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Modulation Doped SiGe-Si MQW for Low-\Voltage
High-Speed Modulators at 1.3m

Adrian Vonsovici and Lili Vescan

Abstract—We propose a new type of light modulator at 1.3 absorption modulation but this type of modulator will have
and 1.55 um using a é—modulation-doped SiGe-Si multiple- a very narrow optical bandwidth (like any other Stark effect
quantum-well structure (6-MDMQW) integrated in a low-loss 5564 modulators) [8]. Also it seems that this value must be
silicon-on-insulator (SOI) waveguide. The structure is embedded . - ) .
in the intrinsic region of a vertical p-i-n diode realized on SOI rec0.n5|dered as up to now SiGe-Si MQW Yvaveggldes have
substrate. We present theoretical calculation of the effective index confinement factors less than 0.05-0.1 in active region and not
modulation determined by the variation of the confined hole 1 as the authors mistakenly considered. Also, due to the very
concentration with an applied external field. A practical device is |ow exciton binding energy sensitivity with temperature will

proposed and a calculation of optical modulation efficiency is pre- ho 5 serigus problem. In principle, the speed limitation can
sented. Estimation of on—off switching time based on evaluation of '

characteristic time of emission from localized levels in quantum &ISO bé overcome by using a heterostructure in which only a
wells and RC characteristics of the device are presented. unipolar carrier injection is used to achieve refractive index
This device presents the advantage of a broad optical band- modulation.
width in comparison to the modulators based on quantum- A proad optical bandwidth modulator will take into account
confined Stark effect, low insertion loss, high-speed (above 1., gjectrorefractive effect in the transparent region of the
GHz), and full compatibility with silicon technology. . . .
SiGe alloys. An interferometer structure (Mach—Zehnder) will
_Index Terms—Charge transfer devices, electrooptic modula- transform the induced phase modulation in amplitude modu-
tion, integrated optoelectronics, optical strip waveguide com- |oiqn At this moment there is no experimental report of the
ponents, phase modulation, quantum-well devices, silicon-on- . . S .
insulator technology. electrorefractive or electroabsorption effects in SiGe multiple
guantum wells. Also, there is no reported measurement of
refractive index or extinction changes associated with the two-
. INTRODUCTION dimensional (2-D) hole gas confined in a SiGe—Si modulated-
HE REALIZATION of optoelectronic devices based ordoped quantum well. As for this type of system we could vary
SiGe-Si heterostructures has been proposed by sevéhalconcentration of confined holes by an external applied field
authors [1], [2]. Efforts of the researchers are concentratimgnew type of electro-optic devices could be envisaged. Such
mainly on detectors and photoreceivers, but recently therecarrier transfer structure (CTS) could operate at high-speed
have been several attempts of proposing light emitters [@jgimes as it is no more limited by the carrier recombination
and modulators [4]. Si-based light modulators using large rilnes but by the escape of the carriers from confining quantum
silicon-on-insulator (SOI) have been proposed and realizeells (with a characteristic time in the range 10-100 ps).
[5]. For these devices, the modulation with a bandwidth of It is the purpose of this paper to analyze a charge (hole)
a few megahertz is obtained using the electrorefractive effétansfer electrooptic modulator, which could be made using
associated with the bipolar carrier injection in the core of @& modulation-doped SiGe-Si multiple quantum wells embed-
SOI waveguide. Even if there are promising results in thided in the intrinsic region of a p-i-n diode.
direction there is still a challenge to realize high-speed optical The free-carrier effect based modulators operate in a high-
modulators at 1.3 and 1.5Bm compatible with the silicon injection regime with a very poor frequency characteristic
technology. [5]. The current versus voltagd V") characteristic of a p-
The high-speed regime could be attained if we use SiGe-8i Si diode used for free-carrier injection and the shape of
heterostructures either using type-ll QW or the quanturthe external modulation bias is depicted in Fig. 1(a). In the
confined Stark effect (QCSE) [6], but this type of modulatorabsence of a forward bias or for small forward biases there
is very difficult to realize in practice. A SiGe-Si type-lis no significant charge density in the intrinsic region of the
QW exhibits a very low Stark effect as demonstrated ip-i-n diode. The diode must be dc-biased, corresponding to
[7]. Recent calculation of indirect band-to-band absorptice current density of about 100 A/énto ensure a significant
and electrooptic effect in SiGe-Si QW has shown that d@arrier concentration~10*¢ cm~3). An ac signal superposed
is possible to obtain relatively largeAqr ~ 75 cm!) to this could insure the switching between two levels of stored
charges in the central region of the p-i-n diode. This is the main
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Fig. 1. (a) Principle of operation on ai+V" characteristic for a Si-based

optical modulator. A steady state bias corresponding to a relatively high
injected current is necessary to achieve a few hundred megahertz modulation

bandwidth. (b) Principle of operation on thieV' characteristic for a charge

transfer structure. The overall current in the device is significantly reduced.
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devices but it is very difficult to give a solution for monolithic
devices on a silicon-on-insulator substrate.

A carrier transfer structure based modulator will switch
between two states with different carrier concentrations in the
central region of a p-i-n diode without a significant steady-
state current passing through the device. The reason is that an
important confined charge could be stored even in the absence
of an external bias for a modulation-doped multiple quantum
well structure. If a reverse bias is applied on the diode, the high
electric field will rapidly evacuate the stored charge (holes in
the case of SiGe—-Si QW) from the central region. The expected
I-V characteristic and the bias pulse for the on—off switching
of the device are shown in Fig. 1(b).

As compared to carrier injection operation, this device has
the important advantage of voltage controlled operation with
low power dissipation and a time response governedily
time constant and the time constant for hole escape from the
quantum well.

The efficiency of a refractive index modulation must be
evaluated for a given waveguide geometry where an effective
index modulation is realized in the waveguide core. This
is an important aspect of a modulator design. Searching
for important refractive index modulation some authors [8]
neglected the important problem of the confinement factor in
the region where the refractive index modulation occurs. This
is a key parameter for an optical modulator.

For SiGe-Si heterostructure waveguides, the main problem
is the critical thickness for plastic relaxation of the SiGe layer
that could be realized in practice. This is usually less than 0.1
»m for SiGe alloys with more than 20% of Ge. Therefore, for
a waveguide geometry with the guiding layer more thaimi
thick, the confinement factor in the SiGe layer will be reduced
to less then 0.1. This implies that for a modulator with a length
less then 5 mm a modulation of refractive index between
5.10~* and 102 will be necessary to achieve 18@hase
modulation at 1.3;m. For this purpose, carrier concentrations
in the range 2-80'" cm—2 are necessary.

A depletion mode Si p-i-p-i-n* structure could operate
using the same principle of operation as the SiGe-Si-p
(MQW)-i-nt diode. However, for the Si diode the p-region
has an antiguiding effect. It is well known that a Si-doped
region has a lower index than the intrinsic Si regions so
the active region will have a slightly lower refractive index.
Nevertheless, this could be a new version of a depletion mode
Si-based modulator. Using the SiGe-Si MWQ structure we
have some advantages.

1) The MQW region provide a strong confinement of the
light in the active region due to the higher refractive
index of the SiGe#siq. = 3.55 for 20% Ge).

The expected free-carrier effect in SiGe alloys is theo-

retically superior to that in Si due to smaller effective

mass of the holes in these alloys.

) A SiGe-Si MQW region will improve also the series
resistance of the diode reducing the leakage current for

a given bias.

2)

microwave Si p-i-n diodes. The main disadvantage is the high4)
static polarization current in the device and thermal effects
associated with this. This problem could be solved for discrete

Using the SiGe-Si MQW we have the possibility to
integrate the modulator with a SiGe based MODFET's
for high-speed operation.
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Fig. 2. Proposed structure of tilemodulation-doped MQW modulator. The structure is made using an SOI substrate to increase the optical guided mode
confinement in the active region. The structure has five periods of modulation-doped SiGe-Si QW.

A significant progress for SiGe-Si heterostructures has bed#in M ODULATOR STRUCTURE AND PRINCIPLE OF OPERATION

obtained by using the selective epitaxy. This allows thicker o depicted in Fig. 2 the schematic of the proposed mod-
strained SiGe layers to be grown as compared to large a[§&or. In principle, it consists of a vertical p-i-n diode grown
deposition as demonstrated in [10]. A vertical p-i-n StruCtuig, top of a silicon-on-insulator substrate (SIMOX). First the
could be realized by this method on a SOI substrate and §\&ysirates are implanted to form & buried layer (50-100
oxide walls used for the localized growth would insure bothm thick) on the bottom of the diode structure. This allows
the diode passivation and lateral optical confinement. One @f 5 realize a lateral contact to thé megion of the diode.
the original aspects in this proposal is that the 2-D guidingext, we realize the waveguide p-i-n structure by selective
structure could be defined not by etching a rib but by selectiépjitaxy. For that a silicon dioxide oxide layer is deposited and
epitaxy in predefined etched grooves. This could avoid riksing reactive ion etching we define the grooves where the
etching and subsequent oxide deposition for passivating {sitaxy will be performed. First, an undoped buffer layer is
etched walls as for classical rib-structure modulators. grown to insure a good quality for the SiGe strained layers.
The paper is organized as follows. After Section I, Wghe thickness for this region is in the range 100-300 nm as
present the device structure and the principle of operatiadfemonstrated by preliminary experimental results in [3]. Five
In the Section lil, the theoretical model for a SiGe-&i §—modulation-doped double-heterostructure quantum wells are
modulation-doped double-heterostructure quantum well is dgrown on top of the buffer. This region forms the active region
scribed. Calculations of the confined hole concentration hagethe modulator where the refractive index modulation will
been carried out for an applied external electric field. Thisccur. The active region is cladded by an undoped region
allowed us to evaluate the electrorefraction correspondingdfd the top p layer with a thickness of 50-100 nm. The
these hole concentration variations. thickness of the cladding layer will be adjusted to insure a
In Section IV, the optical simulation results are presentegood overlap of the optical mode with the modulated refractive
The intrinsic region of the p-i-n diode contains several SiGe—fidex region. The doping of thefmand p" (contact) layers is
6 modulation-doped double-heterostructure quantum weltaken 5 10'®* cm~2 and thes — p* layers have a doping in
The expected effective index modulation for the fundamentigle range 2—-310'® cm~3.
guided mode is calculated. An analysis of the switching char-In the absence of an external electric field, the holes are
acteristic of the structure is presented. The main mechanigrinsferred from the adjacet — pt regions and confined
that limits the modulation speed is the time of emission ovéito the quantum wells. By applying a reverse bias, the strong
the barrier of the confined holes. The device uses unipoklectric field evacuates the holes toward the adjacent contact.
carrier injection so the operation is not governed by recorithe two states have different confined hole concentrations that
bination mechanisms as it is the case for injection p-i-n &iill determine a modulation of the refractive index of the
modulators but by thermionic emission of confined holaggion. The SOI structure allows a strong confinement for an
over the potential barrier andC time constants. Finally, the optical guided mode and a good superposition with the active
conclusions are drawn in Section V. region. The guided mode effective index modulation will be
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We used a finite difference method with a nonuniform mesh
[12] to solve (1) and (2) self-consistently. This allowed us to
take into account precisely the regions where the wave func-
Fig. 3. Schematic of @—modulation-doped QW used as a building bloclgi':'n varies rapidly and in the same time to reduce the number
for the modulator. of mesh points in the regions where no significant change
in the wave-function is present. The method is employing a
n}atrix transformation to preserve the symmetry of the finite-
difference Schidinger’s equation and the Newton method to
solve the Poisson’s equation.

The boundary conditions used for the electrostatic potential

calculated in the following sections using the concentration
the confined holes and the optical waveguide simulations.

lll. SIGE-S 6—MODULATION-DOPED are:
DOUBLE HETEROSTRUCTURE + inthe bulk ¢ = zenq), ® =0, andd®/dz = 0
The schematic of only on&doped modulation-doped quan- * at the surface{ = 0) & = &, (a given electrostatic
tum well is presented in Fig. 3. It consists of a SiGe, voltage drop across the structure).

5-doped quantum well 15 nm large. The tWe- p* regions The initial voltage profile was taken to be the flat-band
are 5 nm thick and are separated by undoped Si barrierscohdition with the valence-band discontinuity at the SiGe-Si
5 nm. interface. The mol fractionr of Si;_,Ge, was assumed to
Since the charge distribution in the structure also modifiég 0.2 (bandgap discontinui¢0.17 eV [13], [14]) and the
the quantum well potential we need a self-consistent solutidnping of theé-doped regions was assumed between 2 and
of Schibdinger's wave equation and Poisson’s equation. A8-10'® cm—3. The residual doping density in the Si barriers
suming a slowly varying effective mass, a Ben—-Daniel-Dukand the other nonintentionally doped regions was assumed to
Hamiltonian is used [11]: be 10° cm~2. We depicted in Fig. 4 the results obtained for
) the confined hole concentration for the 0-V bias and for a
<_h_ L <L i) + EV(@)g(z) = E;U,;(z) (1) reverse bias of-1V. The corresponding valence band energy
2mg dz \m(z) dz ’ o diagram for the two states was also shown in Fig. 5. For the
0-V state a confined hole gas is present at the two interfaces
and the average concentration is relatively important. The
transferred charge from th&-p™ regions to the quantum-
well depends on the barrier thickness. A 5-nm Si-barrier was
2d q sufficient to obtain more than 1 cm=2 confined holes in
T2~ e (Np =Na+p—n) (2) the quantum well.

As we can see from the two graphs an important variation
wheree is the relative permitivity® the electrostatic potential, in the hole concentration confined in the quantum well, from
g the electron charge, andn the concentrations of free holesabout 18% cm~2 to less than 210'¢ cm~2, takes place for a
and electrons an&’, and N4 the doping concentrations.  reverse bias of-1 V. This variation will lead to a significant

The potential energy in the Sditinger's equation con- modulation of the refractive index of the QW barrier region.
tains the band offset at the heterointerfac®®’;; and the The average hole concentration confined in the quantum well

wherem(z) is the hole effective masg;; is the energy level
in the quantum well, and/; is the hole wavefunction. The
Poisson’s equation has the form

electrostatic potentiad: decreases linearly with the external applied electric field as
for any other modulation-doped double-heterostructure. For
By (2) = ¢@ + AEy(2). (3) the —1-V bias voltage the corresponding electric field on the

. ) double-heterostructure is not exceeding Mcm, which is
After the discrete energy levels; and wavefunctions; are inferior to the breakdown field of Si for a 1dcm2 doping
determined the hole density in the QW, assuming a 2-D densiy. 105 v/cm).

of states, is given by [11]:

mnkpT V. OPTICAL SIMULATION RESULTS AND DISCUSSION
)=y ;h{j ‘In{1+exp[(Er—E)/kpT]}T:|? (4)

%

In this section, we will calculate the effective index change
for the proposed waveguide modulator in Fig. 1. The charac-
wherekg is Boltzmann’s constant is the temperaturey;, is  teristic time of the effective index modulation is also evaluated.
the hole effective mass anfdg is the Fermi energy. For bulk For the optical simulation, we supposed that the variation in
layers, carrier densities are given by the classical Fermi-Dirabsorption and refractive index of a SiGe alloy with varying
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Fig. 4. The confined hole concentration in the SiGe QW (see Fig. 3) for zero bias and a reverse -bihs/pfrespectively. A significant amount of
confined holes is present in the QW {#0cm—3) and could modify substantially the refractive index of the SiGe. For a reverse biag df the averaged
confined hole concentration in the QW is reduced to less that0'? cm—3.
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Fig. 5. The valence band energy diagram for the two bias voltages. The FermiHevelas taken as a reference.

carrier concentrations are described by a formula similar fogsults for Si and Ge. For a hole concentration in the range
3-D free-carriers in silicon. This was imposed by the lack0'” to 10'* cm—2 an electrorefraction 50% greater than that
of experimental results for the free-carrier effects for strainerresponding for silicon is obtained [15], [16].

SiGe alloys. Moreover, the electrorefraction associated withFurther experimental investigation is necessary but the exact
a given concentration of free-carriers in Si is inferior to thahagnitude for the free-carrier effect is very difficult to estimate
in Ge and for low concentrations of Ge we could supposven for Si as indicated by Soref [16]. Thus, we considered
that An(Si) < An(SiGe-unstrainedjr An(SiGe-strained) for our calculations the formulas obtained by Soref [16], [17]
< An(Ge) [15]. This is a good approximation for Ge confor Si which give us the lower limit for the effect. Introducing
centrations not exceeding 30% [15]. Also, for SiGe alloythe exact values for the refractive index and the extinction
we could use the classical Drude formula to calculate tlweefficient changes in SiGe will just give greater values for the
electrorefraction associated with free-carriers that gives goeffective index modulation than that estimated further below.
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Fig. 6. Comparison between an exact multilayer algorithm using all the layers in the MQW region and a calculation using the multilayer algorithm with
the MQW region replaced by an averaged refractive index. The figure shows the results for a Si cap layer with a tfticknes® range 50-200 nm.
Minor differences are obtained for the effective index and confinement factors.

We considered for our calculations a TE polarization andraode given by [22]
wavelengthA = 1.3 pm.

Our optical model takes into account the waveguide struc- / An(z) - no(2)| EQ(2))? dz
ture depicted in Fig. 2. A transfer-matrix method was used to Aneg = 1 SEme 7)
calculate the effective index and the field intensity profile in nﬁff? / |E© (2)|2 dx
the structure [18], [19]. Searching for an optimized structure —oo

we further used an approximation for the MQW region, O N2 i . ) i ,
currently used for the study of guided modes in MQV\Where!E _(z)| IS th? OP“C"’}' Intensity pmf'le“o(g) 1S the
structures. This allows us to reduce the computational tirfgfractive index distribution in the structure amgly is the
without reducing the precision of our calculations. The fielfféctive index of the mode in the absence of modulation.
profiles and confinement factors are practically the same and e local refractive index change with applied bias is
the small differences in the effective index values are far leggnificant only in the MQW region. Therefore the effective
than that obtainable in practice due to tolerances in lay@d€x change could be expressed as follows:
thicknesses. NTE —

The approximation used for the MQW region [20], [21] Aneg = 2O ~an- L (8)
consists mainly in considering an average refractive index for off
the MQW region calculated for a TE polarization as where

S 2, JOERICIE
; 7 r _ Jyew
N2y = —— 6 T pteo
TN © | o
J

where then]:, l; are the refraptive indices and thicknesses (I?ftletzte ff;i\;:;())’r;:; (?st;:isggot\)/\;/ezé)n ;\f](dgw region (the confine
each layer in the MQW region.

Tr_\e compari_son yvith the exact v_alugs obt_ained_ usi_ng the / An(2)| E©(2)[2 dz
multilayer algorithm in the MQW region is depicted in Fig. 6. — MQW
The difference between the effective indices obtained using An = ©([2
the two methods is represented as a function of Si cap layer /MQW [E©(2)]? dz
thickness. The difference is negligible (less tharlG* in
absolute value, the Si refractive index being known at;in8 is the average refractive index change in the same region.
with a precision of 102). The field intensity profile obtained For the devices considered in this study, the results of optical
is depicted in Fig. 7 for a Si capping layer of 110 nm. Usingimulations reveal that the rat]b/nigf) varies from 0.1865 to
the first order perturbation theory the local refractive inde®.189 for cap layer thicknesses in the range 50-200 nm as we
change determines an effective index change for a waveguam see from Fig. 8. The ratib/nigf) varies linearly with the

(9)
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Fig. 7. Field intensity profile in the proposed modulator. The confinement factor in the MQW region is higher than that corresponding to a structure
grown on a Si substrate.
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Fig. 8. The variation of thel'/n.g factor as a function of the Si cap layer thickness. This factor varies between 0.1865-0.189 for the cap layer
thickness in the range 50-200 nm.

number of QW considered so the effective index change willsing the value ofAn = 8 - 10~* we obtain An.g ~

vary linearly with the number of QW considered. 5.3 - 1074, which is a significant effective index change. A
Finally, we obtain a simplified formula that describes welphase modulator using this effective index change will have

the effective index change in the entire structure for differeatound 1.2 mm length for a phase shift. Moreover, if we use

cap layer thickness in the range 50-200 nm. other type of waveguide interferometers [23] with a resonator
A — 0.66. 57 10 finesse between 3-10, we could decrease the length of the
el = LLOD - AN (10)  gevice to less than 50pm.

whereZAn is given by (9) and describes the average refractiveThe waveguide loss due to the free-carrier absorption is

index in the MQW region. To evaluate (9) we used th@Ven by a formula similar to (7) wherérn is replaced by

following Soref and Benett formula for electrorefractive effec@” averaged absorptiaha. The waveguide loss is decreasing
in Si [16] as it offers a lower approximation to the effect. with about 7.4 dB/cm that corresponds to about 0.9 dB of

total insertion loss for a 1.2 mm phase modulator. This value
An = —6-1078(AP)"8, (11) is comparable with the waveguide insertion loss variation in
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IlI-V and Si-based injection modulators due to the variation @nd decreases to less than 10 ps for a field of 1nVAs it
the injected free carrier concentration in the waveguide corgas estimated as necessary to fully deplete the well.
An insertion loss variation of-1 dB for an effective index  Another limitation for the device could be thC character-
change of An.g = 5 - 10~* was reported in [4] and [5]. istic time. We calculated the differential capacitankg/dV
However, this is not a problem as the phase modulation far our device as being around 1 ffh?. For a 1-mm-long
currently used in an integrated optics structure (interferordevice and 5:m contact width the characteristic time is less
eter) where we could design the high transmission statett@mn 250 ps for a 5@ load. This analysis shows that in
correspond to the depleted state so there will be no absorptfinciple the device could operate at frequencies superior to 1
on free-carriers. A great advantage of the device we describi@Hz and could allow a possible solution to the Si-based optical
is the possible high speed operation. As it is based on unipofaodulator speed problem. Further investigation must be done
injection and extraction it is not a device limited by minorityusing a more complicated model that takes into account the
carrier recombination times. real refractive index change due to confined hole in a SiGe-Si
The total voltage across the intrinsic region is controlled byuantum well. Also, experiments of ultra-fast transverse carrier
the transport of carriers through the device. Once the revetsgnsport in a strained MQW p-i-n structure using optical
bias is applied to the diode, two transport processes must tgkemping could be interesting to understand the carrier trans-
place for the device to achieve the reverse bias steady staigrt dynamics and to measure precisely the characteristic times

These mechanisms are as follows: of the processes involved in the functioning of this device.
1) escape of the carriers from the wells;
2) drift of the carriers across the depletion layer. V. CONCLUSION

The second process is very rapid (a few tenths of a picosecondyhe Si-based injection optical modulators could not op-
as the distance to the contacts is less then s The erate at frequencies superior to 1 GHz due to limitations
escape process from the QW's is giving the main limitatiogssociated with recombination of carriers. One strategy for
of this type of charge transfer device. It was found as thfealing with this problem is to use quantum-confined SiGe-Si
main limiting process for other types of charge transfer MQWeterostructures where the engineering of strain and band
devices like the barrier, reservoir, and quantum-well e|eCtl’%p5 leads to new and practica| properties not found in
transfer structure (BRAQWETS) [24] or charge generataslilk semiconductors. We proposed and analyzed theoretically
MQW modulator like the self-electrooptical device (SEED) new type of SiGe—-Si modulation-doped multiple-quantum
[25]. To analyze this process, we used a model developed ¥l that allows in principle to achieve operation at a few
Schneider and von Klitzing [26]. They evaluated the time fqjigahertz. We presented a model for the calculation of the
thermionic emission over the barrier (this is the main carrigbnfined hole concentrations that could be tuned by an external
escape mechanism from the well) for time-resolved charggpplied electric field. The waveguide structure is proposed
carrier transport perpendicular to the layers of MQW in a@ be realized starting with a SOI substrate as this could

electric field. o ~ increase the optical confinement in the MQW active region.
By applying an electric field across the well, the confinefl numerical evaluation of the effective index change for our

hole concentration will decrease as waveguide structure indicates that a valu&e10—* could be
APy (t) = AP‘%?) exp(—t/7.) (12) obtained in practice for a structure with five quantum wells. A

phase modulation of could be obtained for a 1.2-mm-long

where AP is the initial confined hole concentration angvaveguide. By using an interferometric structure we could
7. is escape characteristic time given by the thermionic afi§crease the length of an intensity modulator at less than
tunneling escape times/7. = 1/7q, + 1/Teun. 500 um. The speed response of the modulator was evaluated
The thermionic escape time is determined by calculating tH§INg an appropriate model for the escape mechanism from
probability that a carrier will have sufficient thermal energy tée quantum well as it was demonstrated as being the main

overcome the barrier and can be Written as intrinsic limitation of the device. Th&C characteristic of the
duy device is npt a Iimitation for the gigahertz regime functioqing
1 1 [ kaT Vi—E; — qFT of the device. This typg of d.eV|ce could be 'fabrlcated in a
o dw <27rm*> Xp| — T (13) technology fully compatible with the mature Si technology. It

could be a building block for a monolithic integration with the
existing SiGe—Si HBT microwave circuits that proved already

wherem™ is the hole effective masdyy- is the well width,V; correct functioning at a few tenths of a gigahertz.

is the well barrier heightE; is the energy eigenvalue, atdis
the electric field in the well. The tunneling process could be ig-
nored in the first approximation of the escape time calculation
as the voltage required for appreciable tunneling is calculatedThe authors acknowledge valuable theoretical discussions
to be beyond the device breakdown voltage. Moreover, as Wéh A. Koster.
could see immediately. < 7, so the characteristic escape
time has an upper limit from the thermionic characteristic time. REFERENCES
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