
Analysis of current fluctuations in silicon pn 1 and p1n homojunctions
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A detailed study of bipolar transport under forward-bias conditions is evaluated by Ensemble Monte
Carlo simulation in two structures~p1n and pn1 junctions!. The static characteristics of both
structures are presented. In particular, this study focuses on a microscopic analysis of current
fluctuations. A decomposition of the autocorrelation function of the total current fluctuations in
electron, hole and crossed contributions is performed. In this way, the importance of each type of
carrier in the spectral density of current fluctuations in both structures for a wide frequency range
is determined. In the low frequency range, the presence of shot, thermal and excess noise was found.
The Ensemble Monte Carlo method also permits ready evaluation of the noise equivalent
temperature in both structures. ©1996 American Institute of Physics.@S0021-8979~96!09409-7#
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I. INTRODUCTION

In the last fifteen years the development of technolo
for the manufacture of submicron devices has allowed
extension of the maximum frequency of oscillation (fmax)
into the millimeter-wave region~30–300 GHz!. The optimal
noise figure of devices working in this frequency region is
increasing function of frequency@for example, see the Fuku
model for microwave metal–semiconductor field-effect tra
sistor ~MESFET!#.1 This means that, in practice, the usef
amplification band~frequencies in which the signal-to-nois
ratio is greater that one! was lower thanfmax. Hence, to
design new high speed and low noise electronic devices
essential to have available an adequate modelling of n
phenomena at high frequency. Accordingly, a good mod
ling of these phenomena begins with knowledge of the fl
tuations in the microscopic processes of transport that ca
noise~both in low and high frequencies!.

The Ensemble Monte Carlo~EMC! method is the one
most frequently used to study charge transport on submic
devices due to its ability to provide accurate results wh
carrier transport occurs under nonequilibrium carrier-latt
conditions.2 This method not only provides meaningfu
physical quantities to describe the static and dynamic beh
ior of the device~mean velocity, current, carrier density, etc!
but also affords its fluctuations. An essential characteristic
the EMC is that it allows one to gain a microscopic unde
standing of the different noise sources because these ar
cluded in the simulations without introducing additional a
sumptions into the microscopic transport model.3

Quite recently the development of high frequency d
vices~larger than 10 GHz! has focused on unipolar technolo
gies. However, the recent development of bipolar techn
ogy, such as that based on a Si-Ge4,5 alloy, has allowed the
manufacture of high-performance heterojunction bipo
transistors~HBTs!. This has emphasized the importance o
detailed characterization of noise performances in bipolar
vices. The study of this can be carried out by means of
EMC method, which has been successfully employed to
vestigate the fluctuations in different high speed unipolar
vices: n1nn1 junctions, Schottky diodes and GaA
MESFET.6–9
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Study of the noise phenomena occurring in a heteroju
tion is a complex problem because many physical mec
nisms responsible for different noise sources~lattice phonons
and charged impurity scattering, fluctuations in barr
height, quantum transport at heterojunction, energy lev
quantization, carrier mass change between both sides of
union, etc.! are involved. For such purposes, a first step
volves studying bipolar homojunctions in order to clear
determine the origin of the current fluctuations due to t
classic transport, which is of diffusive type. In this article w
report a MC analysis of noise in basic bipolar structures~Si
p1n andpn1 homojunctions! and perform a physical inter-
pretation of the total current fluctuations in terms of the ele
tron, hole and crossed~electron-hole and hole-electron! con-
tributions.

The article is organized as follows: In Section II, th
details of the simulated structures, the Si physical model a
the characteristics of the EMC method together with the
rameters used in the simulation are described. In Section
we offer a theoretical analysis of the calculated magnitud
together with the previously performed decomposition of t
autocorrelation function and of the spectral density of to
current in terms of the electron, hole and crossed contri
tions. Section IV offers the simulation results, the sta
characteristics—which is the first and important step in t
study of fluctuations—and the study of current noise for bo
structures. Finally, in Section V we offer the main concl
sions.

II. DEVICE MODEL SIMULATOR: UNIDIMENSIONAL
ENSEMBLE MONTE CARLO

The simulated structures are modelled as abrupt
pn1 andp1n junctions. We assume the absence of bidime
sional effects in the devices and the study is carried out in
@100# crystallographic direction. The doping level of then1

and p1 regions is 1017 cm23 and such regions are 0.3mm
long whereas then and p regions of doping density is
531015 cm23 and these regions are 0.4mm long. According
to these doping densities, the built-in potential~Vbi) is 0.735
V ~300 K!. Ohmic contacts were placed at both ends of t
structures where the carriers are injected into the device,
69755/7/$10.00 © 1996 American Institute of Physics
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dating the number of electrons and holes considered. Th
contacts are characterized because the neutrality is m
tained in a region close to the contact by injecting at ea
time step the number of thermal electrons necessary to eq
the free-carrier concentration to the impurity density. In a
dition, any carrier reaching the contact leaves the device.
account for the higher probability of particles with a larg
velocity to enter the device, the velocity of the particles
chosen randomly according to a Maxwellian distributio
function weighted by the velocity component perpendicul
to the contact and directed into the device.10

The microscopic model implemented in the simulat
enables one to follow the electron and hole dynamics sim
taneously. The band structure considered includes theX and
the L valleys of the conduction band anisotropically.11 The
valence band model includes two nonparabolic bands~heavy
and light! degenerated at theG point with spherical energy
surfaces. The Si hole parameters used in the simulation
shown in Table I. Owing to the particular form of the va
lence band, intraband as well as interband transitions mus
taken into account in each type of scattering mechanis
Here, we consider inelastic acoustic, nonpolar optic scatt
ing and ionized impurity interactions. The overlap expre
sions for intra- and interband transitions are included wh
selecting the final state after scattering. As has been d
cussed previously,14–16 acoustic phonon scattering must b
considered as an inelastic process. The small exchang
energy between charge carriers and the lattice in a sin
scattering event is necessary to achieve available station
conditions at low electric fields and low temperatures. Wi
the inclusion of these models, the drift velocity-electric fie
characteristics obtained for bulk Si show excellent agreem
with the experimental results both for electrons and f
holes.15–17

Calculation of the physical quantities of interest is ca
ried out following the standard scheme;2 that is, by self-
consistently coupling the EMC simulator~three-dimensional
in k-space and one-dimensional in real space! with a Poisson
solver algorithm that allows one to obtain the spatial dist
bution of electric potential. Generation-recombination ph
nomena~band-band, band-impurities, . . .! were not consid-
ered due to the small length of the devices.

To reduce the large CPU time necessary in very lo
forward bias conditions, in which the minority carrier densi
is very small, a real-space repetition scheme18 was imple-

TABLE I. Parameters for Si holes used in the simulation.

Parameter Unit

Acoustic deformation potentiala 5.0 eV
Optical deformation potentiala 26.631010 eV/m
Acoustic phonon energyb 1.05 meV
Optical phonon temperatureb 735 K

Heavy band Light band
Effective massc 0.537m0 0.153m0

Non-parabolicity 0.9 0.6 eV21

aSee Ref. 13.
bSee Ref. 14.
cSee Ref. 12.
6976 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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mented. This scheme allows us to maintain a quasiconst
number of simulated particles in all cells instead of the larg
concentration gradients that appear in the devices. The
vice is divided into equal cells of 100 Å each; these a
sufficiently small to reproduce the spatial variations in th
electric potential. The time step,DT, to solve the Poisson
equation is 10 fs. The mean number of simulated particl
changes with bias. As an example, in thep1n structure for a
voltage of 0.8 V this number is about 10500.

III. THEORETICAL ANALYSIS

To analyze the current fluctuations in the current-noi
operation mode the voltage applied to the electrodes m
remain constant.3 Under these conditions the displacemen
current between electrodes is null. In a one-dimensional
polar structure of lengthL, the conduction current,I(t), is
given by:

I ~ t !5
q

L (
i51

NTe~ t !

v i~ t !2
q

L (
j51

NTh~ t !

v j~ t ! ~1!

whereq is the absolute value of the electron charge,v i(t)
andv j (t) are the instantaneous velocities along the elect
field direction of the i th electron or thej th hole, and
Nte (t) andNth (t) are the total number of electrons or holes
respectively, inside the device.

In order to obtain the total current fluctuations in term
of the contributions of electrons and holes,I(t) can also be
expressed as:

I ~ t !5I e~ t !1I h~ t !, ~2!

whereI e(t) is the electron current andI h(t) the hole current.
The mathematical quantity that characterizes the curre

noise is the autocorrelation function of the total current flu
tuationsCI(t), given by

CI~ t !5dI ~0!dI ~ t !, ~3!

where dI (t)5I (t)2 Ī are the total current fluctuations
~where the upper bar indicates time average!.

Then the autocorrelation function of the total curren
fluctuations is therefore given by:

CI~ t !5CIe1CIh1CIc , ~4!

where:

CIe5dI e~0!dI e~ t !, ~5!

CIh5dI h~0!dI h~ t !, ~6!

CIc5dI e~0!dI h~ t !1dI h~0!dI e~ t ! ~7!

are the terms associated with different contributions to t
total current autocorrelation function.CIe is associated with
the electron current fluctuation,CIh is associated with the
hole current fluctuation, andCIc is associated with the cross
correlation between electron and hole current fluctuations

According to the Wiener-Kintchine theorem,19 the spec-
tral density of current fluctuations is obtained from the aut
correlation functions as its Fourier transform:
Martı́n, Velázquez, and Pardo
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SI~ f !52E
2`

`

CI~ t !e
j2p f t dt5SIe1SIh1SIc , ~8!

where:

SIe~ f !52E
2`

`

CIe~ t !e
j2p f t dt, ~9!

SIh~ f !52E
2`

`

CIh~ t !e
j2p f t dt, ~10!

SIc~ f !52E
2`

`

CIc~ t !e
j2p f t dt. ~11!

Once the stationary situation has been reached, at
time step theI e(t) andI h(t) values are recorded to calcula
the autocorrelation and cross-correlation functions. Un
stationary conditions, in thep1n structure for the applied
voltage of 0.8 V, the deviation in the number of simulat
particles—around the mean value—is about 5%. Owing
the characteristics of the bipolar device transport it was n
essary to perform the simulation over 1 ns after a trans
period of 20 ps to obtain a suitable convergence of the a
correlation and cross-correlation functions.

IV. RESULTS

A. Static characteristics
Before reporting the results of noise analysis, we of

the main static results. Figure 1 shows the total forw
current-voltage characteristics of the~a! p1n and ~b! pn1

structures. The electron and hole currents are also plo
Figure 2 shows the potential profile of the structures for d
ferent forward bias~Vappl!. It may be seen from this figure
that whenVappl,Vbi the whole of the potential drop is esse
tially localized in the spatial charge region of the junctio

FIG. 1. Total current density~continuous line!, electron current~closed
symbols! and hole current~open symbols! as a function of applied bias:~a!
for the p1n structure and~b! for the pn1 structure.
J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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~barrier-limited current transport! and almost all the spatial
charge region is located in the low doping region, in agre
ment with the classic results of the Schockley model. In th
bias range~300 mV,Vappl,600 mV!, the simulation results
show that the current in both structures follows exponenti
behavior, in agreement with the theoretical equation of
short diode.20 In both structures, for applied voltages abov
Vbi the junction barrier disappears and the voltage dro
along the whole device. Under these conditions the junctio
behave as a ‘‘resistance’’ varying with the bias.

In the range of barrier-limited current, Figure 1, the tota
current is essentially due to the majority carriers of th
highly doped region~electrons in thepn1 junction and holes
in the p1n one!. Nevertheless, forVappl.Vbi , in the pn1

diode the total current is still mainly due to the electro
current whereas in thep1n diode the high mobility of the
electrons means that their contribution to the total curre
becomes comparable to the hole current. Below we sho
that this elicits a different kind of noise behavior betwee
both structures.

B. Noise results

In this section we present the results obtained concerni
the autocorrelation functions and the spectral density of cu
rent fluctuations, as well as the different terms into whic
these have been divided.

Figures 3~a! and~b! show the results of the autocorrela
tion function of the total current fluctuations~CI! for differ-
ent forward voltages applied, respectively, to thepn1 and
p1n diodes. In generalCI exhibits a negative part which
decreases with the forward bias. However,CI is modified in
each structure in different ways when bias increases. T
differences inCI between both structures can be analyzed

FIG. 2. Profiles of potential as a function of the position in the~a! pn1 and
~b! p1n structures for different forward biases.
6977Martı́n, Velázquez, and Pardo
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terms of its components: autocorrelation functions of el
tron current fluctuations,CIe , hole current fluctuations
CIh , and cross-correlation functions of current fluctuatio
CIc .

Figure 4 shows theCI decomposition for thepn
1 struc-

ture for the applied voltages~a! 0.65 V and ~b! 0.75 V.
Figure 5 shows a similar decomposition for thep1n struc-
ture where the calculations are performed under the s

FIG. 3. Autocorrelation function of total current fluctuations as a function
time of the~a! pn1 and ~b! p1n structures for different applied voltages.

FIG. 4. Decomposition of the autocorrelation function of total current fl
tuations in thepn1 structure for~a! 0.65 V and~b! 0.75 V forward bias.
6978 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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voltage conditions. It may be seen in both structures and
all biases thatCIe andCIh are characterized by an exponen
tial decay~associated with the momentum relaxation due
scattering processes! and a negative part commonly attrib
uted to the coupling between the fluctuations of the elect
field and the carrier velocity fluctuations. This coupling re
quires the presence of an inhomogeneity in the structure.7

of

c-

FIG. 5. Decomposition of the autocorrelation function of total current flu
tuations in thep1n structure for 0.65 V~a! and 0.75 V~b! forward bias.

FIG. 6. Carrier number inside the~a! pn1 and ~b! p1n structures as a
function of forward bias. Open and closed symbols correspond to electr
and holes number, respectively.
Martı́n, Velázquez, and Pardo
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Taking into account that current fluctuations can
originated by fluctuations in velocity and carrier numbe
~present inside the structure! and in order to analyze the rol
played by each of these terms,CIe , CIh andCIc have been
subdivided into terms associated with the autocorrelat
functions of carrier velocity and carrier numbe
fluctuations.21 The highly doped regions of the structure
~n1 or p1 means that the autocorrelation function of carr
number fluctuations is negligible in comparison with the a
tocorrelation function of velocity fluctuations~at least at four
orders of magnitude!, as confirmed in the simulation. Th
presence of strong space-charge effects tends to suppres
number fluctuations through the long range Coulom
interaction.7 Thus,CIe , CIh andCIc are only determined by
the contribution of the autocorrelation function of veloci
fluctuations. This contribution is expressed in terms of t
mean number of particles and the velocity fluctuations.3 This
implies that the increase inCIe , CIh due to the increase in
bias would be due to the increase in both the mean car
number and the carrier velocity fluctuations. In Figure
which shows the dependence on voltage of the mean num
of electrons and holes present inside the device per sq
meter, it may be seen that the increase in the mean numb
the majority and the minority carriers with voltage is simil
in both structures. Accordingly, the difference between
autocorrelation functions of minority current fluctuations
both structures is only due to the velocity fluctuations. As
consequence, the increase in the autocorrelation functio
minority current fluctuation with voltage is greater in th
p1n structure~in accordance with the density current beha
ior!, basically due to the greater mobility of the electrons

In the pn1 structure~Figure 4!, regardless of the pres
ence of the barrier,CI is essentially determined by theCIe

contribution ~majority carriers of the highly doped region!,

FIG. 7. Spectral density of total current fluctuations of~a! pn1 and~b! p1n
structures as a function of frequency for different applied voltages.
J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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although at very high bias theCIh and CIc contributions
become significant. Figure 5 shows that in thep1n structure
theCIe and theCIc contributions have an essential and in
creasing weight when forward bias increases. This mea
that in this structureCI does not display any clear kind of
behavior determined for one type of carrier~holes! but rather
that it is a combination of all contributions. This importan
increase in the electron contribution with bias was previous
observed in the static current-voltage characteristic of t
p1n structure.

FIG. 8. Decomposition of the spectral density of total current fluctuations
the pn1 structure for~a! 0.65 V and~b! 0.75 V forward bias.

FIG. 9. Decomposition of the spectral density of total current fluctuations
the p1n structure for~a! 0.65 V and~b! 0.75 V forward bias.
6979Martı́n, Velázquez, and Pardo
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The spectral-density of total current fluctuations~SI! is
the quantity which describes the microscopic noise in diffe
ent frequency ranges. The results ofSI obtained by Fourier
transforming the autocorrelation function of current fluctua
tions~Figure 3! are plotted in Figure 7. Note that for thepn1

diode both the frequency of the spectral density maximu
~around 1200 GHz! and its amplitude remain practically con-
stant with bias. However, in thep1n structure both quanti-
ties are strongly modified when forward bias is increased.

To analyze these results, we turn to the decomposition
the spectral density of total current fluctuations. The corr
sponding results of thepn1 structure are shown in Figure
8~a! for V50.65 V and~b! for V50.75 V. SIe is the main
contribution of the total spectral density in this structure

FIG. 10. Low-frequency value of the spectral density of current fluctuation
as a function of the total current flowing through the~a! pn1 and ~b! p1n
structures. Symbols refer to Monte Carlo calculations.

FIG. 11. Monte Carlo calculation of low-frequency value of the spectra
density of current fluctuations as a function of bias in thepn1 ~closed
symbols! andp1n ~open symbols! structures.
6980 J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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Accordingly, the frequency of theSI maximum ~associated
with the negative part ofCI! is related to the plasma fre-
quency of the electrons in then1 region. The results of the
p1n junction are plotted in Figure 9 and correspond to the
same bias conditions used in Figure 8. When the barrier r
mains @Figure 9~a!# the influence of the minority carriers
~electrons! is considerable at low frequencies but these hav
no effect on the spectral density maximum, which is only
related to the plasma frequency of the holes in thep1 region
~around 1000 GHz!. For high forward bias@Figure 9~b!#, it
can be seen that theSIe andSIc contributions lead to changes
in the frequency of the total spectral density maximum. Thi
maximum is now characterized by the plasma frequency o
the electrons in then region ~around 400 GHz!. As pointed
out earlier, the origin of this change lies in the effect of the
electrons when the barrier disappears. Moreover, forVappl

. 0.75 V the increase in the number of carriers with high
mobility in this structure~Figure 6! causes a slight increase
in the frequency of the spectral density maximum~Figure 7!.

The spectral density at low-frequency,SI~0!, as a func-
tion of the forward current in the structures is shown in Fig
ure 10. For both junctions, in the low current region~Vappl

, Vbi) SI~0! exhibits a dependence close to 2qIT , whereI T
is the total current. This behavior is typical of a shot noise
region caused by the carrier crossing the barrier individuall
and at random.22 In the intermediate current region, the noise
is attributed to the fluctuations of the carrier velocity~ther-
mal noise!. In this region,SI~0! tends towards a value close
to 4KBT/R, whereKB is the Boltzmann constant,T the lat-
tice temperature andR the ‘‘differential’’ resistance of the
junctions whenVappl'Vbi . At the highest current, the pres-
ence of hot carriers is responsible for excess noise, leadi
SI~0! to increase considerably.

Figure 11 shows the spectral density at low frequencie
of both structures as a function of forward bias. For low bias
SI~0! takes lower values in thep1n structure, corresponding
to a lower current level. However, when bias increases th
low frequency spectral density tends to saturation value~like
the current density behavior! that is greater in thep1n struc-
ture. Moreover, for very high voltages an important increas
in SI~0! only appears in thepn1 diode. The differences be-

s

l

FIG. 12. Equivalent noise temperature at low frequency as a function of th
total density current in thepn1 ~closed symbols! andp1n ~open symbols!
structures.
Martı́n, Velázquez, and Pardo
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tween both structures at these voltages can be explained
terms of the presence of hot carriers. When there is no b
rier, most of the voltage drop occurs in the low doping re
gion ~Figure 2!. The voltage drop is responsible for the high
values of the electric field in that region. The simulatio
results show that in thep region of thepn1 diode the elec-
trons reach a mean energy maximum of 0.14 eV for th
extreme applied voltage of 1.1 V, whereas in thep1n struc-
ture the mean energy of holes only reaches 0.075 eV in thn
region under the same bias conditions. This electron heat
explains the different behavior ofSI~0! between both struc-
tures at high applied voltages.

Finally, Figure 12 shows the noise equivalent temper
ture at low frequencies6 as a function of the current density
of both structures. It may be seen that the calculated no
equivalent temperature is greater in thep1n structure for all
density current levels. This fact arises from the different d
pendence on the voltage of the admittance in both structur
in contrast to theSI~0! results~Figure 11!. In the low current
range, corresponding to the exponential region of th
current-voltage characteristics, the noise temperature te
towards a value close to one half of the lattice temperatu
This points to a full shot noise behavior.22 As current in-
creases, thermal noise becomes important and noise temp
ture increases towards the lattice temperature. For the high
currents, noise temperature surpasses the lattice tempera
due to the hot carrier effect remarked above.

V. CONCLUSIONS

Using self-consistent coupling of the EMC simulato
~three-dimensional ink space and one dimensional in rea
space! with a Poisson solver algorithm we have analyze
both the static characteristics and the current fluctuations
bipolar homojunctions:p1n and pn1. The current-voltage
static characteristics show exponential behavior when t
barrier remains. For high forward bias~greater than the bar-
rier height! the junctions exhibit ‘‘resistor-like’’ behavior. In
this region, the different mobility of the majority carriers o
both structures establishes an important difference in t
noise results between both structures.

Through current fluctuations the spectral density of th
total current is obtained for both structures. By decomposi
the spectral densities in electron, hole and crossed contri
tions it is possible to evaluate the influence of the minori
carriers~electrons in thep1n structure and holes in thepn1

one! on the noise behavior of each structure. Whereas t
holes in thepn1 structure have no decisive influence, th
electrons in thep1n structure have an important effect both
on the current-voltage static characteristics and the noise
J. Appl. Phys., Vol. 79, No. 9, 1 May 1996
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sults. As consequence, in this structure the electron contrib
tion causes a decrease in the frequency of the spectral dens
maximum when voltage is increased. At low frequency, de
pending on the value of the current density, the presence
shot, thermal and excess noise can be observed. Excess no
due to the onset of hot carriers was found mainly in thepn1

diode. The simulation results indicate that for all density cur
rent levels the noise equivalent temperature is greater in th
p1n structure.
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