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Microscopic analysis of the influence of strain and band-gap offsets
on noise characteristics in Si 12xGex /Si heterojunctions

M. J. Martı́n Martinez,a) D. Pardo, and J. E. Velázquez
Departamento de Fisica Aplicada, Universidad de Salamanca, Plaza de la Merced s/n,
37008 Salamanca, Spain

~Received 31 March 1998; accepted for publication 25 July 1998!

A detailed study under forward-bias conditions of the physical origin of high frequency noise in
p1(Si)-n (Si12xGex) heterojunctions using ensemble Monte Carlo simulation is reported. Based on
the internal magnitudes, we determine how the strained SiGe layer induces different features in the
perpendicular transport of a heterojunction as compared with that of a siliconp1n homojunction.
The main part of this study focuses on a comparative microscopic analysis of current fluctuations in
homojunction and heterojunctions over a wide range of frequencies. A method based on considering
a spatial analysis of noise to isolate the contributions of both types of carrier on the Si and Si12xGex

epilayers of the devices is described. The role of electrons and holes in the different regions of the
devices and the combined effects of the band discontinuities and strain on noise characteristics in
Si12xGex /Si bipolar heterojunctions is discussed. ©1998 American Institute of Physics.
@S0021-8979~98!01521-7#
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I. INTRODUCTION

During the past few years, structures based on
pseudomorphic Si12xGex strained layer on Si systems hav
played an important role in the improvement of existing d
vices and the development of new ones. With this lay
additional degrees of freedom can be introduced into the
sign of the device as a result of band-gap engineering.1 Spe-
cifically, the heterostructure bipolar transistor~HBT! allows
a dramatic increase in the base doping without degrading
current gain and hence a reduction in both base resist
and base width. This is crucial for enhancing the speed
minimizing the microwave noise of bipolar circuits.2 The
analysis of current fluctuations and the different phenom
that originate microwave noise is a powerful tool for chara
terizing this technology and for studying the degradation
SiGe HBTs performance. Important types of noise that aff
current flow are 1/f , shot, generation–recombination an
thermal noise.3 Some of them, such as 1/f and generation–
recombination noise, can be restricted by the choice of
optimum device design and fabrication process. Howe
thermal noise is generated by mechanisms that are intri
to the dynamic nature of carrier transport, and therefore p
sents a lower noise limit in all semiconductor devices.
evaluate this limit, and optimize the signal–to–noise ratio
is necessary to gain insight into processes that give ris
current fluctuations.

These microscopic noise sources have been extens
studied in semiconductor materials and unipolar device4–8

considering band structure, lattice phonons and charged
purity scattering, space charge effects, etc. However, s
of noise phenomena occurring in a HBT is a complex pr
lem involving many physical additional mechanisms resp
sible for different noise sources~generation–recombinatio
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mechanisms, fluctuations in barrier height, quantum tra
port at the heterojunction, energy levels quantization, car
mass change between both sides of the junction, etc.!. As an
initial step for this purpose, noise in silicon bipolar hom
junctions has been previously studied to determine preci
the origin of the current fluctuations due to the classic tra
port of diffusive type.9 Furthermore, the physical interpreta
tion of the total current fluctuations in terms of the electro
hole, and crossed~electron-hole and hole-electron! fluctua-
tions was performed. Recently, preliminary qualitative
sults evaluating the effect of strained SiGe layers on curr
noise in bipolar devices have been presented,10,11 but the
physical origin of high frequency noise phenomena
SiGe/Si heterojunctions has still not been fully explaine
Prior to an accurate study of a complex heterostructure
this article we present a one-dimensional analysis
Si12xGex /Si bipolar heterojunctions for values of the G
molar fractionx equal to 0 and 0.3. An attempt is made
investigate the role of both types of carrier in different r
gions of the devices and to determine the combined effe
of the germanium profile, band discontinuities, and strain
both perpendicular transport and current fluctuations in
microwave frequency range. Owing to the aims of the wo
and in view of the submicrometer dimensions of the str
tures~such that carrier transport is nonstationary!, the pres-
ence of strain effects, and the many transport phenom
involved, the best technique for performing a detailed stu
of transport is by means of an ensemble Monte Carlo~EMC!
method.12

In the following section the features of our on
dimensional bipolar EMC simulator are discussed spec
cally in relation to the transport properties of a strained Si
layer grown on a Si substrate. In Sec. III a description of
simulated structures is given. Section IV focuses on the
tionary carrier transport results. In Sec. V the theory beh
our bipolar noise calculations is described. A comparat
2 © 1998 American Institute of Physics
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study of the noise characteristic is offered in Sec. VI. T
includes a discussion of the low and high frequency beha
of the spectral density of total current fluctuations. Fina
the conclusions of this work are summarized in Sec. VII.

II. MATERIAL TRANSPORT PROPERTIES OF
Si12xGex GROWN ON †001‡ SI

For electron transport in Si, our EMC simulator cons
ers anisotropic and nonparabolicX andL valleys of the con-
duction band~CB!.13 TheD conduction band minimum in S
has sixfold spatial degeneracy. The character of the CB
SiGe remains Si-like up to a Ge molar fraction of 0.85.14 The
SiGe alloy grown on the@001# Si substrate is under biaxia
compressive strain. This splits the band into:~a! a fourfold
state~@100# and @010# valleys! whose valleys constitute th
minimum of the CB. These valleys are designated asX trans-
verse valleys orX' . ~b! A twofold state ~@001# valleys!
whose valleys are designated as longitudinalX valleys orXi.
This lifting of the degeneracy onX valleys induces strong
anisotropy in electron carrier mobility. Theoretical investig
tions have suggested that theD conduction band mass pa
rameters remain unaffected up to 85% Ge and that they
rather insensitive to strain.15 We thus assume that the effe
tive mass tensor is that of silicon.16

Both heavy hole~HH! and light hole~LH! subbands of
the valence band~VB! are included in ourp-type Si model.17

The hole transport in lattice-matched Si12xGex layers grown
on a Si substrate and subject to a biaxial stress, in the@001#
direction, undergoes different effects.18 One of the most im-
portant of these is the reduction in the gap, mainly origina
by an upward shift of the HH subband of the usual degen
ate HH and LH subbands in theG point.19

Knowledge of strained band gaps and strain depend
band offsets is critical for obtaining high performance Si
HBTs. The effect of strain on the band structure is expres
via deformation potentials. Band offsets are also intimat
coupled with the strain effects. In handling the structure
strained SiGe alloys and choosing the deformation poten
for Si and Ge used in the simulation, we followed the wo
of Van de Walle and Martin.17,20 In order to simulate the
alloy, it is a good approximation to assume that for low G
percentages the deformation potentials of VB and CB,
HH and LH effective masses and the band offsets betw
the valence bands are given by linear interpolation. Thus,
latter parameters show very strong agreement with the
perimental optical and electrical calculations.21,22The param-
eters for bulk Si and Ge employed in our simulation~masses,
lattice and elastic constants, and sound velocities! can be
found in Ref. 23.

The scattering mechanisms considered for electrons
holes are similar to those reported for Si.9,13 However, for
intravalley scattering in SiGe it has been shown experim
tally that two phonon mode behaviors coexist: Si and
modes which are never averaged. Our model assumes
the scattering strengths are proportional to the molar frac
of Gex ~Ge modes! or (12x) ~Si modes!.24 In SiGe it is
essential to consider alloy scattering which is contempla
here based on the model of Harrison and Hauser.25 In addi-
s
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tion, strain affects the relative importance of intra- and int
valley scattering mechanisms due to the changes induce
the band structure.26

Having fixed a consistent set of transport paramete
prior to calculation of the static characteristics and no
characteristics of the one-dimensional Si12xGex /Si struc-
tures, Monte Carlo simulation was performed for relaxed a
strained SiGe to validate the choice of certain parameter
the simulation. Evaluation of silicon low-field mobility fo
electrons and holes revealed the agreement with experim
tal and analytical results for impurity densities up
1018 cm23.27–29 No systematic mobility investigation on re
laxed bulk-like SiGe epilayers has been performed to d
The problems with the fabrication of SiGe with a homog
neous Ge content and controlled doping concentration y
a scattering of experimental data.14,30 Not only the modifica-
tion of effective masses and the above described scatte
mechanisms but also the inclusion of alloy scattering
essential to explain the experimental data for relaxed S
alloys. Different values of the alloy potential,DU, have been
employed to obtain consistent mobility results in satisfact
agreement with the available experimental information
electron mobility in relaxed alloys30 and with Monte Carlo
simulations for relaxed and strained SiGe.31 The best fit is
obtained withDU equal to 0.6 eV for electrons and holes,
reasonable agreement with the most recent values prop
in the literature.20,32 Our results show that under low dopin
conditions, on SiGe layers alloy scattering degrades mo
ity. However, since the impurity concentration increases t
ceases to be so. Consequently, certain Ge contents and
ing density conditions may compensate the reduction in
charge carrier mobility caused by alloy scattering and ra
electron mobility above its Si value.26,31,33 Our model pre-
dicts an increase in hole mobility in strained bulk-like SiG
layers.34,35 In modern device applications, scaling-down d
vice dimensions can lead to relatively high fields. Und
these conditions our simulation confirms a reduction in
strain-induced mobility enhancement.

III. SIMULATED STRUCTURES

The devices considered have the same specification
regards to geometry and abrupt doping profiles: a 0.3mm
unstrainedp1-type Si region with a doping of 1023 m23 and
a 0.4 mm n-type region with a doping of 5.031021 m23.
Two materials were considered for then region: Si and
Si0.7Ge0.3, yielding two different structures: a siliconp1n
homojunction (D1) and ap1-Si/n-Si0.7Ge0.3 heterojunction
(D2). In D2, then region is assumed to be uniformly grow
with a strained SiGe layer and the leading edge of the
profile is the metallurgicalpn junction. A Ge content equal to
0.3 is considered so that a substantial band offset and s
effects are ensured. Figure 1 shows the schematic cross
tion and doping level of the heterojunction. The band alig
ments for Si0.7Ge0.3 grown on Si substrate are als
depicted.14 The band discontinuities at the junction areDEc

530 meV and DEv5260 meV for the CB and VB,
respectively.14,36 It is worth comparing the Si and SiG
bands in order to emphasize the relevant features. In Si,
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X' andXi levels are degenerated, yielding the minimum
the CB, and also the HH and LH subbands. The SiGe la
exhibits a lifting of these degeneracies owing to epitax
strain. Due to the relatively high value of the molar fracti
of Ge considered, theXi level in SiGe lies above theX valley
on Si. This strongly affects the transport of electrons at
junction, as discussed below.

Ideal classical transitions and the absence of tunnel
rent at the spike~this is feasible owing to the modest dopin
levels! have been assumed.37 Generation–recombination pro
cesses~band–band, band–impurities, etc.! and the effects of
degeneracy and scattering by neutral impurities are not
cluded due to the above-mentioned small length and dop
profiles of the devices. The most relevant material param
for pseudomorphic layers is the critical thicknesstc .38–40 If
this thickness increases beyondtc , strain relaxation of the
SiGe alloys becomes energetically favorable. Despite
nonrealistic SiGe strained-layer dimension~0.3 mm! in the
heterojunction, we study this structure in order to comp
the current-mode noise results ofD2 with those previously
reported forD1.9

IV. STATIC J – V CHARACTERISTICS

Figure 2 shows the forward total current density~J!-
voltage (Vappl) characteristics of the above structures,D1

FIG. 1. Scheme ofp1n structures with their characteristic parameters,
fraction of germanium, and the valence and conduction band offsets.

FIG. 2. J–V characteristics of the structures studied. Total current~lines!,
electron current~circles!, and hole current~squares!. Homojunction currents
are defined by white symbols and the dotted line. Abrupt heterojunc
currents are denoted with grey symbols and the dashed–dotted line.
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and D2, and their decomposition into the contributions
holes and electrons. Comparison ofJ betweenD1 andD2
reveals a higher current level inD2 for the same bias voltag
as a consequence of several factors: band discontinuities
ferences in scattering rates, and carrier effective masses
tween Si and strained Si0.7Ge0.3. This phenomenon is consis
tent with the previously observed experimental41 results and
Monte Carlo simulations.31 The forward bias range consid
ered in our former analysis of ap1n homojunction (D1) is
centered on the homojunction built-in potential,Vbi

D1. This
range was chosen for two main reasons.9 First, regarding
static results, the dependence ofJ displays a switch from
exponential to linear behavior close to this voltage val
Second,Vbi

D1 is an important feature involved in noise cha
acterization because it acts as a reference for limiting
edges of the shot, thermal, and excess noise ranges. T
reasons also apply toD2 and, therefore, analysis of the he
erojunction was also performed for a voltage range aro
the built-in voltage of this structure~Vbi

D2 close toVbi
D1!.42

In the case ofD1, while the applied voltage (Vappl)
,Vbi

D1, the electron and hole current densities follow exp
nential behavior, in agreement with the theoretical mode
a short diode.43 For Vappl.Vbi

D1, in D1 the currents of elec-
trons and holes no longer show exponential behavior
tend to exhibit linear behavior. Moreover, the value of t
electron current approaches that of the holes owing to
greater mobility of the former carriers. In view of theJ–V
characteristics ofD2 ~Fig. 2!, within the range considered
two significant differences can be seen with respect to th
of D1. On the other hand, the hole-electron current ratio
larger than in the homojunction case, reflecting the existe
of the remarkable discontinuity at the heterojunction in t
VB. On the other hand, the presence of potential spi
modifies the features of theJ–V characteristics. ForVappl

,Vbi
D2, the slope of the hole current density characteris

still exhibits an exponential dependence but its slope is
ferent from that predicted by the short diode model wher
the electron current continues to show such a dependen

Figure 3 shows a comparison of the electron~a! and hole
~b! densities throughD1 and D2 for two bias conditions
~one included in the exponential range, 0.65 V!. The conduc-
tion and valence band diagrams forD1 andD2 along the
device for this bias condition are also shown in Figs. 3~a!
and 3~b!, respectively. The difference in the energy ba
gaps inD2 at the junction and the absence of any ene
discontinuities inD1 should be noted. In the low doped re
gion of D1, for Vappl50.65 V,Vbi

D1, the minority carrier
density~holes! is lower than that of the majority ones~elec-
trons!. The electric field distribution is typical of an idea
p-n junction: it is different from zero throughout the spati
charge region~showing a maximum in absolute value at th
metallurgic junction! and is abolished as the ohmic contac
are approached@Fig. 4~a!#. The whole of the potential drop is
essentially localized in the spatial charge region of the ju
tion and is reflected in the exponential behavior of the c
rent of both types of carriers~barrier-limited current trans-
port!. ForVappl50.85 V.Vbi

D1 the barrier becomes negligibl
and the applied voltage begins to drop along the whole
vice. Under these conditions the junction behaves as a ‘

n
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sistance,’’ varying with the bias. The vanishing of the diff
sion barrier forces then region towards high-injection
conditions. The hole concentration in this region becom
larger than the doping profile and hence the majority car
density must follow the minority one in order to ensu
charge quasineutrality~Fig. 3!. In these conditions, a notice
able electric field must appear in the quasineutraln region
~Fig. 4! and the potential also drops in this region.43 The
particle injection algorithm at the contacts44 guarantees tha

FIG. 3. ~a! Comparison of electron concentrations throughD1 ~closed sym-
bols! andD2 ~open symbols! for 0.65 V ~circles! and 0.85~squares! and the
bottom of the conduction band forD1 ~dotted line! andD2 ~dashed–dotted
line!. ~b! Comparison of hole concentrations throughD1 ~closed symbols!
andD2 ~open symbols! for 0.65 V ~circles! and 0.85~squares! and the top
of the valence band for the Sip1n homojunction~dotted line! and the
Si/Si0.7Ge0.3 heterojunction~dashed–dotted line!.

FIG. 4. ~a! Average electric field inD1 ~dotted line! andD2 ~solid line! for
two different values of applied voltage. Evolution with voltage of char
density in the region close to the junctions for the Sip1n homojunction~b!
and the Si/Si0.7Ge0.3 heterojunction~c!.
s
r

the majority carrier density is equal to the doping concen
tion in order to assure the ohmic character45 of these con-
tacts.

Deeper analysis of internal magnitude profiles is nee
in D2 in order to illustrate the influence of both the lifting o
degeneracy and the effect of the band discontinuities on
current densities described above. The former factor
readily be analyzed by examining the relative average va
population of the CB valleys and of the VB subbands fo
bias condition of 0.65 V throughD2 ~Fig. 5!. In the strained
SiGe layer, the splitting-up of theXi valleys explains their
weak population~roughly zero!. Thus, a significant percent
age of the electrons that pass over the barrier into thep1-Si
region must undergo an intervalley scattering in order
guarantee an accurate population in all theX valleys for a
weak electric field~not far from equipopulation!.13 In this
way, the average conduction mass of the electrons incre
when these carriers pass into the silicon region. Regard
the occupancy of the holes, the effect of the strain is sev
on the VB. A larger population of the HH band arises
Si0.7Ge0.3 with respect to that obtained for the silicon laye
In addition to the phenomena related to the strain, the ef
of the band discontinuities on current density must also
examined. InD2, in their passage from then-Si0.7Ge0.3 re-
gion towards to thep1-Si region the electrons encounter a
important barrier~the one due to diffusion potential but in
creased by 30 meV! ~see Fig. 3!, which is reflected in the
exponential behavior of the electron current. The injection
electrons from then region to thep1 region is therefore
strikingly reduced. The effect of the spike~Fig. 3! in the VB
means that the transport of holes is favored in compari
with the situation inD1. In conclusion, the most significan
effect introduced by the interface discontinuity is that of p
mitting selectivity in the type of carrier that supports th
current in the structure.

Figure 3 also shows the differences appearing in the
carrier densities betweenD2 and D1 under two identical

FIG. 5. Relative average band population of differentX valleys of the con-
duction band and heavy and light hole subbands of the valence band thr
the Si/Si0.7Ge0.3 heterojunction and an applied voltage equal to 0.65 V.
meaningful variations are observed with the increase in bias.
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bias conditions. First, inD2, even for a forward voltage o
0.65 V the presence of the spike in the valence band aro
the interface yields an excess of electrons in then region to
compensate electrically the strong accumulation of ho
~high-injection conditions!. Thus, an imbalance already a
pears between the majority carrier density in then region and
that of ionized impurities owing to the presence of the bar
and leads to a nonnegligible electric field in then neutral
region. The nature of the spatial charge~mobile charge! on
the n side of D2 yields the dipole charge density at th
interface and therefore the interface field being larger in
case of the heterojunction@Figs. 4~a!–4~c!#. At the same
time, a still important barrier~mainly for electrons! persists.
As a result, the current in the structure is mainly formed
holes and is controlled both by the VB discontinuity and t
drop in voltage in the quasineutral regionn, such that it does
not have a purely exponential character. These differ
characteristics of the heterojunction with respect to the
mojunction have strong repercussions on noise behavior

V. THEORETICAL ANALYSIS OF CURRENT
FLUCTUATIONS

Prior to offering the noise results, it is essential to d
velop a theoretical analysis that will allow us to calcula
analyze, and compare the noise characteristics of both s
tures. To investigate current fluctuations in the current–no
operation mode the voltage applied to the electrodes m
remain constant and the current must be allowed
fluctuate.46 The mathematical quantities that characterize
current noise are the autocorrelation function of the total c
rent fluctuations,CI(t),

9 and the spectral density of the tot
current fluctuationsSI( f ). In a bipolar structure, the tota
current can be expressed in terms of the contributions
electrons and holes. The complexity of the analysis ofCI(t)
and SI( f ) in a bipolar structure can be overcome by e
pressing these quantities by means the terms associated
the electron and hole current fluctuationsCIe(t) andCIh(t),
respectively, and the cross correlation between electron
hole current fluctuationsCIc(t)25

CI~ t !5dI ~0!dI ~ t !5CIe~ t !1CIh~ t !1CIc~ t !, ~1!

SI~ f !52E
2`

`

CI~ t !ej 2p f tdt5SIe~ f !1SIh~ f !1SIc~ f !.

~2!

Comparison ofCIe(t), CIh(t), CIc(t) betweenD1 and
D2 does not always afford straightforward conclusions.
order to clarify the origin of current fluctuations in bo
structures, and taking into account that they have an iden
p1 region, it is useful to manipulate the calculation of t
electron and hole currents. Calculation of the electron c
rent,I e(t), can be performed by determining as a function
time the number of electrons that remain inside thep1 andn
regions of the devices,NTe1

(t) andNTe2
(t), respectively. The

electron current is then given by

I e~ t !5
q

L (
i 51

NTe1
~ t !

n i~ t !1
q

L (
j 51

NTe2
~ t !

n j~ t !5I e
p1~ t !1I e

n~ t !.

~3!
nd
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A parallel expression can be written for the hole curre
I h(t).

According to Eq.~1!, CIe(t) can be written:

CIe~ t !5CIe
p1p1~ t !1CIe

nn~ t !1CIe
p1n~ t !1CIe

np1~ t !, ~4!

where CIe
p1p1(t) and CIe

nn(t) are the autocorrelation func
tions of current fluctuations of electrons in thep1 and in the
n regions, respectively.CIe

np1(t) and CIe
p1n(t) are the terms

related to the cross correlation between current fluctuati
of electrons in thep1 andn regions of the device. By anal
ogy with Eq. ~4!, a similar derivation can be performed fo
CIh(t) andCIc(t).

Moreover, the termsSIe
p1p1( f ), SIe

nn( f ), SIe
np1( f ), and

SIe
p1n( f ), which establish the spectral density of electr

current fluctuations,SIe( f ), can be determined following an
identical treatment as performed forCIe(t), which gives

SIe~ f !5SIe
p1p1~ f !1SIe

nn~ f !1SIe
p1n~ f !1SIe

np1~ f !.
~5!

Equation~2! describes as a function of frequency whic
type of carrier contributes to the spectral density of curr
fluctuations in the device. Equation~5! and the analogous
derivations performed forSIh(t) and SIc(t) can be used to
predict in which region of the device, and as a function
frequency, this noise is being originated.

VI. COMPARATIVE STUDY OF CURRENT
FLUCTUATIONS IN Si AND Si/SiGE p 1n
STRUCTURES

To gain insight into the real meaning of these ma
ematical quantities, we begin by discussing the noise cha
teristics for both structures. The spectral density of total c
rent fluctuations,SI( f ), as a function of frequency is plotte
in Fig. 6 for the Sip1n homojunction~a!, and Si/Si0.7Ge0.3

heterojunction~b!, and several bias conditions. A first glanc
reveals that two different ranges of behavior can be obser
in the evolution with a bias ofSI( f ) in the heterojunction. In
the first range~corresponding to applied voltages up to 0.
V!, the dependence ofSI( f ) on bias inD2 is qualitatively
similar to that occurring inD1. That is,SI( f ) exhibits a

FIG. 6. Spectral density of total current fluctuations as a function of
frequency of the Sip1n homojunction~a! and the Si/Si0.7Ge0.3 heterojunc-
tion ~b! for different bias conditions. The line types and applied voltages
valid for both plots.
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single maximum whose frequency is slightly modified
bias increases in a range between 800 and 500 GHz. InD2,
for voltages beyond 0.75 V, a pronounced peak around
GHz is still present inSI( f ). However, two main differ-
ences can be seen on comparing theSI( f ) results ofD1 and
D2; whereas forD1 an increase depending on bias inSI( f )
is restricted to frequencies below 1000 GHz, inD2 a re-
markable increase in the 2000–2500 GHz range occ
These differences mean that by placing a SiGe layer in thn
region of the device structure, not only the static charac
istics are strongly affected but also the presence of ger
nium implies changes in the noise characteristics, espec
in a very high frequency range. Below, an attempt is mad
determine precisely how strain and band discontinuities p
ticularly affect current fluctuations and hence directly det
mine the noise behavior.

We start our detailed analysis with a brief discussion
noise in the homojunction and then extend this to the ab
heterojunction~for a more detailed discussion see Ref. 9!. It
should be stressed that current fluctuations can be origin
via fluctuations in velocity and/or carrier numbers, althou
in the present case has been proved that the presenc
space-charge effects leads the carrier number fluctuation
be negligible due to screening effects.47 Thus, CIe(t),
CIh(t), andCIc(t) are only determined by the contribution
of the autocorrelation function of velocity fluctuations.8 This
contribution is expressed in terms of the mean numbe
particles and the carrier velocity fluctuations. Therefore,
increase inCIe(t), CIh(t), andCIc(t) would be due to the
increase in both the mean carrier number of particles and
velocity fluctuations.9 In accordance with the approach d
scribed in Sec. V, based on the individual analysis of el

FIG. 7. Decomposition of the spectral density of total current fluctuation
the homojunction for three different bias conditions: 0.65, 0.75, and 0.8
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tron and hole contributions to noise, decomposition ofSI( f )
into SIe( f ), SIh( f ), and SIc( f ) yields the situation de-
picted in Figs. 7 and 8 inD1 andD2, respectively, for three
different bias conditions. The main features that characte
noise inD1 are shown in Fig. 7 and can be summarized
follows:9 In the barrier-limited current regime, the value
the spectral density of total current fluctuations at low f
quency,SI(O), displays a shot type noise behavior, which
determined by individual carriers crossing the barrier ra
domly ~dependence proportional to total current,I!. The in-
fluence of the minority carriers of the high doped regi
~electrons! only has an effect at low frequencies, not on t
maximum of SI( f ). This maximum is associated exclu
sively with the plasma frequency of holes in thep1 region,
f p1 , @Fig. 7~a!#. In the intermediate current range~voltages
aroundVbi

D1!, SI(O) tends towards a constant value, indepe
dent ofI, which arises from the fluctuations in carrier velo
ity ~thermal noise!. Hence, as the barrier disappears t
higher mobility of electrons renders the electron curre
comparable to that of the holes~Fig. 2!. This reasoning is
also applicable when considering noise, and higher elec
mobility leads to an increase in theSIe contribution. Thus,
larger fluctuations of electrons in then region of the device
become a strong competitor of hole plasma oscillation in
p1 region. This increase inSIe directly determines the shif
towards lower frequencies of theSI( f ) maximum, which
currently lies around 500 GHz, Fig. 7~b!. In the high-
injection regime, the presence of hot carriers~holes in then
region! is responsible for excess noise~usually proportional
to I 2!, leadingSI(O) to increase strongly@Fig. 7~c!#.

n
.

FIG. 8. Decomposition of the spectral density of total current fluctuation
the Si/SiGe heterojunction for the same bias conditions considered in Fi
0.65, 0.75, and 0.85 V.
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For a deep understanding of the differences in no
characteristics betweenD1 and D2, mentioned above an
based on the physical constraints involved, it is advantage
to examine the results ofD2 by a parallel procedure to th
one employed forD1. Even for the weaker bias~0.65 V!, a
strong accumulation of electrons and holes, not presen
D1, takes place in the Si0.7Ge0.3 region of D2, as was dis-
cussed in Sec. IV. As can be seen,SIh exhibits a dependenc
on frequency inD2 @Fig. 8~a!# identical to the behavior
found in D1 @Fig. 7~a!#. When studying the terms yieldin
the spatial decomposition ofSIh andSIe @Figs. 9~a! and 9~b!#
two important issues emerge. On one hand, the main co
bution of SIh is linked exclusively to hole current fluctua
tions in the p1 region of the device; that is, it shows it
maximum located around the plasma frequency of hole
the Si region,f p1 . Therefore, a weaker effect is found fo
the SIh

nn component even though the valence band spike
the pseudomorphic layer prevent the hole current from h
ing a purely exponential character~Fig. 2!. On the other hand
@Fig. 9~b!#, in D2 theSIe component is entirely determine
by current fluctuations linked to majority carriers of th
n-Si0.7Ge0.3 region. In addition, on comparing both stru
tures, theSIe component is seen to be considerably larger
D2. As was discussed in Sec. II, for this low doping conce
tration the results on low field bulk mobility show no in
crease in electron mobility in SiGe for a Ge content equa
0.3. Therefore, the increase in carrier numbers in then region
of D2 is the only aspect responsible for the larger elect
current fluctuation whereas it causes no effect for this b
conditions on hole fluctuations@Figs. 7~a! and 8~a!#.

As may be seen in Fig. 6, upon increasing the bias~0.75
and 0.85 V! in the heterojunction the frequency of theSI( f )
maximum is modified, as occurs inD1. In D1, while the hole
component,SIh , maintains the maximum atf p1 , the bias
increase leads the electron component,SIe , to become more
important and forces the shift of theSI( f ) maximum. How-
ever, inD2 @Figs. 8~b! and 8~c!# the reason for this shift lies
essentially in the hole component, and the electron fluc

FIG. 9. Spatial decomposition of the spectral density of total current fl
tuations of holes and electrons for a weak voltage 0.65~a! and ~b!, respec-
tively, and for high-injection conditions, 0.85 V~c! and~d!, respectively, in
the heterojunction.
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tions are the main agents responsible for the additional m
mum of SI( f ) at 2500 GHz. To properly explain the origi
of these phenomena occurring at high bias conditions, wh
yield the most noteworthy differences with respect to t
silicon homojunction, it is necessary to perform the spa
decomposition ofSIh andSIe . This is depicted in Figs. 9~c!
and 9~d!, corresponding to bias conditions of 0.85 V. It
important to bear in mind that a very high electron and h
carrier concentration is found on the SiGe layer, in whi
both magnitudes reach values as large as 231023 cm23 in a
small zone of then region for 0.85 V~Fig. 3!. From the
spatial analysis ofSI( f ), it is clear that even for very high
injection conditionsSIe continues to be supported by ele
trons from the Si0.7Ge0.3 region of the device@Fig. 9~d!#.
Owing to the high electron concentration and the low co
duction mass of this type of carriers exclusively located
X' valleys in the SiGe region, the maximumSIe is located at
high frequency values~2500 GHz!. Regarding the spectra
density of the hole current fluctuations, the low significan
at very high frequencies of theSIh

p1n and SIh
np1 components

indicates a lack of coupling of hole current fluctuations b
tween thep1 and n regions. However, in the high voltag
regime, theSIh

nn component plays an essential role in ho
noise characteristics, which is combined with the importan
for all bias ranges of the standard hole component,SIh

p1p1

@Fig. 9~c!#. This increased the importance ofSIh
nn originated

by the rise in the hole concentration and the enhancemen
hole mobility in SiGe leads to the following results. Firs
SIh

nn acts as a strong support for the shift towards lower f
quencies of the maximum of theSIh component, and there
fore the 0–800 GHz maximum ofSI . Additionally, the in-
crease in the low frequency value ofSIh

nn is essentially due to
the heating of holes in the SiGe region of the heterostruc
owing to the nonnegligible electric field~Fig. 4!. Second, the
SIh component does not tend monotonously towards z
when frequency increases@Fig. 8~c!#, as was observed inD1
@Fig. 7~c!#, but shows a small almost imperceptible pe
around 2500 GHz related to the increase inSIh

nn . This factor
is involved in the meaningful increase inSI( f ) at that fre-
quency, in which the main component responsible isSIe

nn .
This indicates the onset of an oscillation at 2500 GHz rela
to strong electron current fluctuations in the Si0.7Ge0.3 region
slightly coupled with current fluctuations of high mobilit
holes. This can be checked by examining the cross corr
tion term between electrons and holes,SIc , which has been
ignored until now. In Figs. 7 and 8 it may be seen how t
SIc component gains importance in the heterojunction. L
frequency analysis of the spectral density of total curr
fluctuations versus the current density of the heterojunc
reveals a nondivergent behavior in comparison to the ho
junction: the presence of thermal, shot, and excess n
ranges can be easily observed.

VII. CONCLUSIONS

A detailed study of the physical origin of the high fre
quency noise phenomena that characterize the character
of Si12xGex /Si heterojunctions has been reported. The f

-
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tures of our one-dimensional bipolar Monte Carlo simula
are discussed in specific relation to the transport propertie
a strained SiGe layer grown on a Si substrate. A theoret
analysis based on a spatial analysis of noise to isolate
influence of both types of carrier in the Si and Si12xGex

epilayers of the devices allows us to calculate and comp
the noise characteristics of both structures. Using
method we investigate the combined effects of the ger
nium profile, band discontinuities, and strain on noise ch
acteristics.

The presence of spikes and discontinuities in the vale
and conduction bands, respectively, modifies the feature
the J–V characteristics of the heterojunction with respect
those of the homojunction. Thus, hole current largely p
dominates over electron current. Furthermore, the hole
rent does not have a purely exponential character becau
is controlled both by the remarkable valence band disco
nuity and the drop in voltage in the SiGe regionn, which
shows a strong accumulation of both types of carriers wit
the bias range considered. Accordingly, the SiGe region
the device operates under high-injection conditions.

The main part of the work deals with a comparati
microscopic analysis of current fluctuations in homojunct
and heterojunctions over a wide range of frequencies. For
lower voltage range, the dependence on frequency ofSI( f )
in the heterojunction is qualitatively similar to that occurrin
in the homojunction. The only remarkable effect at low b
ases when compared with the homojunction is that car
accumulation in the SiGe region is the only phenomen
responsible for largerSIe and no effect can be imputed to th
increase in velocity fluctuations. Hole current fluctuatio
display an analogous nature as compared with that of
homojunction and depend exclusively on the fluctuations
the majority carriers of the high doped region of the devi
p1 ~Si!, despite the striking modifications observed in t
hole current characteristic. Even for very high-injection co
ditions within the bias range considered,SIe is only sup-
ported by electrons from the Si0.7Ge0.3 region of the device,
whose number steadily increases with bias. The pronoun
accumulation of holes in then region affords the componen
of hole fluctuations in the SiGe region a meaningful ro
when voltage increases, and that component becomes
parable to the standard hole component of fluctuatio
SIh

p1p1 . The shift in theSI maximum towards lower frequen
cies ~0–800 GHz! indicates hole heating in the SiGe regio
of the heterostructure owing to the nonnegligible elec
field. This is responsible for the significant effect onSI(O),
however the presence of shot, thermal, and excess noi
also confirmed in the heterojunction. No coupling of ho
current fluctuations between thep1 andn regions is found.
An additional maximum in the spectral density of total cu
rent fluctuations is found in the 2000–3000 GHz range, c
firming strong current fluctuations of electrons sligh
coupled with current fluctuations of high mobility holes
the Si0.7Ge0.3 region.
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