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An ensemble Monte Carlo~EMC! simulator has been used to study bipolar transport in siliconp1n
and pn1 homojunctions under forward-bias conditions, both in low- and high-injection regimes.
The study focuses on a microscopic analysis of voltage fluctuations in such devices. The method of
voltage-noise operation mode provides spatial analysis of the spectral density of voltage fluctuations
under constant-current conditions. In the low-frequency range, the presence of shot, thermal, and
excess noise due to hot carriers was found when the bias conditions were modified. Also, the EMC
method permits ready evaluation of the noise equivalent temperature in both structures from the
observed voltage fluctuations. ©1997 American Institute of Physics.@S0003-6951~97!01149-2#
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Until quite recently, the development of high-speed d
vices has focused on unipolar III–V technologies. Howev
the recent development of a bipolar technology, such as
based on the Si–Ge~Refs. 1 and 2! alloy, has allowed the
manufacture of high-performance heterojunction bipo
transistors~HBTs!. Furthermore, the tendency to down sca
the dimensions of devices has emphasized the importanc
both a better understanding of far-from-equilibrium pheno
ena and a detailed characterization of electronic noise, w
are relevant for optimizing the performances of bipolar d
vices. Accordingly, a good modeling of these phenome
begins with knowledge of the fluctuations in the microsco
processes of transport that cause noise~both in low and high
frequencies!. Before addressing the study of these more co
plex heterojunction devices, it seems appropriate to ana
the bipolar homojunction devices in which the transp
properties associated with both types of carriers and t
interaction must appear. Study of this can be carried ou
means of an ensemble Monte Carlo simulation s
consistently coupled with a Poisson solver algorithm, wh
has previously and successfully been employed to investi
the fluctuations in different high-speed unipolar devic
n1nn1 junctions, Schottky diodes, and GaAs meta
semiconductor field-effect transistor~MESFET!.3–6

The simulated structures are modeled as abrupt
pn1y p1n junctions.7 The doping level of then1y p1 re-
gions is 1017 cm23, and such regions are 0.3mm long,
whereas the n and p regions doping density is 5
31015 cm23, and these regions are 0.4mm long. According
to the doping densities, the built-in potential~Vbi is 0.735 V
~300 K!. The microscopic model implemented in the sim
lator enables one to follow electron and hole dynamics
multaneously. The band structure considered includes thX
and theL valleys of the conduction-band anisotropically7

The valence-band model includes two nonparabolic ba
~heavy and light! degenerated at theG point with spherical
energy surfaces.7 Calculation of the physical quantities o
interest is carried out following the standard schem8

Generation–recombination phenomena~band-to-band, band
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to-center,...! were not considered, owing to the small leng
of the devices.9 The device is divided into equal cells of 1
nm each; these are sufficiently small to reproduce the sp
variations in the electric potential. The time step to solve
Poisson equation is 10 fs.

The theoretical analysis to perform the study of the vo
age fluctuations has been previously used in different un
lar devices.6 The theory underlying the method is based
the expression for the total current,I (t). For a one-
dimensional structure of total lengthL, that current is given
by

I ~ t !5I c~ t !2
Ae0e r

L

d

dt
DV~L,t !, ~1!

wheree0 is the free-space permitivity,e 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, andI c(t) the conduction current, which for a bipola
device can be written as

I c~ t !5
q

L (
i 51

NTe~ t !

v i~ t !2
q

L (
j 51

NTh~ t !

v j~ t !, ~2!

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 theith electron or thejth hole, andNTe(t)
andNTh(t) total number of electrons or holes, respective
inside the device.

In order to analyze the voltage fluctuations inside t
device ~voltage-noise operation mode!, the condition to be
imposed is to keep the total current through the struct
constant in time, i.e.,I (t)5I 0 . In these operation conditions
from Eq. ~1! we obtain

d

dt
DV~L,t !5

L

Ae0e r
@ I c~ t !2I 0#. ~3!

In each time step,Dt, this relationship gives the instan
taneous voltage drop between the terminals:5 the deviation of
I c(t) from I 0 yields usDV(L,Dt). With a sufficient number
of time steps and through the resolution of the Poisson eq
tion, this procedure allows one to calculate the instantane
voltage fluctuations along the device:V(x,t5nDt). Conse-
/97/71(23)/3382/3/$10.00 © 1997 American Institute of Physics
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quently, this method provides the autocorrelation funct
and the spectral density of voltage fluctuations, respectiv
Cv(x,t) andSv(x,t), under constant total-current condition
as a function of different positions inside the device as m
sured from one of the contacts.

Figure 1 shows the total forward density current~J!–
voltage~V! characteristics of the~a! p1n and~b! pn1 struc-
tures~Fig. 1! for V close toVbi . The electron and hole den
sity currents are also plotted. WhenV,Vbi , the whole of the
potential drop is essentially localized in the spatial cha
region of the junctions~barrier-limited current transport!. In
this bias range, the simulation results show that the curren
both structures exhibits exponential behavior, in agreem
with the theoretical equation of a short diode.10 In both struc-
tures, for applied voltages aboveVbi ~high-injection regime!,
the junction barrier almost disappears and the voltage d
along the whole device. As a consequence, there is an e
tric field different from zero in the quasineutral regions. U
der these conditions, the junctions behave as a ‘‘resistan
varying with the bias.

Figure 2 shows the spectral density of the voltage fl
tuations,SV(x, f ), ~taking as a reference the contact in t
n-type region in both structures! for a value of the average
bias equal to 0.65 V. This value corresponds, respectively
a total current density (I 0 /A) equal to 3.57 107 and 1.94
3106 A m22 in the pn1 and p1n structures. The effect o
the plasma oscillations dominates the voltage fluctuation
the highly doped regions of both structures and, theref
SV(x, f ) exhibits a maximum at very high frequencies cr
ated by spatial growth into the highly doped region of ea
diode, which does not depend on the applied voltage. T
maximum appears for a frequency value related to the
jority carrier plasma frequency and the dielectric relaxat
time of then1 and p1 regions, respectively, forpn1 and
p1n diodes. For the structures considered, the frequencie
SV(x, f ) maxima are very different~around 1300 GHz in the
pn1 diode and close to 700 GHz in thep1n one!. This
means that only thepn1 have a well-defined maximum
whereas in thep1n diode is masked by the contributions
the lower frequencies~thermal noise!.

In contrast to the results of high frequencies, the beh
ior of the spectral density at low frequency is strongly d

FIG. 1. Total current density~continuous line!, electron current~closed
symbols!, and hole current~open symbols! as a function of average bias:~a!
for the pn1 structure and~b! for the p1n structure. Also shown are the fit
of the current density of electrons and holes by the theoretical equation
short diode: discontinuous and dotted lines, respectively.
Appl. Phys. Lett., Vol. 71, No. 23, 8 December 1997
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pendent upon the average voltage. The low-frequency va
of the spectral density of the voltage fluctuations,SV(0,0), is
affected by different internal mechanisms that control
noise in the device and varies with the voltage~the presence
of a barrier, velocity fluctuations in Ohmic conditions, h
carriers, etc.!. This means thatSV(x,0) allows one to locate
the positions of the different noise sources inside the str
tures. In view of these special characteristics, this quan
merits closer examination. In Fig. 3 we showSV(x,0) for
different average voltages in both structures. In the hig
doped regions of both structures, resistance is essentially
termined by the majority free-carrier concentration~equal to
the doping density along the whole region!. As a conse-
quence of the large doping difference between both regi

f a

FIG. 2. Spectral density of voltage fluctuations as a function of freque
and position in thepn1 structure~upper! andp1n structure~down! for an
average voltage equal to 0.65 V.

FIG. 3. Low-frequency value of the spectral density of voltage fluctuatio
Sv(x,0), around different average voltages for both thepn1 ~upper! and
p1n ~down! diodes.
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of the structures, in then1 and p1 regions the carriers re
main essentially close to the thermal equilibrium. The
Sv(x,0) exhibits a quasilinear increment with the positi
with no dependence on the average voltage, in accorda
with the local value of the conductivity~the voltage fluctua-
tions are measured from then-type terminal!. Furthermore, it
can be seen that in the weakly doped regions of both st
tures Sv(x,0) grows in a different way depending on th
average voltage. Let us begin by trying to understand
dependence thoroughly; for this, we must consider differ
ranges of behavior.

For the lowest average-voltage considered~0.65 V!, as a
consequence of the barrier, the presence of the minority
riers in the lowly doped regions is weak. Nevertheless, w
the increase in the average bias~in the 0.65–0.80 V range! in
these regions, the minority carrier concentration increa
and becomes non-negligible in relation to the majority c
rier concentration. In this way, the resistivity of these regio
decreases with the average applied voltage. This effec
strongly nonlinear with position, in consonance with the m
nority carrier profile~Fig. 4! and more pronounced in th
pn1 diode owing to the greater mobility of the electron
This behavior of the low-doping regions resistivity agre
with that of theSv(x,0): when the average bias increases,
local resistivity decreases strongly near the metallurg
junction @which explains the lower slope ofSv(x,0)#, and
only maintains a high value in a gradually thinner zone clo
to the terminal in the weakly doped regions. Globally, in th
bias rangeSv(0,0) decreases.

For average voltages above 0.80 V, the low-doping
gions in both diodes are in a high-injection regime. There
an important accumulation of minority carriers, and t
depletion region disappears. Owing to the quasineutral
ture of these regions, the majority carrier profile follows th
of the minority carriers. This effect establishes an elec
field that increases with bias~particularly in a zone close to
the terminal! and is responsible for a local heating of th
carriers. This heating leads to transport degradation thro
a reduction in differential mobility. As a consequence of th
in the afore-mentioned zone close to the terminal in
weakly doped regions, a strong reduction in the conductiv
appears, leading to a sharp rise inSV(x,0) for the high values
of the bias plotted in Fig. 3~from 0.80 to 0.90 V!. Globally,

FIG. 4. Density of electrons~closed symbols! and holes~open symbols! in
the pn1 structure for different average voltages.
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in this bias rangeSv(0,0) increases with the applied bias.7

With a noise temperature study, we can confirm the gr
importance of the presence of hot carriers. Figure 5 sho
the noise equivalent temperature at low frequencies3 as a
function of the current density of both structures calcula
through the voltage-noise mode operation. In both the l
current and low bias ranges, noise temperature tends tow
a value close to one-half of the lattice temperature. T
agrees with a barrier-limited current regime and points to
shot noise behavior.11,12 As both current and average bia
increase, thermal noise becomes important and noise
perature increases towards the lattice temperature. Neve
less, for the highest currents~high-injection regime!, the
noise temperature surpasses the lattice temperature, in a
ment with excess noise behavior due to the hot carrier ef
commented on above~minority carriers of the low-doping
regions in both structures!. This shows that the sources of th
excess noise are spatially located close to the terminal in
weakly doped regions.
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FIG. 5. Equivalent noise temperature at low frequency as a function of
total density current in thepn1 ~closed symbols! andp1n ~open symbols!
structures for the voltage-noise operation mode.
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