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The article presents a critical discussion on the evaluation of the impedance field for noise analysis
by means of several transport models. The models considered are the drift-diffusion model, the full
hydrodynamic model, and the scattered packet method for the direct solution of the Boltzmann
transport equation. The comparison is carried out on a canonicpl"Bp* diode at ambient
temperature. The agreement found between the approaches is good, thus suggesting that the
evaluation of the impedance field does not require any additional care with respect to other, more
conventional operating conditions. @999 American Institute of Physics.
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I. INTRODUCTION model, which in principle could be a Monte Carlo solution of

All classical noise analysis techniques for solid-statethe Boltzmann transport equatiTE). However, noise

electron devices, like the impedance field methigd)* and analysis by means of Monte Carlo technidueloes not

its generalizationd,are based on a two-step approach. As areadily allow for the separation between microscopic local

first step, the fundamental microscopic fluctuations of carriefluctuations and Green's functions, since noise characteris-
population[generation-recombinatiofGR) noisd and car- t!cs are dm_actly_extracted from the statistical properties of thfe
rier velocity (diffusion noisé are characterized, on the basis imeé-domain simulated response. Recently, however, this
of suitable models ultimately derived by the master equatiofProPlém has been overcome due to the availability of a new
formalism? by their correlation spectra. technique, the scattered packet metk®BM),>~8 which per-

The second step amounts to evaluating the effect of thiorms a time-domain direct solution of the Boltzmann equa-
microscopic fluctuations on the inducéapen-circuif volt-  tion in one-dimensior{1D). In particular, it allows for the
age or(short-circui} current at the device terminals. Owing evaluation of the response to a time-impulsive internal
to the small amplitude of the microscopic fluctuations, thischarge fluctuation, i.e., the scalar impedance field, thereby
effect can be assessed by the linear perturbation theory, i.@roviding a suitable comparison solution for the impedance
by a Green’s function approach; the relevant Green’s funcfield.
tions relating charge or current density microscopic fluctua-  In recent years, a few implementations of the IFM noise
tions to terminal open-circuit voltage fluctuations are re-analysis within the framework of partial differential equation
ferred to as the scalar or vector impedance fields(PDE) based 1D or multidimensional numerical device simu-
respectively: lators have been proposed, thus making the noise analysis of

Generally speaking, the two aforementioned steps can bgeneral, realistically complex structures ultimately feasible.
carried out by means of different physics-based models. Fdn particular, two-dimensional2D) implementations of the
instance, a full hydrodynamic model can be exploited to estFM within the framework of a majority-carried drift-
timate the carrier density and average energy, thus deriving diffusion model were proposed in 1989 by Laymamd by
suitable microscopic noise source correlation matrix; thenGhione etall® with application to metal-oxide-
the simpler, more computationally efficient drift-diffusion semiconductor field effect transisttMOSFET) and metal-
(DD) model can be used to evaluate the impedance fieldsemiconductor field effect transisttiESFET) noise analy-
Therefore, each step of the process can be optimized frorgs, respectively. The efficient technique proposed in Ref. 10
the standpoint of computational efficiency versus accuracy ofor the numerical evaluation of the scalar impedance field
physical soundness. (the so-callechdjoint methodderived from the electrical net-

The accuracy of both the microscopic noise source angyork noise analysis in Ref. 1as later extended to general
the impedance field has to be checked against a referenegy three-dimensional3D) two-carrier drift-diffusion
models through the technique described in Refs. 2 and 12
dElectronic mail: bonani@polito.it and implemented in the general-purpose PABR&mula-
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tor. On the other hand, a fully hydrodynamic IFM approach
to the 2D noise simulation of MESFET devices was pro-
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standpoint, the evaluation of the impedance fields amounts to
computing the response to a spatially impulssaalar cur-

posed in Ref. 14, and, later, a 1D model was presented by thent sourceinjected into the right-hand side of the relevant

Vilnius group”® and applied to the simulation of canonical

structures. A one-dimensional energy-balance model based

on the so-called active line approatiwas also exploited
within the framework of the quasi-2D high electron mobility
transistor (HEMT) simulator HELENA of the Lille
University’

In the present article, a direct comparison between som
of the aforementioned approaches to the evaluation of th

impedance field is attempted. The purpose is not only to
validate, in simple structures, PDE-based models versus ref-
erence solutions derived from the BTE, but also t0 asseS§nere y=n p ands

h ’ y

whether computationally efficient lower-order models, suc

as the DD model, are accurate enough for the evaluation %

the impedance field, at least in those cases in which overl
critical nonstationary transport features do not occur.

Il. THE PHYSICAL MODELS

This section is devoted to a brief review of the IFM for

continuity equation

Vrzzaxr1rl;cu)::__/\w(zafﬂgﬁlgﬁ)v (33)

- - ~ 1
jw5n(r,rl;w)=—An(Za,én,ép)Jraéa'na(r—rl),
(3b)
e
e ~ ~ o~ 1
©00B(r.r1;0) == Ap(Zy, 80, 0P) + 80 pdT 1),
(30

. is Kronecker'ss. From the imped-
nce fields, the spectra of the fluctuations of the voltages at
e device terminal§5,,i s, are expressed according to

al

y

S5vw%-:: 25 ZT(rhrla0'|<5J<ﬁ (rﬂu)'Z*(r'!rdu)dr
(! a=n,p JQ a aa o)
t 2] 2K, (1) ZE(r ),

noise analysis and an introduction to both hydrodynamic

(HD) and SPM approaches. In the DD impedance-field-base

d 4

noise calculation, noise sources appear as stochastic forcinghereK s, s5; is the local noise source for diffusion noise,
a a

terms in the current continuity equatioh&uch sources are
related to electron and hole number fluctuatié@R noise,
v) or to electron and hole velocity fluctuatiortdiffusion

K

Ya¥p’
noise.
The same physical interpretation of the scalar impedance

a,B=n,p, is the local(scalay noise source for GR

noise, often interpreted in terms of current density f|UCtua'fieIds can be extended to other, more complex transport

tions, §), thus yielding the system

V== J(p-n+N"), aa
on 1 1
E:av"]n_un_"?’n"'av'fna (1b)
ap 1 1
E:—aV-Jp_UP‘F)/p‘l‘aV'fp. (1C)

Owing to the small amplitude of such fluctuations, the re-
sponse can be conveniently obtained by linearization an
frequency-domain transformation of the time-domain drift-
diffusion system

V28y=—A,(5%,6n,6p), (2a)
~ ~ o~~~ 1 -
jw&nz—An(éz//,&n,ﬁp)+yn+aV-gn, (2b)
o e e .1
Jw&pz—Ap(ﬁz//,én,ﬁp)ereraV-gp, (20

whereA , is a linear operator. The solution of the linearized
system enables evaluation of the respofiseterms of in-
duced terminal open-circuit voltage® a spatially impulsive
density source for carriet (a=n,p), i.e., the scalar imped-
ance fieldZ,, and to a spatially impulsive current density
source, i.e., the vector impedance figlg. As a matter of
fact, only the scalar fields for electrons and holes are neede

models, meaning that, andZ, can be evaluated, according
to the same definition as in the drift-diffusion case, within
the framework of an energy transport, full hydrodynamic or
even Boltzmann-based model. Clearly, an improvement in
accuracy is obtained in such a way with respect to the simple
DD approach. In this work, we shall compare the impedance
field evaluated with the DD transport model to the same
physical quantity extracted through the SPM. This is basi-
cally a time-domain direct solution of the BTE, exploited for
the impedance fieldlF) evaluation according to the tech-
gique detailed in Ref. 8. The frequency-domain IF is then
recovered through a fast Fourier transfofirT) performed

on the time series representing the terminal open circuit po-
tential. The FFT analysis is used for the HD-based IF as
well, according to the method proposed in Ref. 18. Further
details on the numerical techniques exploited by the three
simulators, which are beyond the scope of this article, can be
found in Refs. 2, 8, and 18.

lll. RESULTS AND DISCUSSION

As a case study, we consider a well-known canonical
structure, ap*pp* silicon diode at ambient temperature,
simulated at different frequencies and bias conditions. In all
models under consideratidbD, HD, SPM), care was taken
to ensure the physical consistency of the transport models,
which were all derived from SPM data. Thus, energy and
dhomentum relaxation models, as well as the velocity-field

since the vector impedance fields can be recovered from theurve needed in the DD model, were derived from the solu-

gradient of the scalar onésTherefore, from a physical

tion of the homogeneous Boltzmann equation.
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FIG. 1. Structure of th@*pp* Si diode considered in the simulations. E 104
g
The structure of the*pp* diode is shown in Fig. 1. 108 |
The total device width has been held constant throughout all ;
the simulations {,+ 2w, +=1 um), as well as the ratio be-
tween the doping values in thg" andp regions Na, /Na .
_ 10 L 2l Il 1 n 1
=10). _ 0 0.2 0.4 06 0.8 1
Figure 2 shows the square magnitude of the hole vector
impedance field for p“pp* diode withw,=0.4um, simu- 104
lated atf=1 GHz (a) and f=235 GHz(b) for a biasVy : — =1 GHz
=0.6 V and a doping levelN,=4x 10 cm 3. The results .
for the same device structure and bias, with doping levels
Nao=10'" cm 2 and N,=10' cm 2 are reported in Figs. 10° ¢
3(a) and 3b), respectively, forf=1 GHz. The agreement +
=]
~- 10°
10° ¢ N
- 16 3 f=1 GHz =
10-4 o O SPM
-a HD o
& - (b)
NG 10—8 - | N . L
~- 10° | 0 0.2 0.4 06 08 1
]
- FIG. 3. Spatial dependence of the square magnitude of the vector impedance
. field in ap*pp* Si diode. The doping value for theregion isN,= 10
107 cm 3 () andN,=10"" cm™2 (b), andN,, = 10N, . The device structure
b parameters arevp+=0.3um, w,=0.4um; the bias is 0.6 V and the fre-
quency is 1 GHz.
107
among the three method®D, HD and SPM is good for all
10% ¢ . the doping levels. From a physical standpoint, one can ob-
: [—DD o serve that a higher doping implies a higher conductivity, and,
_‘z ﬁ%M thus, a comparatively lower electric field since the applied
bias is the same for the three devices. This explains the en-
105 L hanced symmetry observed in the IF behavior as the doping
= : level is increased. Furthermore, since the impedance field in
& f=235 GHz an isolated uniformly doped region is proportional to the
= Vq=06V region’s small-signal impedance, the higher conductivity
g . also explains the lower values of the IF.
10 The influence of the widthv, of the central region has
also been investigated. The results are reported in Fig. 4,
where thelVZ,|? spatial behavior =1 GH2) for three val-
(b) ues ofw, is shown (,+2w,+=1um): w,=0.2um (a),
107 L ' 1 ! wp=0.4um (b) andw,=0.72um (c). Again, the agreement

0 0.2 04 06 0.8 1

among the three transport models is good. In this case, the

electric field influences only the spatial behavior of the IF
FIG. 2. Spatial dependence of the square magnitude of the vector impedanggther than the magnitude. The narrower the central region,

field in ap*pp* Si diode. The doping value for thg region isNy=4

X 10% cm? and Na, = 10N,. The device structure parameters ag: the higher the electric field will b(ath.e bias is Ifep't co'nstan.t
=0.3um, w,=0.4 4m; the bias is 0.6 V and the frequency is 1 Gldgand to V4= 0.6 V) and the less symmetric the IF distribution will
235 GHz(b). be. This behavior is also confirmed by the results shown in
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FIG. 4. Spatial dependence of the square magnitude of the vector impedané&dG. 5. Bias dependence of the square magnitude of the vector impedance

field in a p*pp* Si diode. Three values o/, are consideredkeeping
Wyt 2Wp+=1 um): w,=0.2um (a), w,=0.4um (b) and w,=0.72um
(c). The doping values arid,, =10 cm™2 andN,=10'® cm™3. The bias
is 0.6 V and the frequency is 1 GHz.

Fig. 5, where the device withv,=0.4um and N,= 10

field in ap*pp® Sidiode. Three bias values are consideigg=0.2 V (a),
V4=0.6 V (b) andV4=2.0 V (c). The device structure parameters amg:
=0.4um, wy+=0.3um, Nay =107 cm™2 and N,=10" cm™3. The fre-
quency is 1 GHz.

become less symmetric as the electric field is increased, but

cm 2 has been simulated €1 GH2) for three values of dc  also that its peak value increases as the bias is increased.

bias: V4=0.2 V (a), V4=0.6 V (b) andV4=2 V (c¢). It

This suggests that at very high electric field the peak value of

should be noted that not only does the IF spatial behaviothe IF also becomes field dependent.
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