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A microscopic analysis of current and voltage fluctuations in GaAs Schottky barrier diodes under
forward-bias conditions in the absence of 1/f contributions is presented. Calculations are performed
by coupling self-consistently an ensemble Monte Carlo simulator with a one-dimensional Poisson
solver. By using current- and voltage-operation modes the microscopic origin and the spatial
location of the noise sources, respectively, is provided. At different voltages the device exhibits
different types of noise~shot, thermal, and excess!, which are explained as a result of the coupling
between fluctuations in carrier velocity and self-consistent field. The essential role of the field
fluctuations to correctly determine the noise properties in these diodes is demonstrated. The results
obtained for the equivalent noise temperature are found to reproduce the typical behavior of
experimental measurements. An equivalent circuit is proposed to predict and explain the noise
spectra of the device under thermionic emission-based operation. ©1997 American Institute of
Physics.@S0021-8979~97!01817-3#
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I. INTRODUCTION

The excellent high-frequency behavior of Schottky b
rier diodes~SBDs! is at the origin of their increasing em
ployment for several applications, such as mixers and de
tors of signals up to frequencies of some hundred gigah
and even terahertz,1 as in the case of heterodyne receiver2

The current-voltage characteristics of these devices h
been extensively treated in the literature,3–6 and several nu-
merical models for their simulation have been developed.7–13

Among these some Monte Carlo~MC! simulations under
forward-bias conditions have also been successf
performed.8,11–13However, the quality factor of the SBD ap
plications at these very high frequencies is limited by th
noise.14 Hence, in addition to static characteristics, a detai
characterization of the noise performance in these device
a mandatory issue. On this ground, the noise temperatu
one of the most important parameters to be determined
recent years this subject has received special attention.15–18

However, the use of phenomenological approaches make
unambiguous identification of the noise sources difficu
Therefore, a microscopic interpretation of the proces
causing the noise remains a major objective. By providing
exact solution of the appropriate kinetic equation, the M
technique, which has already been proven to be a powe
tool for the noise analysis of semiconductor devices,19 is
especially appropriate to this scope.20–22 In the present work
we employ an ensemble MC simulator coupled with a o
dimensional Poisson solver~PS!. The application of this
method avoids anyad hocassumption and/or simplificatio

a!Electronic mail:tomasg@rs6000.usal.es
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about the properties of the noise sources, and thus giv
unifying microscopic analysis of the processes respons
for the fluctuations.

The purpose of this article is to present the results o
theoretical study of the noise characteristics~both of current
and voltage! of GaAs SBDs under forward-bias condition
thus completing and extending preliminary reports on
subject.20,21 We aim at providing a comprehensive interpr
tation of the noise spectra in these devices in terms of
microscopic processes responsible of the fluctuations. By
trinsically incorporating the details of the noise sources a
including the self-consistent field fluctuations, the MC tec
nique used in this work offers a reliable test for the physi
interpretation of noise performances in SBDs. The typi
transport regimes of SBDs, that is, thermionic emission,
ries resistance, and hot carrier conditions, and the co
sponding noise performances, are naturally reproduced
our approach. In particular, we will prove the essential r
of the field fluctuations to correctly determine the noise pro
erties in these devices.

The paper is organized as follows: Section II describ
the physical model used to simulate the SBD. In Sec. III
present the theoretical basis of the operation modes u
which the noise in the diodes is analyzed. Section IV is
voted to the presentation and discussion of the results c
cerning static characteristics, current noise, voltage no
noise temperature and small-signal equivalent circuit. Ma
conclusions are summarized in Sec. V.

II. PHYSICAL MODEL

Most of the results of this work correspond to a SB
modeled as a one-dimensional GaAsn1-n-metal structure as
234949/10/$10.00 © 1997 American Institute of Physics
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shown schematically in Fig. 1. Then1 region is 0.35mm
long and its doping is 1017 cm23. The n region is 0.35mm
long and its doping is 1016 cm23. At the right side it is the
Schottky barrier with the metal contact acting as a perf
absorbing boundary, that is, all the carriers reaching
metal leave the structure and no carrier is injected from
metal into the semiconductor. Since the depletion layer
pearing near the Schottky contact changes with the bias
the model must account for the variation of the number
particles inside the device according to the applied volta
To this end an ohmic contact is simulated at the left side
then1 region. Charge neutrality is ensured at each time s
in the cell closest to the ohmic contact by injecting carri
with the appropriate thermal distribution~velocity-weighted
hemi-Maxwellian! at the lattice temperatureT.23 In this way
the proper carrier dynamics inside the structure adjusts
number of electrons present in the diode at each time
according to the potential distribution, without any furth
artificial algorithm.22 The barrier height considered in th
simulation is 0.735 V, which leads to an effective built-
voltage at equilibriumVbi of 0.640 V between then region
of the semiconductor and the metal. In our rather id
model, we have not considered other phenomena which
also be present in real SBDs, such as: tunneling, image-f
lowering of the barrier, quantum reflection, presence of
fects at the semiconductor-metal interface, etc. Indeed,
primary objective is to provide a detailed analysis of an id
diode, thus reaching a deep understanding of the proce
responsible for the fluctuations, which are likely to be d
torted with the inclusion of some of the effects previous
mentioned. Moreover, the frequency range in which we
going to analyze the noise behavior of the SBD is well b
yond the influence of 1/f contributions.

The calculations are performed by using an ensem
MC simulator ~one-dimensional in real space and thre
dimensional in momentum space! self-consistently coupled
with a one-dimensional PS. The GaAs conduction band c
sists of three nonparabolic spherical valleys (G, L and X!.
The material parameters and the scattering mechanism
the same as in Ref. 24. The MC simulation follows the st
dard scheme.25 The device is divided into equal cells of 10
Å each, and the electric field is updated periodically at e

FIG. 1. Schematic drawing of the Schottky barrier diode under study
2350 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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time step~2.5 or 10 fs depending on the type of calculatio!
by employing the one-dimensional PS. The cross-sectio
area adopted for the device in the simulation is 23 1029

cm2, which means an average number of simulated carr
around 7600 depending on the biasing. The simulation
performed atT5300 K.

III. NOISE CALCULATION: OPERATION MODES

In a one-dimensional uniform structure of lengthL with
a single type of carriers~electrons!, the total current flowing
through any cross-section,I (t), is given by:26

I ~ t !5I c~ t !2
«0« rA

L

d

dt
DV~L,t !, ~1!

where«0 is the free space permittivity,« r the relative static
dielectric constant of the material,A the cross-sectional area
DV(L,t) the instantaneous voltage drop between the ter
nals, and I c(t) the conduction current defined byI c(t)
52(q/L)( i 51

NT(t)v i(t), with q the absolute value of the elec
tron charge,NT(t) the total number of carriers inside th
structure, andv i(t) the instantaneous velocity along the fie
direction of thei th particle.

Starting from Eq.~1!, two alternative but complementar
operation modes26,27 are used to analyze the noise propert
of the SBD:

~i! Current-noise operation, in which the applied volta
is kept constant in time and the current fluctuations are a
lyzed. In this case from Eq.~1! we obtainI (t)5I c(t). With
this operation mode we investigate the effect of the coupl
between fluctuations in carrier velocity and self-consist
electric field. To this end, under stationary conditions we w
perform noise calculations with two different PS schem
The first one is thedynamicPS, in which the time fluctua-
tions of the self-consistent electric field are taken into
count by solving the Poisson equation at each time step
the second scheme we use astatic PS so that the carrier
move in thefrozen nonfluctuating electric field profile. O
course, the PS scheme which is physically correct, is
dynamic one. The static case is just used to evaluate qu
tatively the influence of the field fluctuations on the to
noise.

~ii ! Voltage-noise operation, in which the total current
kept constant in time and the voltage fluctuations are a
lyzed. By imposing the condition that the total current
constant in time,I (t)5I 0, from Eq. ~1! we obtain:

d

dt
DV~L,t !5

L

«0« rA
@ I c~ t !2I 0#. ~2!

By employing a finite-differences scheme, Eq.~2! allows one
to calculateDV(L,t) in each time step during the simulation
Moreover, by solving the Poisson equation one can
DV(x,t) as a function of different positionsx inside the
device as measured from one of the terminals. With t
operation mode we provide a spatial analysis of volta
noise by calculating the spectral density of voltage fluct
tions as a function of position and frequencySV(x, f ).28

In both modes the fluctuations are studied through
calculation of the respective current or voltage autocorre
González et al.
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tion functionsCI(t) and CV(t) which, after being Fourier
transformed, provide the spectral densitiesSI( f ) and
SV( f ).19 Once the stationary situation is reached in the sim
lation, the value of the current@voltage# I (t) @V(t)# is re-
corded at each time step, for subsequent calculations o
corresponding autocorrelation functions. The simulat
must be long enough to achieve a good time resolution of
autocorrelation functions. To this end, after a transient of
ps, the carrier kinetics is simulated for 0.75 ns in the cas
current noise~time steps of 10 fs! and for 2.0 ns for voltage
noise~time steps of 2.5 fs!.

The equivalent noise temperatureTN( f ) ~experimentally
measurable! is a very important parameter for the charact
ization of the noise properties of SBDs. In our case we c
culate its low-frequency valueTN(0) from

TN~0!5
SI~0!

4KBG~0!
, ~3!

when current-noise operation is employed@hereSI(0) is the
low-frequency value of the current spectral density,KB the
Boltzmann constant, andG(0) the low-frequency differen-
tial conductance# and from

TN~0!5
SV~0!

4KBR~0!
, ~4!

when voltage-noise operation is employed@hereSV(0) is the
low-frequency value of the voltage spectral density andR(0)
the low-frequency differential resistance#. Both G(0) and
R(0) are obtained from the slope of the current-voltage (I –
V) characteristics.26

FIG. 2. Current-voltage characteristic of the Schottky barrier diode un
forward-bias conditions. Circles~solid line! correspond to Monte Carlo cal
culations and dashed line to the analytical estimation according to the
onic emission theory.
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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IV. RESULTS

A. Static characteristics

Figure 2 shows theI -V characteristic of the SBD of Fig
1. Only forward biasings higher than 0.5 V, which corr
spond to a semiconductor-metal barrier lower than 5KBT/q,
have been simulated due to the limited statistical informat
that can be obtained with the number of particles used.12 To
simulate lower voltages~higher barrier! a particle-weighting
scheme~with multiplication/compression of particles! would
be necessary.13 However, while appropriate to analyze th
static characteristic of the devices, such an algorithm lead
the wrong results when dealing with noise calculations d
to the different statistical weight of the carriers and fiel
producing the fluctuations. In agreement with expectatio
two different regions can be clearly observed in theI -V char-
acteristic according to the conditionsV,Vbi andV.Vbi . In
the former, the current exhibits an exponential behav
which is determined by the thermionic emission of carrie
over the metal-semiconductor barrier. In the latter, the c
rent tends to assume a linear behavior due to the disapp
ance of the barrier, and the semiconductor series resist
controls the current in the diode. The dashed line in Fig
shows the results for the current under forward-bias con
tions given by the analytical thermionic emission theory:

J5
qm* ~KBT!2

2p2\3 e2 @q~fm2xs!/KBT#e~qV/KBT!, ~5!

wherem* is the effective mass of the electrons,\ the re-
duced Planck constant,fm the work function of the metal,
and xs the electron affinity of the semiconductor.fm2xs

corresponds to the barrier height, 0.735 V in our case. T
agreement with the first region of theI -V curve is rather
satisfactory and confirms the reliability of the MC simul
tions.

Figure 3 shows the stationary profile along the struct
of several quantities of physical interest. While th
semiconductor-metal barrier persists (V50.5 V!, the carriers
remain thermalized@Fig. 3~c!# and a depletion region is ob
served near the Schottky contact@Fig. 3~a!# where all the
potential drop takes place@Fig. 3~d!#. Beyond flatband con-
ditions (V50.85, 1.00 V! this depletion region practically
disappears, leading to a more uniform potential gradi
mainly located in then region according to its higher resis
tance. This leads to the appearance of a relevant electric
which is responsible for a carrier heating along this reg
and subsequent intervalley transfer to higher L and X v
leys. The velocity shows the expected behavior due to
presence of the barrier@Fig. 3~b!#. Since the Schottky contac
acts as a perfect absorbing boundary and the movemen
the electrons in the depletion region is practically ballist
near the metal most of the carriers have positive velocit
For V,Vbi the velocity distribution changes along the ba
rier from a full Maxwellian at the beginning of the barrie
into a positive hemi-Maxwellian just at the boundary wi
the metal. This behavior, which is reported in Fig. 4, e
plains why the carrier velocity increases by approaching
metal contact, where it reaches a value of 2.13107 cm/s.
This value corresponds toA2KBT/pm* , the average veloc-

r

i-
2351González et al.
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ity of a positive hemi-Maxwellian distribution, and som
times is used as a boundary condition in the me
semiconductor interface, despite some discrepancies a
the correct value to be used.9,11,12In the case ofV.Vbi , the
presence of the electric field in then region is superimposed
on the previous effect, and therefore the velocity increa
with the applied voltage. Moreover, due to the short len
of then region, overshoot velocities are observed, and val
as high as 4.03107 cm/s are reached.

A very important parameter in the ac behavior of t
SBD is the junction capacitance. As we have already m
tioned, the boundary conditions considered in the simula
allow for the variation of the number of carriers inside t
structure with the applied voltage@Fig. 5~a!#, from which the

FIG. 3. Stationary profiles along the diode of different magnitudes:~a!
free-carrier concentration,~b! average velocity,~c! average energy, and~d!
potential for several applied voltages.
2352 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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capacitance of the diode can be calculated@Fig. 5~b!#. While
the barrier persists (V,Vbi), the capacitance increases wi
the voltage in close agreement with the total depletion
proximation~dashed line!:

C5S q«0« rND

2~Vbi2V!
D 1/2

, ~6!

where ND51016 cm23 is the doping of then region.
C53.0231028(Vbi2V)21/2 F/cm2 in our case. In this range
the most important charge variation takes place in the de
tion region close to the barrier@Fig. 3~a!#. When the voltage
increases over 0.6 V, the capacitance decreases and is m
related with the variation of the number of carriers arou
the n1-n homojunction.

B. Current noise

Figure 6 shows the spectral density of current fluctu
tionsSI( f ) for different applied voltages calculated by usin
the static and dynamic PS schemes. Both schemes pro
the same static characteristics, however the noise spectr
quite different because the dynamic PS includes the coup
between velocity and self-consistent field fluctuations. Let
focus on the dynamic results. For 0.575 V a first peak ab
600 GHz appears, which is attributed to carriers that do
have sufficient energy to surmount the barrier with the me
and thus come back to the neutral semiconductor~returning
carriers!, as was originally proposed in Ref. 16. This pe
disappears for 0.650 and 0.850 V, since for these volta
the barrier also disappears. A second peak at about 2
GHz is observed for all the three voltages and is found to
related to the plasma frequencies of then and n1 regions.
Thus, this peak originates from the coupling between fl
tuations in carrier velocity and in the self-consistent fie
induced by then-n1 homojunction.29 Its magnitude and fre-
quency depend on the characteristics~doping and length! of
then andn1 regions.30 When a static PS is used, this seco
peak is completely washed out, thus supporting our interp
tation. Another important result is that at low frequencies

FIG. 4. Evolution of the carrier-velocity distribution along then region of
the diode for a biasing of 0.6 V. The distributions correspond to position
0.5000, 0.6750, 0.6950, and 0.6995mm inside the diode. The potentia
profile of then region is also shown.
González et al.
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values ofSI( f ) are significantly higher in the static schem
with respect to the dynamic one. In other words, the fluct
tions of the self-consistent field strongly suppress the
frequency noise: a well known phenomenon in the case
vacuum tubes.31

In order to illustrate the effects associated with the
turning carriers on the current-noise spectra, in Fig. 7
presentSI( f ) andSI( f )2SI(0) as a function of frequency in
the range 10–1000 GHz for two voltages under which
semiconductor-metal barrier persists. In this frequency ra
we identify two contributions to the spectral density: a fi
one coming from carriers able to pass the barrier, which
responsible forSI(0) and whose contribution toSI( f ) is con-
stant with frequency;16 and a second one originating from th
returning carriers. As demonstrated in Refs. 16 and 32,
second group is responsible for a contribution which is p
portional to f 2 until reaching a maximum whose amplitud
and frequency are related to the height and width of
barrier. Figure 7 clearly shows how thef 2 dependence is
detected in our results onceSI(0) is subtracted fromSI( f ),
thus confirming that the behavior of the spectra in this ra
is related to the returning carriers. The presence of the m
mum is also detected, although somewhat masked by pla
effects which start appearing at these high frequencies.

FIG. 5. ~a! Number of carriers inside the Schottky diode and~b! associated
capacitance as a function of the applied voltage. Circles~solid line! corre-
spond to Monte Carlo calculations and dashed line to the analytical est
tion according to the total depletion approximation.
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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Figure 8 presents the results forSI(0) as a function of
the current, calculated by using static and dynamic PSs.
to the spread in the time resolution ofCI(t), the uncertainty
of the calculations is estimated to be within 20%, a va
comparable to the experimental counterpart. In the lo
current region~corresponding toV,Vbi) SI(0) exhibits the
2qI dependence typical of a full shot-noise behavior cau
by the carriers crossing the barrier individually and at ra
dom. When going to the high-current region the effect of t
series resistance becomes increasingly important~since the
built-in potential tends to disappear!, and SI(0) deviates
from the shot-noise behavior. In this regionSI(0) ap-
proaches a value close to 4KBT/RS , whereT is the lattice
temperature, corresponding to the thermal noise associat
the series resistanceRS ~due to then andn1 regions in the
device!. This result is what is expected by assuming th
carriers remain thermal with the lattice. Finally, for the hig
est currents, the appearance of an excess noise due t
onset of hot carriers and intervalley mechanisms is e
denced by a significant increase ofSI(0).

a-

FIG. 6. Spectral density of current fluctuations as a function of freque
for several applied voltages, calculated by using a dynamic~instantaneous
fluctuations of the self-consistent electric field are considered! and a static
~neglected! Poisson solver.

FIG. 7. Frequency dependence of the spectral density of current fluctua
~subtracting its low-frequency value! in the range 10–1000 GHz for biasing
of 0.575 and 0.600 V. The dependence proportional tof 2 is also shown in
the figure.
2353González et al.



o

r-
g

o
t i
C
th
-
o
g

fo
e
o
ta
o
e

ue
P
m

e

am
ra
e
oc

the
bi-
a-

ic
cy.
-
In

s at

e re-
s

on
ss
ot

ncy
:

From a phenomenological point of view,SI(0) can be
analytically expressed as the sum of a shot and thermal n
contribution from:16

SI~0!5
2qIRj

2

~RS1Rj !
2

1
4KBTRS

~RS1Rj !
2

, ~7!

whereRj is the junction differential resistance. Equation~7!
predicts that for low currents, whenRj@RS , the behavior of
SI is 2qI, while for high currents, whenRS@Rj , it is
4KBT/RS . The results of the dynamic simulation are favo
ably compared with this analytical model and its two limitin
behaviors in Fig. 8. The value taken forRj is obtained from
theI -V characteristic in the exponential region, while that f
RS is calculated from the slope in the linear region, and i
about 5.531026 V cm2. The discrepancies between the M
results and the analytical model can be attributed to both
oversimplified model of Eq.~7! and the constant value as
signed to the series resistance, whose determination is c
plicated due to the fact that it is expected to be volta
dependent.15 Figure 8 also reports the values obtained
SI(0) with the static PS. While theI -V characteristics are th
same, the results forSI(0) differ considerably with respect t
the dynamic case, being systematically greater in the s
case, where no transition from a shot-noise behavior t
thermal-noise behavior is observed. Indeed, at the low
current SI(0) so calculated approaches the thermal val
Thus, the shot-noise behavior found with the dynamic
turns out to be the result of a suppression of the ther
noise ~detected in the static case! by means of the self-
consistent field fluctuations. Such a suppression is a w
known effect due to the presence of space charge.31 In view
of these results we emphasize the need to include a dyn
PS when studying noise spectra in SBDs, and more gene
in nonhomogenous devices,29,33 due to the essential rol
played by the coupling between fluctuations in carrier vel
ity and self-consistent electric field.

FIG. 8. Low-frequency value of the spectral density of current fluctuati
as a function of the current calculated by using static and dynamic Poi
solvers, together with the analytical model of Ref. 16 and their asympt
limits.
2354 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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C. Voltage noise

Figure 9 shows the result of a spatial analysis of
voltage spectral density in the SBD under study at three
asings for which the noise is controlled by different mech
nisms. HereSV(x,t), calculated with respect to the ohm
contact, is shown as a function of position and frequen
The pointsx50 mm andx50.7 mm correspond to the po
sitions of the ohmic and Schottky contact, respectively.
the high-frequency region, above about 1 THz, two peak
the plasma frequencies of then andn1 regions of the struc-
ture are observed; each peak originates in the respectiv
gion. This is the well known effect of plasma oscillation

s
on
ic

FIG. 9. Spectral density of voltage fluctuations as a function of freque
and position in the Schottky barrier diode for several average voltages~a!
0.575 V ~1.043103 A/cm2), ~b! 0.650 V ~8.823103 A/cm2), and~c! 0.925
V ~5.413108 A/cm2).
González et al.
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already detected in other devices liken1nn1 structures.19,28

At 0.925 V the great increase of the spectral density at
frequency practically washes out the peak related to thn
region, while the high-frequency behavior above 2 THz
mains practically the same.

On the contrary, the low-frequency behavior, which
related to the different mechanisms controlling the curr
throughout the device, changes significantly with the bias
Figure 10 shows the space derivative of the low-freque
value of the voltage spectral density as a function of posit
and average voltage,dSV(x,0)/dx. This magnitude is found
to take significant values at different points inside the dio
in going from the ohmic to the Schottky contact depend
on the biasing, thus revealing the spatial origin of the volta
noise. For low voltages~in fact lower than the built-in po-
tential at equilibrium, 0.640 V! shot noise is dominant, an
most of the noise arises in the depletion region close to
barrier. At increasing voltages, when flatband conditions
reached, the noise becomes spatially more distributed
mainly originates from then region of the device and corre
sponds to the thermal noise associated with the series r
tance. Finally, at the highest voltages, the presence of
carriers and intervalley mechanisms in then region is re-
sponsible for an excess noise contribution which le
SV(x,0) to increase significantly@see Fig. 9~c!#. In this last
case there is no barrier, most of the voltage drop occur
the n region of the device@see Fig. 3~d!# and the electrons
become hot after traveling some distance under the actio
the high electric field present in this region@see Fig. 3~c!#.
For voltages higher than 0.775 V the electrons gain eno
energy to transfer to the L valleys near the end of then
region. In these valleys the electrons have a larger effec
mass, making this region highly resistive, and thus an imp
tant source of noise. This is the reason whydSV(x,0)/dx
takes higher values and increases mainly near the Scho
contact. It is remarkable that this hot-carrier effect on
noise persists over a frequency range wider@see Fig. 9~c!#
than that for which the noise is related to the depletion reg
near the barrier at the lowest voltages@see Fig. 9~a!#.

FIG. 10. Space derivative of the low-frequency value of the spectral den
of voltage fluctuations as a function of position and mean voltage in
Schottky barrier diode under study.
J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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D. Equivalent noise temperature

In Fig. 11 we show the equivalent noise temperatu
TN(0) at low frequency calculated from Eqs.~3! and ~4!
~i.e., under current- and voltage-noise operation modes,
spectively! as a function of the current flowing through th
diode, together with some experimental data taken from R
18. Moreover, within current-noise operation,TN(0) has also
been calculated with the static and dynamic PSs. For the
of the dynamic PS, the results obtained from both opera
modes are found to practically coincide. At low curren
corresponding to the exponential region of theI -V character-
istic, the noise temperature is close to half the value of
lattice temperature. This is a universal feature associa
with the ideal forwardI -V characteristic which reveals a fu
shot noise behavior,SI(0)52qI. As the current increases
the effect of the thermal noise in the series resistance
comes important and the noise temperature increases tow
the lattice temperature, which is clearly crossed over for
highest currents because of the onset of the hot carrier eff
described before. This behavior ofTN(0) agrees favorably
with that found by different experimental measur
ments,15,17,18as those shown in Fig. 11. Here the univers
feature of theT/2 value at the lowest values of the curre
density is experimentally confirmed. On the other hand
have found a good qualitative agreement in the increas
TN(0) at higher current density, where a quantitative fitti
would require the inclusion of the specific parameters of
measured diode in the simulation. In fact, for example,
simulated diode has ann layer doping of 1016 cm23, while
in the case of the experimental data is of 231016 cm23 and
431016 cm23. The higher then layer doping, the higher the
built-in voltage of the semiconductor-metal junction, a
therefore the higher the current at which the noise temp
ture leaves theT/2 value and starts increasing. Concerni
the results obtained with a static PS, while theI -V charac-

ty
e
FIG. 11. Equivalent noise temperature at low frequency as a function of
current flowing through the diode. Circles correspond to Monte Carlo
culations performed considering a dynamic Poisson solver in the simula
and employing: current-noise operation~open circles! and voltage-noise op-
eration~full circles!. Squares correspond to calculations considering a st
Poisson solver and making use of current-noise operation. The dotted
dash-dotted lines correspond to experimental data taken from Ref. 18,
sured in Schottky barrier diodes withn layer doping of 231016 cm23 and
431016 cm23, respectively.
2355González et al.
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teristic was checked to remain the same, the values ofSI(0),
and thus ofTN(0), differ considerably~being systematically
higher! with respect to those obtained with a dynamic PS,
we have seen in Fig. 8. We remark on the essential role
the dynamic PS in determining the noise properties of th
devices. This is especially clear for low currents, where
noise suppression due to the presence of the space ch
near the barrier31 is only detected when the dynamic PS
employed.

E. Small-signal equivalent circuit and noise spectra

To provide a quantitative interpretation of shot noise
low frequency and returning carriers and plasma effects
higher frequencies, in this section we propose a small-sig
equivalent circuit for the SBD able to reproduce the wh
current- and voltage-noise spectra when the current thro
the diode is controlled by thermionic emission (V,Vbi).
Accordingly, the SBD can be represented by the series c
nection of three equivalent circuits representing each reg
of the device (n1 region, neutraln region andj depletion
region! as shown in Fig. 12.

The n1 region and the neutraln region are represente
by intrinsic equivalent circuits corresponding to homog
neous samples in which transport is controlled
collisions.34 Here R5 l /(qNDm) indicates the ohmic resis
tance of the sample~with m the mobility,ND the doping and
l the length!, C5«0« r / l the capacitance of a parallel-pla
capacitor whose dielectric is the sample a
L5m* l /(q2ND) the inductance. These passive elements
related to the characteristic times of each region
L/R5tm5m* m/q, LC5tp

25tmtd5m* «0« r /(q2ND) and
CR5td5«0« r /(qNDm), wheretm , tp andtd are the mo-
mentum, plasma and dielectric relaxation times of the ma
rial, respectively.30 In this way the impedance correspondin
to any of these two regions is:

Z~v!5R
11 ivL/R

12v2LC1 ivCR
5R

11 ivtm

12v2tp
21 ivtd

5R
11 i@vtm~12v2tp

2!2vtd#
~12v2tp

2!21v2td
2 . ~8!

Z1(v), corresponding to then1 region, is independent of th
biasing, which is not the case ofZ2(v), corresponding to the
n region. In order to apply Eq.~8! to the neutraln region we
must know its lengthl 2 , which corresponds to 0.35mm (n
region length! minus the length of the depletion regio

FIG. 12. Intrinsic small-signal equivalent circuit for the Schottky barr
diode at voltages lower than the built-in potential. Index 1 correspond
the n1 region, 2 to the neutraln region andj to the depletion region.
2356 J. Appl. Phys., Vol. 82, No. 5, 1 September 1997
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~which depends on biasing!. This last can be obtained from
the stationary carrier concentration profile@see Fig. 3~a!#,
and it can also be estimated from the total depletion appr
mation. The mobility of then and n1 regions can be ob-
tained from bulk MC simulations.

The junction ~depletion region! is represented in the
equivalent circuit by the standard parallel of its resistanceRj

and its capacitanceCj , so that

Zj~v!5
Rj

11 ivCjRj

5
Rj~12 ivCjRj !

11v2Cj
2Rj

2
. ~9!

Both Rj and Cj depend on the biasing.Rj is obtained by
subtractingR11R2 from the differential resistance obtaine
from the I -V curve, andCj takes the values shown in Fig
5~b!.

The small-signal equivalent circuit of Fig. 12 can b
applied to predict and explain the noise behavior of the dio
in the whole frequency range forV,Vbi . Since under this
condition both then1 and neutraln regions show an ohmic
behavior and are practically at thermal equilibrium, the l
tice temperatureT is used to represent the noise related
them. In the case of the depletion region, since it is resp
sible for the appearance of shot noise, it will contribute to
noise with a temperatureT/2. In this way, by using the Ny-
quist relationship, the voltage noise can be evaluated as

SV~v!54KBT$R@Z1~v!1Z2~v!#1 1
2R@Zj~v!#%

~10!

from which the current noise is obtained asSI(v)
5SV(v)/uZ(v)u2, where Z(v)5Z1(v)1Z2(v)1Zj (v) is
the total impedance of the diode.

Figure 13 shows the comparison between the curre
and voltage-noise spectra obtained with the equivalent cir
and from the MC simulation for an applied voltage of 0.5
V. The parameters of the equivalent circuit for this biasi
take the valuesl 2 50.20 mm, Rj 52.5931025 V cm2 and
Cj 51.1331027 F/cm2. A reasonable agreement betwe
both results is found. The equivalent circuit reproduces c
rectly the low-frequency values and the main features~fre-
quency dependence, position of the maxima, etc.! of the
noise spectra. Moreover, it is possible to associate the dif
ent effects detected in the spectra with the elements of
equivalent circuit and check in such a way the physical
terpretation given to the MC results. Thus, the presence
the peak at 2200 GHz inSI( f ) is related to the combination
of Z1(v) and Z2(v) with their associated resonant plasm
frequencies,30 which is consistent with the physical explan
tion obtained from the simulation. Furthermore, the effect
the returning carriers leading to the initialf 2 behavior and
the peak at 600 GHz is related to the presence of the cap
tanceCj in Zj (v). In the case ofSV( f ) the two peaks at high
frequency are associated, as expected, with the reso
plasma frequencies ofZ1(v) andZ2(v), and the initial de-
crease of the spectrum with the effect ofCj . Of course both
low-frequency valuesSI(0) andSV(0) are determined by the
dominant role played byZj (v) at low frequency.

The discrepancies found between the equivalent cir
and the MC results, especially important in the amplitude

to
González et al.
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the second maximum ofSI( f ), can be attributed to the fac
that the circuit model neglects the free-carrier diffusi
around the homojunction. To check this conjecture we h
also simulated a GaAs SBD where this homojunction is s
pressed. It consists of just a semiconductorn region of 0.4
mm with a doping of 531016 cm23 surrounded by ohmic and
Schottky contacts. In this case the equivalent circuit cons
of just the series ofZ2(v) ~neutral n region! with Zj (v)
~depletion region!. Figure 14 shows the results obtained f
SI( f ) in this diode for two biasings. In this case, in the a
sence of then1-n homojunction, only the peak related to th
returning carriers is observed. The frequency at which
peak appears is higher than in the previous case, since
doping of the semiconductor is higher and therefore
depletion region is shorter and the characteristic return
time is also shorter.16 The agreement found between th
equivalent circuit and the MC results is excellent. In partic
lar, the low-frequency value and the amplitude and f
quency of the maximum are nicely reproduced.

V. CONCLUSIONS

An ensemble MC simulator self-consistently coupl
with a one-dimensional PS has been used to investigate
high-frequency noise properties of GaAs SBDs. T
method, by intrinsically incorporating the processes caus
the fluctuations, allows for a deep microscopic interpretat
of the noise behavior of these devices. The main conclus
are the following:

FIG. 13. Spectral density of~a! current and~b! voltage fluctuations for a
biasing of 0.575 V~1.043103 A/cm2) obtained from Monte Carlo calcula
tions ~dashed lines! and from the equivalent circuit~solid lines!.
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~i! The static characteristics of the diode are favora
compared with the existing theories on the ideal behavio
SBDs. Thermionic emission, series resistance and hot ca
regimes are detected.

~ii ! By using current-noise operation, our microscop
model naturally detects the presence of shot, thermal
excess noise and reproduces their main features withou
voking phenomenological noise sources. By employing st
and dynamic schemes to solve the Poisson equation, the
pling between fluctuations in carrier velocity and the se
consistent field has been proven to essentially modify
noise spectra. In particular, it is responsible for the appe
ance of shot noise in the SBD by suppressing the ther
noise.

~iii ! By using voltage-noise operation a spatial analy
of voltage noise has been performed, providing local inf
mation on the strength of the noise sources.

~iv! The results obtained for the equivalent noise te
perature at low frequency show a behavior which is in agr
ment with experimental results. Theoretical predictions
the frequency region above 10 GHz need to be confirm
experimentally.

~v! A small-signal equivalent circuit able to reproduc
the noise spectra under the thermionic emission regime
been proposed. The different features of the spectra are
terpreted in terms of the elements of the equivalent circu
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e21T. González, D. Pardo, L. Varani, and L. Reggiani, Semicond. Sci. Te
nol. 9, 580 ~1994!.

22J. G. Adams, T.-W. Tang, and L. E. Kay, IEEE Trans. Electron Devic
ED-41, 575 ~1994!.
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