Analysis of voltage noise in forward-biased silicon bipolar homojunctions:
Low- and high-injection regimes
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An ensemble Monte CarlEMC) simulator has been used to study bipolar transport in silcom

and pn* 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. @997 American Institute of Physids$S0003-695(97)01149-2

Until quite recently, the development of high-speed de-to-center,.). were not considered, owing to the small length
vices has focused on unipolar 1lI-V technologies. Howeverof the devices. The device is divided into equal cells of 10
the recent development of a bipolar technology, such as thatm each; these are sufficiently small to reproduce the spatial
based on the Si—GgRefs. 1 and Ralloy, has allowed the variations in the electric potential. The time step to solve the
manufacture of high-performance heterojunction bipolarPoisson equation is 10 fs.
transistorgHBTSs). Furthermore, the tendency to down scale  The theoretical analysis to perform the study of the volt-
the dimensions of devices has emphasized the importance age fluctuations has been previously used in different unipo-
both a better understanding of far-from-equilibrium phenomdar devices’ The theory underlying the method is based on
ena and a detailed characterization of electronic noise, whice expression for the total current(t). For a one-
are relevant for optimizing the performances of bipolar de-dimensional structure of total length that current is given
vices. Accordingly, a good modeling of these phenomendy
begins with knowledge of the fluctuations in the microscopic Acge,
processes of transport that cause ndéis®h in low and high [(t)=It)— ——
frequencies Before addressing the study of these more com-
plex heterojunction devices, it seems appropriate to analyzeheree is the free-space permitivityg, the relative static
the bipolar homojunction devices in which the transportdielectric constant of the materia,the cross-sectional area,
properties associated with both types of carriers and theiAV(L,t) the instantaneous voltage drop between the termi-
interaction must appear. Study of this can be carried out byals, andl(t) the conduction current, which for a bipolar
means of an ensemble Monte Carlo simulation self-device can be written as

d
T AV(L,1), @

consistently coupled with a Poisson solver algorithm, which Nre(t) Nrh(t)

. ; ; q
has previously and successfully been employed to investigate (== > vi(t)—— > vj(1), )
the fluctuations in different high-speed unipolar devices: L = L =1

”+”f‘+ junctions, Schottky diodes, and S?AS metal—\hereq is the absolute value of the electron charggt)

semiconductor field-effect transistdviESFET). andv;(t) are the instantaneous velocities along the electric-
+The+ simulated 7structures_ are modeled as i‘br“pt Seld direction of theith electron or thgth hole, andN(t)

pn’y p'n junctions. The doping level of thex"y p™ re-  andNy(t) total number of electrons or holes, respectively,

gions is 18’ cm 3 and such regions are 0.8m long, inside the device.

whereas then and p regions doping density is 5 In order to analyze the voltage fluctuations inside the

X 10* cm™3, and these regions are Qun long. According  device (voltage-noise operation mogethe condition to be

to the doping densities, the built-in potent{aly; is 0.735 V' imposed is to keep the total current through the structure

(300 K). The microscopic model implemented in the simu-constant in time, i.el,(t)=1,. In these operation conditions,

lator enables one to follow electron and hole dynamics Sifrom Eq. (1) we obtain

multaneously. The band structure considered includes(the

and thelL valleys of the conduction-band anisotropicdlly. EAV(L t)= L [1.()—10] 3)

The valence-band model includes two nonparabolic bands dt ’ Ae ¢ o

(heavy and light degenerated at thE point with spherical In each time stepAt, this relationship gives the instan-

energy syrfaceé_.Calculation of the physical quantities of 50065 voltage drop between the termiffatee deviation of
interest is carried _out_ following the standard schéme. I(t) from I, yields usAV(L,At). With a sufficient number
Generation—recombination phenomehand-to-band, band- 4t time steps and through the resolution of the Poisson equa-
tion, this procedure allows one to calculate the instantaneous
dElectronic mail: mjesus@rs6000.usal.es voltage fluctuations along the devicé(x,t=nAt). Conse-
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FIG. 1. Total current densitycontinuous ling electron currentclosed
symbols, and hole currenfopen symbolsas a function of average bias)

for the pn™ structure andb) for the p*n structure. Also shown are the fits

of the current density of electrons and holes by the theoretical equation of a
short diode: discontinuous and dotted lines, respectively.

quently, this method provides the autocorrelation function
and the spectral density of voltage fluctuations, respectively,
C,(x,t) andS,(x,t), under constant total-current conditions,
as a function of different positions inside the device as mea-
sured from one of the contacts.

Figure 1 shows the total forward density currédt—
voltage (V) characteristics of théa) p*n and(b) pn* struc-
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tures(Fig. 1) for V close toVy,; . The electron and hole den- FIG. 2. Spectral density of voltage fluctuations as a function of frequency

sity currents are also plotted. Wh¥r<V,,;, the whole of the
potential drop is essentially localized in the spatial charge
region of the junctiongbarrier-limited current transportin
this bias range, the simulation results show that the current i
both structures exhibits exponential behavior, in agreemencf
with the theoretical equation of a short diofén both struc-
tures, for applied voltages abowg; (high-injection regimg
the junction barrier almost disappears and the voltage dropcs

tric field different from zero in the quasineutral regions. Un-
der these conditions, the junctions behave as a “resistance
varying with the bias.

Figure 2 shows the spectral density of the voltage fluc-
tuations,Sy(x,f ), (taking as a reference the contact in the
n-type region in both structurggor a value of the average
bias equal to 0.65 V. This value corresponds, respectively,
a total current densityl§/A) equal to 3.57 10and 1.94
x10° Am~2in the pn* andp*n structures. The effect of
the plasma oscillations dominates the voltage fluctuations in
the highly doped regions of both structures and, therefore,
Sv(x,f ) exhibits a maximum at very high frequencies cre-
ated by spatial growth into the highly doped region of each
diode, which does not depend on the applied voltage. That
maximum appears for a frequency value related to the ma-
jority carrier plasma frequency and the dielectric relaxation
time of then* andp™ regions, respectively, fopn* and
p*n diodes. For the structures considered, the frequencies of
Sy(x,f ) maxima are very differeraround 1300 GHz in the
pn* diode and close to 700 GHz in the'n one. This
means that only thegn™ have a well-defined maximum,
whereas in thep " n diode is masked by the contributions of
the lower frequencieghermal noisg

: . a
along the whole device. As a consequence, there is an eleg-
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and position in theon™ structure(upped andp*n structure(down) for an
average voltage equal to 0.65 V.

Rendent upon the average voltage. The low-frequency value
f the spectral density of the voltage fluctuatioBg(0,0), is
affected by different internal mechanisms that control the
noise in the device and varies with the voltdgfee presence

of a barrier, velocity fluctuations in Ohmic conditions, hot
rriers, etg. This means thas,(x,0) allows one to locate

e positions of the different noise sources inside the struc-
tures. In view of these special characteristics, this quantity
merits closer examination. In Fig. 3 we shdy(x,0) for
different average voltages in both structures. In the highly
doped regions of both structures, resistance is essentially de-
termined by the majority free-carrier concentrati@gual to
tthe doping density along the whole regio\s a conse-
auence of the large doping difference between both regions
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FIG. 3. Low-frequency value of the spectral density of voltage fluctuations,

In contrast to the results of high frequencies, the behavsu(w), around different average voltages for both e (upped and
ior of the spectral density at low frequency is strongly de-p*n (down diodes.
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FIG. 4.+ Density of eIegtronéI:Iosed symbolsand holesiopen symbolsin in this bias ranges,(0,0) increases with the applied bigs.
thepn™ structure for different average voltages. With a noise temperature study, we can confirm the great
importance of the presence of hot carriers. Figure 5 shows
of the structures, in the™ andp™ regions the carriers re- the noise equivalent temperature at low frequericas a
main essentially close to the thermal equilibrium. Then.gnction of the current density of both structures calculated
S,(x,0) exhibits a quasilinear increment with the position y,,,gh the voltage-noise mode operation. In both the low
W!th no dependence on the average voltage, in accordan%%”ent and low bias ranges, noise temperature tends towards
with the local value of the conductivitfthe voltage fluctua- a value close to one-half of the lattice temperature. This

tions are measured from thmetype terminal. Furthermore, it . R . .
can be seen that in the weakly doped regions of both strulgrees with a barrier-limited current regime and points to full
tures S,(x,0) grows in a different way depending on the shot noise behavid-'? As both current and average bias

average voltage. Let us begin by trying to understand thid'crease, thermal noise becomes _|mportant and noise tem-
dependence thoroughly; for this, we must consider differenPerature increases towards the lattice temperature. Neverthe-
ranges of behavior. less, for the highest currenthigh-injection regimg the

For the lowest average-voltage considef@®5 V), as a  noise temperature surpasses the lattice temperature, in agree-
consequence of the barrier, the presence of the minority cament with excess noise behavior due to the hot carrier effect
riers in the lowly doped regions is weak. Nevertheless, withcommented on abovéminority carriers of the low-doping
the increase in the average biasthe 0.65-0.80 V rangen regions in both structurgsThis shows that the sources of the
these regions, the minority carrier concentration increasesxcess noise are spatially located close to the terminal in the
and becomes non-negligible in relation to the majority carweakly doped regions.
rier concentration. In this way, the resistivity of these regions  This work was funded through Research Project No.
decreases with the average applied voltage. This effect i$1c95-0652 from the CICYT.
strongly nonlinear with position, in consonance with the mi-
nority carrier profile(Fig. 4 and more pronounced in the
pn® diode owing to the greater mobility of the electrons.
This behavior of the low-doping regions resistivity agrees
with that of theS, (x,0): when the average bias increases, the.; Burghartz, K. A. Jenkins, D. A. Gmacher, T. O. Sedgwick, and
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