘* 
In some cases, the values of the electric field are also re- 
corded in order to analyze the spectrum of its fluctuations. 

C. Contact models 

One important factor involved in analyzing the output 
current of these structures is the model employed for sim- 
ulating the electrodes; that is, the boundary condition 
(BC) in the contacts. In the case of one-dimensional struc- 
tures, several alternatives exist,22 as follows. 

(a) Periodic boundary condition (PBC) : The carriers 
that reach a contact are reinjected into the opposite end 
with the same energy and wave vector. 

(b) Thermal periodic boundary condition (TPBC): 
The carriers that reach an electrode are reinjected into the 
opposite end thermalized; that is, with a wave vector cal- 
culated randomly from a thermal distribution. 

(c) Ohmic boundary condition (OBC). The electrodes 
are modeled as ideal ohmic contacts; that is, as a region of 
the device that is in thermal equilibrium even when a cur- 
rent is flowing through it. For this, one imposes the con- 
dition that the free-carrier concentration of a small region 
close to each contact should remain constant and equal to 
the doping density.24 To do so, the number of thermal 
carriers necessary for neutrality to be maintained in this 
regions is introduced in each time step. 

Within PBC and TPBC the number of carriers inside 
the structure remains constant in time (thus ensuring 
charge neutrality), which implies that the electric field is 
the same in both terminals; however, within OBC the num- 
ber of carriers inside the device fluctuates over time, be- 
coming adapted to the requirements of the electron dynam- 
ics inside the structure. This type of model allows one to 
calculate the noise in the output current caused by carrier 
number fluctuations, which is not possible with the other 
BCs. The first two models are adequate for cases in which 
the carriers reach the electrodes in a situation close to 
thermal equilibrium; i.e., the active zone of the device is 
distant from the terminals. In the structures simulated in 
the present work this situation is very uncommon, and 
hence OBC has been adopted for modeling the electrodes, 
keeping charge neutrality in each time step in the cell ad- 
jacent to each contact. In any case, in order to observe the 
effect of the contact models on the spectral density of cur- 
rent fluctuations, the same structure was simulated with 
the three BCs under identical bias conditions. In Ref. 18 
PBC and OBC are considered, together with their effects 
on current fluctuations. 

One important aspect that should be analyzed is the 
possible effect on the results of modifications in the length 
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of the region close to the ohmic electrodes in which charge 
neutrality is imposed. In the present case, the length of this 
region is that of a 100 A cell. Owing to the large increase 
in computation time that this would involve, we have not 
performed this analysis; however, it is a question that 
should receive attention in future studies. 

Ill. THEORETICAL ANALYSIS 

Considering that the length of the structures is much 
smaller than the lateral dimensions, which implies that the 
current density I(t) through any cross-sectional area of the 
device will be the same, and taking into account that the 
voltage applied to the electrodes remains constant, with 
which the overall contribution of the displacement current 
is null, the current density is given by25 

I(t) =$ z; Y(f), (1) 

where q is the absolute value of the electron charge, Q is 
the simulated particle-electron equivalent, L is the length 
of the structure, N(t) is the instantaneous number of par- 
ticles inside the structure, and Yi(t) is the instantaneous 
longitudinal velocity of the ith particle. 

I(t) can also be expressed as 

I(t) = (qQ/LW(W(t), (2) 

where Y(t) is the mean instantaneous velocity of the car- 
riers in the device; that is, 

7(t) =- N;t) y?g %W* (3) 

From Eq. (2), the current-density fluctuations H(t) 
are given by 

61(t) =1(t) - (0 = (qQ/L) [W)W - W(fF(~))l, 
(4) 

where the angular brackets indicate time average. If one 
takes into account that 

N(t) = 09 +Hf(t), (5) 

iqt)=(v)+Siqt), (6) 

one has for H(t) the approximate expression 

81(t) = (qQ/L> L (NW(t) + (WN(f) I, (7) 

where second-order terms in fluctuations have been ne- 
glected. 

The autocorrelation function of current-density fluctu- 
ations is given by 

cm = (mt’>sI(t’+t)) =c,tt> +C,(t) +Cv,(t), 
(8) 

where 

C,(t) = (q$%‘, (N)2(tW’)SW’+t)), (9) 

C&> = tde”/L2> (y32WV(t’)tWt’+t)), (10) 

+ @N(t’XE(t +O) 1 (11) 
are the terms associated with different contributions to the 
autocorrelation function. C, is associated with the fluctu- 
ations in the mean velocity of the electrons in the structure, 
C, with the fluctuations in- carrier number, and Cv, with 
the correlation between both magnitudes. 

According to the Wiener-Kintchine theorem,26 the 
spectral density of current-density fluctuations is obtained 
from the autocorrelation function as its Fourier transform, 

S,(f I=2 I 
* CI(t)ei2”f* dt 
--m 

=S,(f )+Siv(f )+&df >, (12) 

lo6 

lo5 

lo4 
10 100 1000 10000 

NUMBER OF SIMULATED PARTICLES cN> 

lo9 I 
10 100 loo0 10000 
NUI6BER OF SIMULATED PARTICLsJ33 cN> 

FIG. 1. Influence of the number of particles employed in the simulation: 
(a) mean value of the absolute value of current fluctuations, and (b) 
mean value of the square of current fluctuations as a function of the 
number of simulated particles. AU the calculations have been performed 
for the same structure under equal-bias voltage. 
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TABLE I. Characteristic parameters (L, Na and Q) -of the simulated structties, and mean values obtained for several magnitudes at the bias voltages 
for which S, has been calculated. 

Structure 
Length 
b-d 

Doping 
(cm-‘) 

Q 
( lOI electrons m-‘) 

Voltage 
(V) 

(0 
( lo7 A mb2) 

(3) 
( IO7 cm/s) 

(N) 
(particles) 

A 1.0 10’4 0.125 0.0 0.0 0.0 631 
0.5 0.219 2.25 487 
1.0 0.289 1.66 867 
1.5 0.335 1.29 1295 
1.0 (PBC) il.194 1.21 800 
1.0 (TPBC) 0.268 1.67 800 

B 2.0 10’4 0.125 2.0 0.286 1.41 2OiS 
C I.0 10’5 0.833 0.0 0.0 0.0 1114 

0.5 2.51 2.17 865 
1.0 2.94 1.71 1286 

D 2.0 10’5 0.833 2.0 2.81 1.48 2853 
E 1.0 10’6 2.5 0.0 0.0 0.0 3932 

0.5 31.6 2.13 3701 

F 0.6 10” 10.0 0.0 0.0 0.0 5963 
0.3 319.0 2.03 5882 
0.6 395.0 2.49 5945 

% 0.8 402.0 2.44 6163 

G 0.9 10” 10.0 1.2 358.0 2.12 9504 
H 1.2 10’7 10.0 1.6 332.0 1.95 12765 

where 

S&f ) =2 j-a C,(t)ej2*f* dt, (13) 
--m 

density fluctuations and the number of carriers inside it, 
respectively. Accordingly, a suitable estimation of 61,(t) 
will be given by 

S,( f ) =2 JIrn CN( t)ei21rft dt, (14) 

SI(t) SI(t) 
51r(t)=[Nr(t)/N(t)]‘n=eT;iZ- (17) 

* h&t- > =2 
s 

cVN(t)dalrft dt. 
-co 

(15) 

By separating in these terms both the autocorrelation 
function and the spectral density, one obtains information 
about the contribution of several sources to the noise in the 
current, such as fluctuations in carrier velocity and in the 
number of electrons present in the structure. S’, will re- 
flect, for example, shot noise due to the injection through 
the ohmic electrodes. Of course, SN and SvN will be zero in 
the case of considering PBC or TPBC; in this case the only 
contribution to the noise is that of Sy. 

As mentioned above, the value of Q employed in each 
simulation varies from one structure to another according 
to their doping concentration, in order to obtain a valid 
solution for the electric field. Following Eq. ( 17), in our 
simulations all the M(t) values recorded were divided by 
Q”2. In this way it is possible to compare the results ob- 
tained both for C1(t) and for S,(f ) among different struc- 
tures (and within the same structure among different bias 
situations), regardless of the number of particles present 
inside them in each of the situations, as well as of their 
doping level and length. 

Since I(t) is obtained directly from the carrier veloci- 
ties, the value of M(t) will depend on the number of par- 
ticles contributing with their velocity in Eq. ( 1 ), N(t). 
This dependence is of the type N(t) -1’2. 

On simulating the same structure under identical bias 
conditions with different values of Q, and hence with dif- 
ferent values of (N), and calculating the time-average val- 
ues (1611) and (S12), one finds that they show a depen- 
dence on (N) of the type (N)-1’2 and (N)-‘, 
respectively. This is shown in Fig. 1. One has 

Thus, Eqs. (4) and (7) should be divided by Q”2 and 
Eqs. (9)-( 11) by Q, to obtain the final form used in the 
calculations. Moreover this originates that the units em- 
ployed for Cr( t) should be A” mm2 instead of A2 mW4, and 
for S1( f ) should be A2 s me2 instead of AZ s rnp4. With 
this normalization if one wants to obtain the value of the 
spectral density of current fluctuations in a real structure, 
it is only necessary to multiply the calculated value of 
S,(f ) by its cross-sectional area. 

IV. STATIC CHARACTERISTICS 

( 1 SII )(N) l12=.4 = ( 1 SI,I ) (Np, (16) 

where A is a constant, and SI, and N, are the real values in 
a structure of unitary cross-sectional area of the current 

In this section we present some of the results corre- 
sponding to the static characteristics of the simulated 
structures that we consider of great importance for reveal- 
ing the processes causing noise. Table I shows the charac- 
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FIG. 2. Current density as a function of the applied voltage in structures 
(a) A (L=l pm and ND=10L4 cmw3) and (b) F (LcO.6 pm and 
ND-10’7 cm-‘). 

teristics (L and ND) of the simulated structures, together 
with the value of Q employed in the simulation. Also pre- 
sented are the obtained values of (?), (N), and (I) in 
these structures for the biases in which C, and S1 have been 
calculated. All the results shown in this section were ob- 
tained within OBC. 
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Figure 2 shows the I-V characteristics of structures A 
and F, which can be considered as. extreme cases among 
those analyzed. In both cases it can be observed that after 
a small linear region, another saturation region appears, 
which is much more pronounced in structure F. In these 
curves no negative differential resistance region typical of 
GaAs velocity-field characteristics appears. This is due to 
the fact that, with the BC applied, when the carriers pass to 
the higher valleys the number of them present inside the 
structure increases to keep the current constant along the 
device. This makes the current rise in spite of the decrease 
in the velocity. These characteristics allow these devices to 
be used as current limiters.27’28 

FIG. 3. Profiles of (a) free-carrier density, (b) electric field, and (c) drift 
velocity as a function of the distance from the cathode in structure A 
(L= 1 pm and N,= lOI cme3) for several bias voltages. 

relative charge unbalances give rise to very different 
electric-field distributions inside the structures. Thus, in 
the structure with the lowest doping concentration the 
electric field remains practically constant, while, as doping 
increases, the field distribution becomes progressively less 
uniform, until it acquires very high values in the neighbor- 
hood of the electrodes in structure F for applied voltages of 
0.6 and 0.8 V. 

The stationary mean values of free-carrier density, The high values of the electric field reached at the ends 
electric field, and drift velocity at different bias voltages in 
some of the structures are shown in Figs. 3-5. It can be 

of this structure when high voltages are applied are due to 
different processes, which in turn they feed back. At the 

seen that, owing to the different doping levels, the same cathode it is caused by an overshoot in the velocity of the 

I I f I 

ov 
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FIG. 4. Profiles of (a) free-carrier density, (b) electric field, and (c) drift 
velocity as a function of the distance from the cathode in structure C 
(L= 1 pn and ND= lOI5 cmm3) for several bias voltages. 

carriers, which are shot into the structure in the l? valley. 
In the neighborhood of the anode, it is caused by the ap- 
pearance of a narrow region of strong accumulation of free 
carriers, which is due to a massive transfer of these to the 
higher L and X valleys (with a greater effective mass), as 
shown in Fig. 6. As the doping density decreases, the 
space-charge effects decrease and the transference of carri- 
ers to higher valleys becomes increasingly softer, and their 
occupation becomes more uniform in a larger region of the 
structure; the distribution of the field is therefore more 
homogeneous. 

For low doping (Figs. 3 and 4), when space-charge 

0.61 ’ . ’ ’ 
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1 . I . , , , . , 

r 

1  
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FIG. 5. Profiles of (a) free-carrier density, (b) electric held, and (c) drift 
velocity as a function of the distance from the cathode in structure F 
(L=O.6 pm and ND= 10” cme3) for several bias voltages. 

effects are not very important, the BC adopted is not able 
to keep the carrier concentration inside the structures at 
low applied voltages, when most of the carriers are in the I’ 
valley, and a charge depletion appears. When the voltage is 
higher, so that the electric field is far beyond the threshold 
value for the carriers to pass to the upper valleys, the con- 
centration is strongly nonuniform in order to keep the cur- 
rent constant along the structure. Thus, near the cathode, 
where the carriers are very fast because they are injected 
thermalized, the concentration is low, while in the region 
where they become slower due to their transference to the 
L and X valleys the concentration increases. 
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FIG. 6. Valley occupation in structure F (L=O.6 pm and Nn=lO” 
cm-‘) for an applied voltage of 0.8 V as a function of the distance from 
the cathode. 

It should be stressed that, whereas in the structures 
with the lowest doping levels the saturation of the 1-V 
characteristics is mainly due to the decrease of the velocity 
of the carriers when they are transferred to the higher 
valleys, as the doping concentration increases the space- 
charge effects and the carrier accumulation region are 
much more important, and are the main cause of current 
saturation, which becomes increasingly more pronounced. 
The different origins of the current-limiting effects also 
lead to different kinds of behavior in current fluctuations, 
and hence in the noise characteristics in these structures. 

V. AUTOCORRELATION FUNCTIONS AND SPECTRAL 
DENSITY 

In this section we present the results obtained concern- 
ing the autocorrelation functions and the spectral density 
of current fluctuations, as well as the different terms into 
which these have been divided, as explained in Sec. III. 

The noise sources that can be registered in the struc- 
tures analyzed are diverse: thermal noise, diffusion noise, 
shot noise, noise due to electric field fluctuations, etc. The 
BC adopted, OBC, allows one to analyze the noise due to 
the fluctuations in the number of carriers inside the struc- 
ture, and therefore to account for shot noise. The time 
scale of shot noise is considerably higher than that of the 
other noise sources analyzed.29 It appears at very low fre- 
quencies as compared with the range of them that the 
method employed allows one to analyze with an acceptable 
degree of accuracy. Certain difficulties were found in reli- 
ably calculating the autocorrelation functions that record 
shot noise, in some cases obtaining results that present a 
rather “noisy” shape. To calculate them correctly, many 
more carriers should be simulated over a longer time in- 
terval, which would require excessive computation time. 
However, the calculations performed do permit a qualita- 
tive analysis of shot noise, which we consider of great in- 
terest, above all taking into account the broad range of 
doping levels analyzed. 

z 
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FIG. 7. Calculated values in structure A (L=l ,um and ND= lOI 
cm--‘), for several applied voltages, of (a) the spectral density of current 
fluctuations S,, and (b) the component of the spectral density associated 
with velocity fluctuations Sy, as a function of frequency. 

Figure 7 shows the results obtained for S, and SV [Eqs. 
( 12) and ( 13)] in structure A for different applied volt- 
ages. Two different contributions can be seen in S,; these 
appear in very different frequency ranges. One arises from 
carrier shot noise, reflected in S, and SVN, appearing at 
low frequency. The other is associated with the diffusion 
noise caused by velocity fluctuations, recorded in SV, and 
dominant at higher frequencies. For a null bias, when there 
is no current, S, coincides with S, since in this case there 
is only thermal noise. When the sample is biased, shot 
noise appears, and it is present at lower frequencies as the 
applied voltage increases. 

Accordingly, when the structures are biased, the noise 
present at low frequencies is dominated by the fluctuations 
in the number of carriers inside them. At higher frequen- 
cies, the main term corresponds to fluctuations in the ve- 
locity of the electrons. As may be seen in Fig. 3, the electric 
field in structure A is almost uniform, and there is a broad 
region in which velocity is also uniform. This occasions 
that the shape of the SV curves coincides with that of the 
spectral density of velocity fluctuations calculated under 
constant electric-field conditions in limitless material,5113 
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FIG. 8. Decomposition of the spectral density of current fluctuations vs 
frequency in structure A (L= 1 pm and ND= lOI cm S3) for an applied 
voltage of 1.5 V. 

and that the maximum is at the same frequency. The dif- 
ferences in the relative amplitude between both calcula- 
tions are due to the different number of carriers inside the 
structures for each voltage (Table I). 

Figure 8 shows the decomposition of S, for an applied 
voltage of 1.5 V in structure A. The foregoing statements 
are clearly appreciable in it. It should be noted that the 
crossed term SVN has a significant value; the effect of the 
correlation between fluctuations in velocity and in carrier 
number thus being important. 

To highlight the importance of the BC in the results, S, 
has been calculated in structure A for a voltage of 1 V with 
the three BCs proposed in Sec. II C (Fig. 9). As was ex- 
plained, within PBC and TPBC the total number of carri- 
ers inside the structure remains constant in time. Thus, Sr 
coincides with Sy and shot noise is not accounted for. 
Whereas within PBC all the magnitudes (electric field, val- 
ley occupation, velocity, free-carrier concentration) are 
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FIG. 9. Spectra1 density of current fluctuations vs frequency in structure 
A (L= 1 pm and ND= lOI cm ‘) for a bias voltage of 1 V employing 
different boundary conditions for modeling the contacts. 
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FIG. 10. Spectral density of current fluctuations vs frequency in structure 
C (L=l pm and Nn= 10” cm-?) for several bias voltages. 

uniform throughout the structure, in the case of TPBC 
there is an initial region close to the cathode where these 
magnitudes are different because the carriers are injected 
thermalized. This gives rise to the differences between S, 
for both BCs. It seems clear that the most appropriate 
model of BC is OBC, since in these structures the carriers 
do not reach the anode in thermal equilibrium and, also, 
because it is the only model that takes into account the 
effect of carrier number fluctuations on the output current. 

In structure C, the behavior found for the current fluc- 
tuations (Fig. 10) is similar to that observed in structure 
A. For this doping concentration ( lOI cmM3) the electric 
field in the structure is less uniform (Fig. 4), such that Sv 
becomes more distant from that calculated with constant 
field in limitless material. Figure 11 shows the components 
of S1 for an applied voltage of 1 V. As may be seen, this 
decomposition is similar to the case of ND= 1014 cmm3. 

The values obtained for S1 in structures A and C with 
an applied voltage of 1 V are compared (Fig. 12) with 
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FIG. 11. Decomposition of the spectral density of current tluctuations vs 
frequency in structure C (L= 1 pm and No= 10” cm--‘) for an applied 
voltage of 1 V. 
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FIG. 12. Comparison between the values of the spectral density of cur- 
rent fluctuations in structures of different length: (a) structures A (L= 1 
pm and Nn=10t4 cm’-.3) and B (L=2 pm and Nn= 1014 cms3); (b) 
structures C (L=l pm and N,= 10” cm-‘) and D (L=2 pm and 
ND= 10’s cm-‘). 

those corresponding to an increase in length up to 2 pm 
(structures B and D). The applied voltage in the longer 
devices has been increased proportionally to maintain the 
mean field inside them equal to that of the shorter ones. 
The behavior of both doping levels ( 1014 and 10” cmP3) is 
the same. On increasing length, shot noise increases con- 
siderably, whereas S, is reduced (keeping the same 
shape), as corresponds to the increase in the number of 
particles inside the structure. 

Figure 13 shows the values of S, obtained for structure 

B E. No results are offered for voltages higher than 0.5 V 
because above this voltage Gunn oscillations28 are de- 
tected. With this doping level (lOi cmv3) an important 
difference appears with respect to the previous ones. The 
S, term takes much lower values as a result of the fact that 
the current starts to be controlled by space-charge effects, 
which in turn regulate the behavior of the number of car- 
riers in the device. Now Sv is the dominant component of 
S, even at low frequencies, as may be seen in Fig. 14 for a 
voltage of 0.5 V. 

When the impurity concentration is increased up to 

-L.Jr 

FREQUENCY (GHz) 

FIG. 13. Spectral density of current fluctuations vs frequency in structure 
E (L= 1 pm and No= lOi cm-‘) for several bias voltages. 

1017 cmm3 (structure F) the behavior of S, changes (Fig. 
15). For low voltages, when the carriers do not pass to the 
higher valleys, S1 is dominated by Sv. Sv has a shape 
similar to that observed in the structures with lower doping 
levels, and it is mainly determined by the value of the field, 
which is fairly uniform (Fig. 5). The influence of S, in this 
case is minimal, like that of SVN . 

For higher voltages, when the carriers do pass to the 
higher valleys, a region of strong space-charge accumula- 
tion is formed in the neighborhood of the anode which, as 
has been explained, is what regulates the current in the 
structure. Its effect causes the value reached by S, to be- 
come far higher than in the previous cases, and the fre- 
quency of its maximum to remain constant despite modi- 
fications in the bias voltage. As seen in Fig. 16, 
corresponding to 0.8 V, the most important contribution in 
S, is Sv; S,, also takes a significant value. SN is almost 
negligible due to the controlling effect of the space-charge 

0 500 1000 1500 2000 
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FIG. 14. Decomposition of the spectral density of current fluctuations vs 
frequency in structure E (L= 1 pm and Nn= lOI cmT3) for an applied 
voltage of 0.5 V. 
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FIG. 15. (a) Autocorrelation function of current fluctuations, and (b) 
spectral density of current Ructuations in structure F (L=O.6 pm and 
ND= 10” cm-‘) for different applied voltages. 

accumulation. It should be stressed that the three contri- 
butions display their extreme value at the same frequency. 

The origin of this change lies in the behavior of the 
final accumulation layer. The intervalley transitions occur- 
ring in this region lead to important modifications in the 
charge density which give rise to strong variations in the 
electric field throughout the structure; this significantly af- 
fects the velocity of the carriers. This coupling between the 
fluctuations in the electric field and in carrier velocity is the 
reason underlying the very high values of Sv. To illustrate 
this effect, in Fig. 17 we show the spectral density of 
electric-field fluctuations in the cells situated at 0.015 ,um 
from the cathode and the anode in structure F, for a volt- 
age of 0.8 V. As can be seen, their shape is similar to that 
of Sy and their value is fairly high as compared with that 
calculated for other biases and dopings, for which electric- 
field oscillations are not so clear. The appreciable value of 
the crossed term SVN (Fig. 16) shows that there is also a 
relationship between the behavior of the accumulation re- 
gion and the fluctuations in the number of carriers inside 
the structure. 

When the length of the structures is increased (G and 
II) and the applied voltage is increased proportionally in 
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FIG. 16. Decomposition of the spectral density of current fluctuations vs 
frequency in structure F (L=O.6 pm and ND= 10” cme3) for an applied 
voltage of 0.8 V. 

order to maintain the mean electric field, it can be seen that 
the maximum present in S,, in the presence of the accu- 
mulation layer, is displaced to lower frequencies (Fig. 18). 
The frequency corresponding to the maximum of S’, is re- 
lated with the time taken by the carriers shot into the 
cathode to reach the accumulation region, feeding back the 
process that causes the electric-field fluctuations, and thus 
determining the characteristic time of the field oscillation. 
In this way, the longer the structures, the larger the region 
that the carriers have to cross, and the smaller the fre- 
quency of the maximum of S,. 

VI. CONcLUSlONS 

Using a one-dimensional Poisson solver for the calcu- 
lation of the electric field coupled to a three-dimensional 
many-particle Monte Carlo simulation, we have analyzed 
both the static characteristics and the current fluctuations 
in homogeneous N-type GaAs structures with dimensions 
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FIG. 17. Spectral density of electric-field fluctuations vs frequency in 
structure F (L=O.6 pm and N,= 10” cmm3) for an applied voltage of 
0.8 V in the cells situated at 0.015 pm from the cathode and the anode. 
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FIG. 18. Comparison between structures of different lengths: (a) auto- 
correlation function of current fluctuations; and (b) spectral density of 
current fluctuations in structure F (L=O.6 pm and ND=lO” cme3) for 
an applied voltage of 0.8 V, in structure G (L=O.9 pm and ND= IO” 
cmm3) for an applied voltage of 1.2 V, and in structure H (L= 1.2 pm 
and N,= 10” cmv3) for an applied voltage 1.6 V. 

ranging between 0.6 and 2 pm, and impurity concentra- 
tions between 1014 and 1017 cm-s. OBC has been used for 
modeling the contacts. 

The static I-V characteristics reach a different degree 
of saturation depending on the doping level of the struc- 
tures, since the processes leading to it differ. 

Current fluctuations have been analyzed through their 
autocorrelation function and their spectral density, divid- 
ing these into several terms associated with the fluctuations 
in the mean carrier velocity and in the number of carriers 
present inside the structure. In this way, different noise 
sources have been studied: thermal noise, diffusion noise, 
noise due to field oscillations, shot noise, etc. Shot noise 
has only been analyzed qualitatively. 

The following was found. 
(i) The choice of a suitable BC is very important for 

obtaining results that will reliably reflect the physical pro- 
cesses occurring at the contacts. It is for this reason that 
OBC has been chosen, which also allows ofie to consider 
the fluctuations in carrier number. 

(ii) Shot noise appears at low frequencies and is more 
important for low doping levels ( 1014, 10” cme3), when 
the current in the structure is only limited by the decrease 
in the velocity of the carriers when passing to the higher 
valleys. This type of noise increases when the length of the 
structures increases. The appearance of space-charge ef- 
fects, which limit the current in the structures, makes the 
fluctuations in carrier number decrease. 

(iii) For high frequencies, the noise associated with 
fluctuations in carrier velocity predominates; up to 1Ol6 
cm -3 this coincides with that corresponding to homoge- 
neous and limitless material with constant field. 

(iv) In the structures with ND= 10” cmm3, a region of 
free-carrier accumulation is seen to appear for high bias 
voltages, leading to a coupling between the fluctuations in 
the electric field and in carrier velocity. This gives rise to a 
very high value of the spectral density of current fluctua- 
tions, above all in a frequency range that depends on the 
length of the structure. 
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