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Low- and high-field transport properties of modulation-doped SiÕSiGe and GeÕSiGe
heterostructures: Effect of phonon confinement in germanium quantum wells
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In this paper we report experimental studies carried out on two-dimensional electrons in strained silicon and
two-dimensional holes in strained germanium channel modulation doped heterostructures, to understand their
low- and high-field transport properties. Hall measurements were done to determine the low-field Ohmic
mobility as a function of temperature~13–300 K!. Geometric magnetoresistance technique was used to mea-
sure the mobility as a function of the applied field up to 300 V/cm for lattice temperatures from 13 to 200 K.
We observe that at high fields the mobility decreases at a faster rate in the germanium channels compared to
silicon channels. Numerical calculations based on standard transport theories for low-field transport and non-
linear transport at high fields are also presented. We propose that the faster mobility decrease in germanium is
due to local heating of confined phonons owing to acoustic mismatch with the cladding layers. We also present
results based on the transient response of the lattice heating effects in both silicon and germanium systems as
a function of the duty cycle of the applied electric field, which confirms the role of the local phonon tempera-
ture in the germanium quantum well.
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I. INTRODUCTION

Over the years, advancement in growth techniques h
led to an improvement in the low-temperature Ohmic mob
ties of two-dimensional electron gas~2DEG! in strained sili-
con channels to nearly 53105 cm2/V s and in two-
dimensional hole gas~2DHG! in strained SiGe channels t
nearly 13104 cm2/V s.1–3 Recently there have been a fe
reports on high mobility 2DHG in strained pure germaniu
channels4–6 with peak mobilities reaching 63104cm2/V s.
Such high hole mobilities in pure germanium channels are
considerable interest forp-modulation-doped field-effec
transister~MODFET! devices. However, at high operatin
electric fields, the mobility of these systems decreases f
its Ohmic value owing to energy dependent scattering
tween the 2D carriers and the phonons. The carriers initi
gain energy from the field at a higher rate, until balanced
the rate of loss of energy to the lattice by collisions, so t
in steady state the mean energy of the carrier gas is
creased. This causes an increase in the carrier temper
and a reduction in the 2D carrier mobility. Such ‘‘hot ca
rier’’ transport in high-electric fields has been studied ext
sively in GaAs-AlGaAs heterostructures, but few reports
ist so far in Si-Ge heterostructures.7–10 It is important to
study the hot-carrier behavior in these systems not only
determine the device properties but more importantly to
derstand the mechanism of energy relaxation due to car
phonon interactions at high fields and also the ener
transfer characteristics between the source-carrier-pho
systems. This study brings out a clear picture of the con
PRB 610163-1829/2000/61~24!/16807~12!/$15.00
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bution of different scattering mechanisms involved in bo
momentum and energy relaxation in these systems.

High-field behavior in GaAs-based systems was ear
studied using either Shubnikov de Haas effect or by mea
ing the drain current in FET geometry. The first measu
ment on high-field saturation drift velocity in two
dimensional carrier gases in silicon systems was reported
Cooper and Nelson11 in 1981 using the time-of-flight method
in Si inversion layers. Ismailet al.12 have reported saturatio
drift velocities at high fields in modulation doped Si heter
structures from FET characteristics. Songet al.8 and Xie
et al.5 have earlier reported experimental data on hot car
effects in 2D Si, Ge, and SiGe systems at low temperatu
(;4.2 K) by Shubnikov de Haas measurements. Most
these experiments were limited to very low temperatures
involved an indirect measurement of the mobility by assu
ing the carrier concentration in the quantum well. In th
paper we determine the high-field characteristics in Si a
Ge 2D systems by directly measuring their mobility usi
geometric magnetoresistance technique~GMR!, which was
earlier used by Masselinket al.10 in 1985 to study the high-
field transport in GaAs-AlGaAs systems. This technique
suitable to measure the mobility even close to room temp
ture and does not require very high magnetic fields or a
assumption of the carrier density in the quantum well. T
magnetoresistance is proportional to the square of
mobility10 and hence, the signal weighs the high-mobility 2
carrier system more than the rest of the bulk substrate.

Most of the earlier theories on hot carrier transport we
based on the semiclassical Boltzmann transport equa
When the system goes beyond the linear regime, solutio
the Boltzmann equation becomes a laborious task and
16 807 ©2000 The American Physical Society
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TABLE I. Details of the structures of the samples reported. In the case of sample #B and #C the
doping density (cm22) is mentioned.

Sample Channel Buffer Spacer Doping Well
(Å) density width (Å)

A~#922! Si Si0.62Ge0.38 80 231019 cm23 75
B~#348! Ge Si0.2Ge0.8 200 131012 cm22 250
C~#324! Ge Si0.4Ge0.6 200 1.131012 cm22 70
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has to resort to approximate methods like the electron t
perature model~ETM! which uses a Maxwellian distribution
function to describe the nonequilibrium carrier system ch
acterized by the carrier temperature. Strictly speaking,
cannot define a temperature for transport electrons that
not in the equilibrium state. It is therefore necessary to d
tinguish mean energy of the relative carrier system cha
terized by its temperature and the energy associated with
drift motion of the entire carrier system. An accurate meth
to describe the steady-state transport in high fields base
the Green-function approach was given by Lei and Ting13,14

in 1985, which is more suitable to study high mobility sy
tems where the drift velocity is sufficiently large that it ca
not be neglected in comparison to the mean energy of
carrier system. In this paper we studied the high-field beh
ior of our Si–Ge systems based on both these approa
and find that the model by Lei and Ting is more suitable
explain high-field transport in these systems.

High-electric fields in devices are known to cause deg
dation of mobility due to a combination of high-carrier tem
perature~‘‘hot’’ carrier effect!7 and increased lattice tem
perature. Pulsed electric fields with very small duty cy
~ratio of pulse width to period! have been used so far t
eliminate these lattice heating effects and isolate the mob
dependence on carrier temperature. Such a procedure is
justified for bulk semiconductors and lattice matched hete
structures like AlGaAs/GaAs15 where good thermal coupling
between the carrier system and the large heat capacity
strate gives rise to slow thermal time constants (; millisec-
onds!. Hence a reduction of the duty cycle to 1%–2% lowe
the average power dissipation and lattice heating. Howe
in the case of Si/Ge quantum well heterostructures, we
from our experimental investigation that significant acous
mismatches across interfaces can give rise to local hea
effects inside the quantum well that are significant even w
small duty cycle pulses (;2%). In this paper, we also
present systematic experimental data of the dependenc
hot carrier mobility on pulse width and frequency to stu
the transient heating response in these systems and ex
their characteristic small response times to be the effec
confined phonons.

This paper is divided into five sections. In Sec. II w
discuss the experimental procedure including details
sample structure, measurement techniques, and experim
conditions. In Sec. III, we outline the results obtained fro
the low- and high-field studies and also discuss the res
giving details of the calculations involved. In Sec. IV, w
present details of the experimental procedure and also
results obtained from the transient lattice heating meas
ments. Finally, in Sec. V we summarize the main points
our results.
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II. EXPERIMENT

The silicon quantum well samples were grown by rap
thermal chemical vapor deposition.16 The samples~#A! were
grown on p-type wafers (;10 Vcm). The relaxed graded
buffer layer was grown at 625 °C consisting of 0%–38
increase by composition of Ge up to 2600 Å. A 6000
uniform Si0.62Ge0.38 layer annealed relaxed buffer was the
grown. A 75 Å silicon channel was grown at 700 °C ov
the relaxed buffer followed by 80 Å ofi-layer spacer
capped with 300 Å of 231019 cm23 phosphorous doped
layer.

The Germanium samples~#B and #C! were grown on a
relaxed buffer by molecular beam epitaxy.17 The substrate
was p-type Si ~100! with resistivity .50 ohm cm. In the
case of sample #B, the relaxed buffer consists of 10%
increase per micron ofi layer and a 1.5mm uniform 80%
Ge undoped cap. The active region consists of a boron d
doped layer of;131012 cm22, a 200 Å spacer layer, a
250 Å Ge channel, a 530 Å upper spaceri layer, a boron
delta doping of;931011 cm22 for compensating the ban
bending at the surface and finally a 200 Åi layer as the cap.
All the layers except the channel have the composition
80% Ge. Sample~#C! is grown on a similar substrate as #B
The relaxed buffer consists of 10% Ge increase permm to
60% Ge and a 1.5mm of undoped 60% Ge cap. All layer
except the channel have 60% Ge. The active region is sim
to sample #B, except that the bottom delta doping is
31012 cm22, the Ge channel width is 70 Å, and the upp
delta doping density is 1.631012 cm22 of boron. In both the
samples between the relaxed buffer and the active reg
there is a chemical mechanical polishing step to remove
cross-hatched pattern from the surface. Table I gives the
evant details of the sample structures reported in this pa

For the low-field measurements, the samples were
terned into 3 mm33 mm squares. In the case of then-type
electron gas samples, the Ohmic contacts were made by
positing AuSb at the corners in Van der Pauw geometry
annealing the contacts at 250 °C . For thep-type hole gas
samples, Ohmic contacts were made by depositing AuGa
annealing at 300 °C. The contacts were annealed such
they remained Ohmic for temperatures ranging from 13 up
300 K. Hall measurements were carried out to measure
carrier concentration and mobility as a function of tempe
ture.

In order to study the high-field transport properties, t
samples were processed into ungated FET geometry with
channel length (25mm) to width (500 mm) ratio very
small (,0.05), which is a very good approximation to th
Corbino disk geometry. Ohmic contacts were made by
positing AuSb on Si samples and AuGa on Ge samples.
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metallization and annealing were carried out as mentio
before so as to obtain low-resistance Ohmic contacts.
low-contact resistance is very essential for these two term
magnetoresistance measurements as the narrow cha
themselves have very low resistance (;5 V) at low tem-
peratures (;13 K). The resistance of the channel for a
samples decreased with a decrease in temperature, whi
characteristic of modulation doped heterostructures.

Voltage pulses of 2% duty cycle~width 200 ms and pe-
riod 10 ms! were applied to avoid lattice heating. Expe
mental results to study lattice heating by varying the d
cycle are described in Sec. IV. The applied electric fi
(Eapp) was determined from the voltage after correcting
contact resistance effects. This involved measuring the t
resistance of the channel and the contacts (RT) by I -V mea-
surements and obtaining the channel resistance (Rc) from
Hall determined resistivity and channel dimensions. T
electric field across the 2D carrier gas is given byE
5Eapp (Rc /RT). The samples were subjected to a norm
magnetic field scanned from 0–0.7 T and the change in
current through the channel with magnetic field~B! was mea-
sured. From this the GMR mobility (m) is determined di-
rectly by fitting the expression

j

j 0
5~11m2B2!21 ~1!

to the data. In the above expression,j 0 andj are the currents
through the channel in the absence and in the presence o
magnetic fieldB. The experimental data for sample #B alo
with the fit is shown in Fig. 1 for selected electric fields at
K. This relation holds even for nonlinear transport at hig
electric fields where the mobility is defined as e,t(E)
./m* wheree is the electronic charge andm* is the effec-
tive mass.t(E) is the statistical average of the relaxatio
time, which is a function of the electric field.

FIG. 1. The magnetic-field dependence of the normalized c
rent density through the Ge channel~#B! for different values of the
applied electric field at 13 K. The lines show the GMR fits with t
mobility as the fitting parameter.
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The mobility was determined as a function of the appli
electric field for different temperatures ranging from 13 up
200 K for both the two-dimensional electron and hole g
systems.

To study the steady-state and transient thermal respo
we measure the GMR mobility as a function of the du
cycle by varying both the width and the frequency of t
applied electric field pulse. These experiments are discus
in Sec. IV.

III. RESULTS

A. Low-field transport

The carrier concentration and mobility of the two syste
were measured by Hall as a function of temperature from
up to 300 K. The results are shown in Figs. 2~a! and 2~b!.
Table II lists the mobility and carrier concentration in th
systems studied at 13 and 77 K.

r-

FIG. 2. The experimental mobility data~solid symbols! as a
function of the temperature for~a! Si ~#A! and~b! Ge~#C! samples.
The dotted and dashed lines are the calculated mobilities due to
individual scattering mechanisms indicated and the solid line co
sponds to the calculated total mobility. The open symbols are
experimental carrier concentration as a function of temperature
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TABLE II. Mobility and the carrier concentration of the 2DEG and 2DHG samples as measured by
The values of the effective mass (mt* ,ml* ) and deformation potential constant~D! are taken from Refs. 8 and
28.

Sample Mobility Carrier Effective D uL

(cm2/V s) conc. (cm22) mass (me) ~eV! ~m/s!

A ~Si! 26000~13 K! 1.731012 (13 K) 0.98 (ml* ) 10 93103

10600~77 K! 231012 (77 K) 0.2 (mt* )
B ~Ge! 26000~13 K! 8.631011 (13 K) 0.2 (ml* ) 14 53103

14000~77K! 131012 (77 K) 0.1 (mt* )
C ~Ge! 15000~13 K! 9.631011 (13 K) 0.2 (ml* ) 14 53103

12500~77 K! 131012 (77 K) 0.1 (mt* )
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The mobility remains close to its 13 K value up to 30
for 2DEG and 70 K for the 2DHG after which it decreas
with temperature. At room temperature the 2DEG sam
has a mobility of 1050 cm2/V s and carrier density of 6
31012 cm22 while the mobility of the 2DHG sample come
down to 500 cm2/V s with a carrier density of 2.3
31013 cm22. Beyond temperatures of approximately 77
parallel conduction plays a very significant role as seen fr
the increase in carrier concentration.

Using the procedure given by Price18 and Hirakawa and
Sakaki,15 we calculate the Ohmic mobility as a function
temperature in these two systems, by taking into acco
scattering mechanisms due to acoustic phonons, remote
ized impurity, interface roughness, and optical phono
Apart from explaining our experimental results, we also
port theoretical calculations to explain the mobility curv
for those data reported in literature~henceforth referred to a
‘‘literature data’’!, which were taken from Refs. 19 and
and reproduced in Figs. 3~a! and 3~b!. The procedure used in
the calculation is given in Appendix A, Sec. I.

In the case of the 2DEG samples, the strain in the
channel lifts the sixfold degeneracy of the conduction ba
into twofold degenerate lower valleys and fourfold degen
ate upper valleys.20 This reduces the intervalley phonon sca
tering in these strained layers considerably. In the case o
literature data,19 the low-temperature mobility is limited by
remote ionized impurity scattering. In our samples also
low-temperature mobility is mostly limited by remote ion
ized impurity scattering. Due to the very large doping de
sity (;231019 cm23) and smaller spacer thickness
(;70 Å) these samples show lower mobilities when co
pared to the literature data. In both cases there is lesse
terface roughness compared to the Si/SiO2 systems, and the
interface roughness scattering does not play a significant
in limiting the low-temperature mobilities. The theoretic
plot for interface roughness scattering is plotted for the ty
cal roughness values in Si/SiO2 systems (D55 Å and L
510 Å) in Fig. 3~a!. Intravalley optical phonon scatterin
in Si is very weak and hence, does not contribute to mobi
limitation even at room temperature.21 Numerical calcula-
tions based on the aforementioned analysis was carried o
determine the mobility due to the individual scatteri
mechanisms and also the total mobility due to all of them
a function of temperature. The theoretical fits are shown
Figs. 2~a! and 3~a! as solid and dotted lines for total mobilit
and individual contributions, respectively.
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In the case of the 2DHG, the strain in the Ge channel l
theG point degeneracy between the heavy-hole and the lig
hole bands. The two-dimensional confinement further
creases the spacing between the bands.5 Due to the balance

FIG. 3. The temperature dependence of mobility taken fr
literature for~a! SiGe/Si/SiGe~Ref. 19! and~b! SiGe/Ge/SiGe~Ref.
5! modulation doped heterostructures. The dotted and the da
lines show the individual contributions of the different scatteri
mechanisms mentioned and the solid line gives the total calcul
mobility.
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between the strain energy and the surface step energy o
growing Ge surface over the Ge0.6Si0.4 graded layer, the in-
terface shows considerable roughness in these compl
coherently strained structures. This was clearly visible in
cross-sectional TEM images of these structures.5 At low tem-
peratures the mobility is limited by scattering due to the
rough interfaces. The remote ionized impurity scatter
does not play a role due to large spacer thicknesses and
doping. In the case of a large splitting between light a
heavy holes, the deformation potential coupling betwe
holes and optical phonons as well as scattering between
hole and heavy hole can also be neglected.22 Consequently,
there is an enhancement in the 300 K mobilities in th
structures to above 8000 cm2/V s. This is much larger than
the 300 K bulk mobilities in Ge (;1500 cm2/V s) which is
limited by strong optical-phonon scattering. In the expe
mental data, above 70 K, parallel conduction through
doping layer and thep-type substrate effectively shunts th
modulation doped channel and precludes comparison
theory. Numerical calculations based on Boltzmann the

FIG. 4. Mobility of the 2DEG in strained silicon channel~#A!
as a function of the applied electric field for different bath tempe
tures.
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were carried out to determine the mobility due to the in
vidual scattering mechanisms and the total mobility as
function of temperature. The theoretical fits are shown
Figs. 2~b! and 3~b! as solid and dotted lines for total mobilit
and individual contributions, respectively.

B. High-field transport

The dependence of mobility on electric field for tempe
tures ranging from 13–200 K for the 2DEG~#A! and 2DHG
~#B, #C! samples are shown in Figs. 4 and 5, respectively
is seen that the mobility remains constant at its low-fie
value (m0) untill it reaches a critical field (EC) beyond
which it decreases with electric field. BeyondEC it is seen
that the rate at which the mobility decreases with the field
different for silicon and germanium 2D systems. The hig
field data for various temperatures collapse on to a sin
curve when the electric field is scaled with the low-field m
bility ( m0) and the high-field mobility is normalized with
m0. The entire family of curves for different temperatures a
shown in Fig. 6. The spread in them/m0 vs m0E plots in Fig.
6 lie within the experimental error in determining the elect
field after eliminating the contact resistance effects. The
ference in the high-field slopes in the two systems sugg
that the microscopic physics governing the energy relaxa
of hot carriers is different in the two systems.

To further examine the energy relaxation mechanism
study the average energy loss rate as a function of the ca
temperature in both the systems. Numerical calculati
based on energy balance equations and Boltzmann tran
theory18,23–25,27 ~electron temperature model! were carried
out to determine the dependence of mobility on the elec
field. The calculation procedure is summarized in Appen
A, Sec. 2. The values for the acoustic deformation poten
constant (D), the longitudinal (ml* ) and transverse (mt* )
effective masses, and longitudinal sound velocity (uL) that
were used in the calculations were taken from previou
published reports8,28 and are listed in Table II.

In the case of silicon we showed in the previous sect
that the mobility at low-electric fields is limited by remot
ionized impurity scattering and at higher electric fields c

-

hannel
FIG. 5. Mobility of the 2DHG as a function of the applied electric field for different bath temperatures in strained germanium c
~a! sample #B and~b! sample #C.
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responding to higher carrier temperatures the phonon sca
ing plays the dominant role. We calculated numerica
2^dE/dt& (5meE2) as a function ofE using the above
procedure.m is determined as a function of the electron te
perature (Te) using the formalism given in Appendix A, Se
2, whereTe is used to define the carrier distribution functio
instead of the lattice temperature. From these calculations
can also determineTe as a function ofE. This analysis,
however, showed no degradation of mobility as the elec
field was increased@Fig. 7—dotted line#. The failure of the
ETM model to explain the experimental results can be att
uted to the high mobility in our samples.

FIG. 6. Mobility normalized with respect to the low-field valu
(m0) plotted as a function of the electric field scaled withm0 for all
temperatures measured. The square symbols are for the 2DE
#A and the crosses are for the 2DHG in #B and #C.

FIG. 7. The normalized mobility as a function of the appli
electric field normalized with respect toEC ~4.5 V/cm! for the
strained silicon channel~#A! at bath temperature of 13 K. Th
dotted line shows the calculated high-field behavior using ETM
the solid line corresponds to the calculation based on Lei and Ti
approach. The inset shows the calculated carrier temperature
function of E/EC .
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This model was successful in describing the high-fie
behavior of low-mobility systems such as Si/SiO2 inversion
layers,29–32 due to the fact that the drift velocity is muc
smaller than the spread in the velocity distribution that
determined by the temperature of the carriers. Hence,
drift velocity does not contribute much to the nonlinear
and can be neglected in the analysis. However, if the mo
ity of the system is large, as is the case in Si–Ge or Ga
heterostructures, the drift velocity cannot be neglected in
formulation, and should be included in describing the dis
bution function and in the carrier-carrier interaction. A sim
lar conclusion was reached by Sakakiet al.25 in their analy-
sis of hot carrier mobility degradation in AlGaAs–GaA
2DEG systems. To take into account the high-drift velocity
two parameter ‘‘displaced’’ Maxwellian distribution functio
incorporating both the drift velocity and the carrier tempe
ture is used to solve the coupled momentum and energy
ance equations.26 However the assumption of a symmetr
distribution function with a well-defined carrier temperatu
in a highly nonequilibrium situation cannot be justified ri
orously.

A new method to solve the coupled momentum and
ergy balance equations without reference to any carrier
tribution function was described by Lei and Ting13,14 in
1985. This method is equivalent to the Boltzmann transp
theory at low fields but deviates from it in the hot carri
regime. The method lies in the separation of the center
mass motion from the relative motion of the carriers in dr
so that the electric field acts on the center-of-mass mo
only. The motion of the relative carrier system, which co
sists of a large number of interacting particles, is essenti
a statistical movement and, together with the phonon syst
is described by a statistical density matrix (r). An electron
temperature is introduced as a measure of the internal en
of the relative carriers without reference to any distributi
function. It should be noted that the electron temperatur
not the only source of the nonlinearity of the mobility wit
electric fields; the drift velocityv enters the force and energ
transfer expressions via the Bose factors and the elec
density-density correlation function. This method was us
successfully to describe the high-field transport in GaA
AlGaAs heterostructures by Sakakiet al.25 earlier. The de-
tails of the procedure are given in Appendix B.

In the weak current limit(v→0) the solution of the energy
balance equation isTe5TL and Ohmic resistivities can b
obtained directly. We obtain the same results numerically
we obtain using the Boltzmann transport theory in the lo
field case.

Using the above-mentioned formalism we can calcul
numericallym andTe as a function ofE. In the case of Si,
we have performed calculations based on this approach
ing similar parameters as used in the Boltzmann analy
and have obtained the solid curve in Fig. 7. The inset sho
the calculated values ofTe as a function of the electric field
We obtain a carrier temperature of approximately 100 K
an electric field of approximately 100 V/cm, which is of th
same order as that obtained for AlGaAs-Ga
heterostructures.33,34 The slope of the experimentally mea
sured high-field mobility versus electric-field curves are ve
similar to the theoretically calculated curves, suggesting t
at high fields the energy relaxation is dominated by acou
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phonons through deformation potential scattering. The ca
lated critical electric field (EC) at which the mobility starts
decreasing, agrees within a factor of 2 with the experime
data. This discrepancy lies within the experimental error
volved in the estimation of the electric field in the channe

In the case of germanium~#B!, a similar analysis as per
formed in the case of silicon did not show a qualitative d
ference in the high-field behavior@Fig. 8—dotted line#. We
find that the calculated rate of decrease of mobility is
same as in the silicon case, but not faster as seen from
periment. This discrepancy between theoretical and exp
mental slopes cannot be accounted for by the uncertaint
the effective mass and the deformation potential cons
used in the calculation. The effective mass of holes in th
structures depends on the strain induced nonparaboloci
the valence band. Samples B and C have different ger
nium content in the buffer~Table I! and hence differen
strain in the Ge layers. Therefore, the effective mass in
two samples is not identical. However, we observed that
high-field behavior of both these samples is very simil
suggesting that the effective mass does not significantly
fect the rate of decrease of mobility with electric field. How
ever, in an earlier study on hot carrier effects in germaniu8

by Shubnikov de Haas measurements at very low temp
tures, significant effects of two-dimensional confinement
phonons in the germanium layers was reported. This
attributed to the acoustic mismatch of the germanium la
with the cladding layers. The modified dispersion relation
the 2D confined phonons manifested itself in the transp
properties at the very low lattice (;0.3 K) and carrier tem-
peratures (;10 K) involved in these experiments. Such
effect was not observed in strained Si channels since acc
ing to Snell’s law of refraction for acoustic waves, the sou
velocities in the active layer need to be smaller than thos
the cladding layers to have total internal reflections that c
fine the phonons. The velocity of acoustic waves is lesse

FIG. 8. The normalized mobility as a function of the appli
electric field normalized with respect toEC ~5V/cm! for the strained
germanium channel~#B! at bath temperature of 13 K. Also show
are calculated high-field behavior using ETM~dot-dash line!, Lei
and Ting’s approach usingTph5Tbath ~dotted line!, and usingTph

.Tbath ~solid line!. The inset shows the calculated carrier tempe
ture as a function ofE/EC .
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germanium (53103 m/s) compared to silicon (9
3103 m/s). This shows that total~or partial! internal reflec-
tion appears possible in germanium layers and not in sili
layers. When we took into account the two-dimensional
ture of the confined phonons in the Ge channel, we obser
that at the energies of interest in our experiments~10–100
K!, many modes are excited. When we sum over a very la
number of these modes in our calculations, there is
change in the behavior of the high-field mobility from the 3
calculation~dotted line in Fig. 8!.

The confinement of the phonons, however, could caus
significant increase in the local temperature of the Ge la
because the confined phonons are not able to reach equ
rium rapidly with the rest of the lattice. This local heating
phonons can be described to first order by a simple lin
dependence of the nonequilibrium phonon temperature (Tph)
on the bath temperature (Tbath) and the carrier temperatur
(Tc) as

Tph5Tbath1a~Tc2Tbath!, ~2!

with a as the fitting parameter. In such a situation t
carrier-phonon scattering is enhanced leading to a faster
crease of mobility at high-electric fields. We repeated
numerical calculations using this nonequilibrium phon
model and obtained the solid line in Fig. 8 fora50.3. This
corresponds to a carrier temperature (Tc) of approximately
120 K ~inset Fig. 8! and phonon temperature (Tph) of about
30 K at 100 V/cm. Our theoretical calculation along with th
experimental results suggests that confined phonons
strained 2D germanium layers sandwiched between S
layers may be out of equilibrium with the rest of the lattice
high fields and cause a faster decrease of mobility. A sim
conclusion was reached from the experimental data and
oretical calculations for sample #C.

IV. DUTY CYCLE DEPENDENT THERMAL RESPONSE

High-electric fields are known to cause lattice heatin
which can cause degradation of mobility apart from t
above-mentioned ‘‘hot carrier’’ effects. A systematic stu
of the mobility dependence on the input power will provide
clear understanding of the mechanism of heat transfe
these heterostructures both in transient and in steady-
conditions. In this section we report experimental data on
thermal response of silicon and germanium strained lay
by studying the duty cycle dependence of the mobility
these systems at high-electric fields.

In the absence of the electric field the whole system
characterized by the bath temperature (Tbath). In the pres-
ence of high-electric fields, the carriers reach steady stat
a very short time scale~less than picoseconds! and are char-
acterized by the carrier temperature (Tc). These ‘‘hot carri-
ers’’ emit phonons that flow through the sample to the ba
In steady state the average temperature of the channel in
presence of the electric-field pulse is characterized by a p
non temperatureTph (.Tbath). Depending upon the re
sponse time ofTph two situations can arise. In the first cas
whereTph typically has a slow response time of the order
milliseconds as is the case in bulk samples with very la
heat capacity, the value ofTph depends on the average e
ergy dissipated in one period of the pulse train and hen

-
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depends on the duty cycle. In the second case whereTph has
a very fast time response as is the case in very thin layer
depends on the instantaneous power dissipated and h
independent of the duty cycle. A measurement of mobility
a function of the duty cycle thus gives direct informatio
about the thermal response time scales involved.

Pulsed voltages with variable pulse width and frequen
were applied to generate high-electric fields. The GMR w
used to measure the mobility at each electric field and d
cycle. The electric fields were varied between 10–400 V/
and duty cycles 1%–50%.

In Fig. 9 we plot the normalized mobility (m/m0) as a
function of the applied duty cycle for both the silicon an
germanium systems at a bath temperature of 13 K and
different electric fields. The width of the electric-field puls
was kept constant at 200ms and the period was varied t
change the duty cycle.

FIG. 9. Normalized mobility vs the duty cycle~%! for different
electric fields for the 2DEG sample~#A!—solid symbols and
2DHG sample~#C!—open symbols, at bath temperature of 13 K

FIG. 10. Normalized mobility as a function of time measur
inside a pulse of 5 ms width and 10 ms period~50% duty cycle! for
the 2DEG sample~#A!—solid symbols and 2DHG sample~#C!—
open symbols, at bath temperature of 13 K.
it
ce,
s
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s
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In the case of silicon samples, we see that the mobi
decreased with increasing duty cycle when the bath temp
ture was fixed at 13 K. The decrease in mobility was mo
pronounced for higher electric fields. From Fig. 9, for
electric field of 55 V/cm, there is a decrease in mobility by
factor of 0.96 when the duty cycle is varied from 2% to 50
We see from Fig. 4 that a similar decrease in mobility
0.96 at a field of 55 V/cm corresponds to an increase
temperature from 13 to 25 K. From this we conclude that
50% duty cycle pulse causes a local increase of phonon t
perature (Tph) to 25 K. A similar analysis at a higher electri
field of 70 V/cm, yields aTph of 40 K at 50% duty cycle and
a bath temperature of 13 K. This dependence on the d
cycle shows that the response times in silicon systems
very slow. However, in the case of 2D holes in Ge/SiG
structures~open symbols in Fig. 9!, we see that the mobility
is relatively independent of the duty cycle even at the high
applied electric fields~380 V/cm!. This independence of the
mobility on the duty cycle indicates that the time consta
are very small in the Ge samples, as discussed above.
time constants in these systems can be estimated by me
ing the transient response of mobility inside a pulse of 5
width, as shown in Fig. 10. It is observed that the mobil
decreases and saturates after few ms in the case of sil
However, in the case of a germanium sample, no s
change is observed within the experimental error, confirm
that the time constant is much smaller than a milliseco
This fast time response in germanium can be attributed to
very small heat capacity of the thin germanium layer
which the phonons emitted by the hot carriers are confin
This study confirms the role of confined phonons on
mobility degradation as a function of electric field in th
germanium channel, as proposed in the previous section

There have been few reports in the past to measure
temperature or the distribution of hot carriers experimenta
Shah and Pinczuket al.33 used the photoluminescence~PL!
technique to determine the electron temperature at h
electric fields by fitting the high-energy slope of the PL spe
trum to a Fermi–Dirac distribution. In the case of Si–G
systems, the luminescence is inherently very weak due to
indirect gap in these materials. Also in our case, the PL sp
trum is dominated by luminescence from the dislocations
the graded SiGe layer, which makes it even more difficult
study the luminescence from the well. Xieet al.17 and Song
et al.8 have done Shubnikov de Haas measurements a
function of temperature (,6 K) to measure the carrier tem
perature. These measurements have a limitation that
cannot be performed beyond temperatures of about 10
Hirakawaet al.35 have studied the broadband far-infrared r
diation from hot two-dimensional electrons to determine
black-body temperature. All these techniques have been u
to determine the carrier temperature at high-electric fields
they do not provide any information about nonequilibriu
phonons in confined systems. Moreover, probes such as
man spectroscopy, which are sensitive to the phonons, do
have the required sensitivity to measure the small increas
the acoustic phonon temperature~30–50 K! encountered in
our experiments.

Detailed modeling to quantitatively estimate these h
capacities and time constants and to experimentally de
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mine the phonon temperature in these systems is beyond
scope of this paper.

V. CONCLUSION

In conclusion, we have measured the Ohmic mobilities
two systems, 2DEG and 2DHG in strained silicon a
strained germanium samples using Hall technique and
der Pauw geometry. We determine the mobility limitin
mechanisms at low temperatures by calculating the mob
contribution from various mechanisms using semiclass
Boltzmann transport theory. We conclude that in the 2D
samples, in both the high- and low-mobility systems,
low-temperature mobility is limited by remote ionized imp
rity scattering. In the case of 2DHG samples, on the ot
hand, the low-temperature mobility is limited by interfa
roughness scattering. We also conclude that unlike 2DHG
the SiGe channel, wherein, the mobility is limited by allo
scattering, 2DHG in the Ge channel promise extremely la
300 K mobilities ~in the absence of parallel conductio!
which are larger than the electron mobilities in Si channe

Geometric magnetoresistance technique was used to
sure the mobility as a function of the applied electric fie
We observe that the mobility in the germanium system st
decreasing faster at high-electric fields compared to the
con system. We have also studied the microscopic phy
governing hot carrier effects in these systems and have fi
our data using the existing theory of nonlinear transport t
takes into account the large drift velocities. While th
method was successful in explaining the high-field behav
in silicon channels, it could not account for the experime
tally observed higher slope in the case of germani
samples. We proposed a model that emphasizes the ro
confined phonons due to acoustic mismatch in the cas
SiGe/Ge/SiGe structures. These calculations suggest
phonon confinement effects lead to an increased pho
temperature inside the channel that causes the enhanced
bility degradation.

The lattice heating effects were studied in these syst
by measuring the mobility as a function of the duty cycle
the applied electric field. We observe that in the silicon s
tem the mobility decreases with duty cycle, the decrease
ing more pronounced at higher fields. However, in the g
manium system the mobility is independent of the du
cycle, suggesting a smaller time constant in comparison
silicon. We attribute the smaller time constant to the co
fined phonons in the germanium channel. This confirms
role of confined phonons in hot carrier transport in SiGe/G
SiGe modulation doped heterostructures.
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APPENDIX A: BOLTZMANN TREATMENT FOR LOW-
AND HIGH-FIELD TRANSPORT

1. Low-field transport

The electronic state in the channel is characterized b
subband indexn and a 2D wave vectork5(kx ,ky) along the
heterointerface. The ground-state wave function and ene
are, respectively, given by
the
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Ck~r ,z!5 f ~z!exp~ ik"r !, ~A1!

E~k!5E01\2k2/2mt* , ~A2!

wheref (z) denotes the envelope wave function,mt* the elec-
tron effective mass, and\ the reduced Planck constant.

In the scattering process of 2D carriers, the moment
conservation in thez direction in the three-dimensional~3D!
case is replaced by the integral

M II
25E M III

2 uI ~qz!u2dqz . ~A3!

Here, MII and MIII are the bare scattering matrix eleme
in two dimensions and three dimensions, respectively,qz is
the wave vector normal to the heterointerface, andI (qz) is
defined by

I ~qz![E f ~z!2 exp~ iqzz!dz. ~A4!

In the following, we assume that the electrons popul
only the lower subband, neglecting the contribution of int
subband scattering. We adopt forf (z) the Fang–Howard
variational wave function,

f ~z!5Ab3z2

2
expS 2bz

2 D , ~A5!

where the variational parameterb is given by

b5S 12ml* e2

x0e0\2 D 1/3S Ndepl1
11

32
ND 1/3

, ~A6!

whereml* is the longitudinal effective mass,e is the elec-
tronic charge,e0 is the dielectric permittivity,x0 is the static
dielectric constant,Ndepl is the areal density of depletio
charges, andN is the density of the 2D electron gas. Subs
tution of Eq.~A5! in Eq. ~A4! yields

uI ~qz!u25
b6

~b21qz
2!3

. ~A7!

Since the scattering matrix elementM III in three-
dimensions are well established, we can calculateM II and
the differential scattering cross sectionn(u) for various scat-
tering mechanisms. We consider here the ionized-impu
scattering, the acoustic-phonon scattering and interfa
roughness scattering.

In these elastic scattering processes the screening effe
the carriers is taken into account by using the screening
tor

S~q!511
e2F~q!P~q!

2x0e0q
, ~A8!

whereF(q) is the form factor defined by

F~q!5E
0

`

dzE
0

`

dz8@ f ~z!#2@ f ~z8!#2exp@2quz2z8u#.

~A9!

Here,



n

on

er
ti

f

e

tt

by

per-
he
ith

po-

cat-
om-

16 816 PRB 61MADHAVI, VENKATARAMAN, STURM, AND XIE
q5k22k1 ~A10!

is the 2D scattering wave vector from the initial statek1 to
the final statek2. Using the variational wave function give
by Eq. ~A5!, we obtain for the form factor,

F~q!5
b~8b219bq13q2!

8~b1q!3
. ~A11!

P(q) is the static polarizability function that depends
both temperatureT andq given by

P~q,T,j!5E
0

`

dj8
P~q,0,j8!

4kBT cosh2@~j2j8!/~2kBT!#
.

~A12!

In the above equation,j is the Fermi energy andkB is the
Boltzmann constant.P(q,0,j) is the polarizability function
at T50 given by

P~q,0,j!5
mt*

p\2 H 12u~q22kF!F12S 2kF

q D 2G1/2J ,

~A13!

whereu(x) is the usual unit step function andkF is the Fermi
wave vector.

When all the acoustic modes are fully excited the diff
ential scattering cross section due to deformation poten
scatteringnDP(u) is

nDP~u!5
3bD2mt* kBT@12cos~u!#

32p\2cLS2~q!
, ~A14!

whereD is the deformation potential constant,cL is the lon-
gitudinal elastic constant, andS(q) is the screening factor o
the carriers.

The differential scattering cross section due to ioniz
impurities with the chargeZe is given by

n I~u!5
mt* Z2e4

8p\3x0
2e0

2E dziFF~q,zi !

qS~q! G2

ni~zi !@12cos~u!#.

~A15!

Here,ni(zi) is the impurity distribution andF(q,zi) is given
by

F~q,zi !5E dzu f ~z!u2exp~2quzi2zu!. ~A16!

The scattering cross section for interface roughness sca
ing is given by the expression

n IRS~u!5
mt*

2p\3
@12cos~u!#~DLeFe f f!

2expS 2
1

4
q2L2D .

~A17!

Here, we have defined the effective fieldFe f f by

Fe f f[E dzu f ~z!u2
]v~z!

]z
5

e

e0x0
S 1

2
N1NdeplD , ~A18!
-
al

d

er-

where v(z) is the electrostatic potential,D is the mean-
square deviation of the roughness height, andL is the lateral
spacial decay rate of the roughness.

The inverse of the momentum relaxation time is given

1

t~E!
5E

0

2p

n~u!du ~A19!

with

n~u!5n I~u!1nDP~u!1n IRS~u!. ~A20!

The mobility is then given by

m5
e

m*
^t& ~A21!

with

^t&5

E
0

`

t~E!E@] f 0~E!/]E#dE

E
0

`

E@] f 0~E!/]E#dE

. ~A22!

2. High-field transport

To understand the electron heating process, we have
formed calculations following the approach of Price. T
differential scattering cross section of 2D electrons w
translational wave vectork is expressed as

n1~u!5E
2`

1`

dqzPuI ~qz!u2Nq@12 f ~E1\vq!# ~A23!

for phonon absorption,

n2~u!5E
2`

1`

dqzPuI ~qz!u2~Nq11!@12 f ~E2\vq!#U

~A24!

for phonon emission, whereU5u(E2\vq) is the usual step
function,P[P(qxy ,qz) is the scattering probability factor,u
is the scattering angle, andNq is the phonon occupation
number, which is given by

Nq5@exp~\vq /kBT!21#21, ~A25!

wherekB is the Boltzmann constant. Phonon energy\vq is
given by \uLq for the longitudinal acoustic~LA ! phonon
mode. HereuL is the longitudinal sound velocity andq
5A(qxy

2 1qz
2).

The scattering probability factorP(qxy ,qz) can be calcu-
lated for the acoustic-phonon scattering via deformation
tential coupling as

PDP~qxy ,qz!5
mt* D2~\uLq!

8p2\3cL@S~qxy ,Te!#
2

, ~A26!

where D is the deformation potential constant andcL the
longitudinal elastic constant. Since in acoustic-phonon s
tering the sound velocity can be assumed to be small c
pared to the electron velocity,qxy52kusin(u/2)u. The net
energy-loss rate of an electron with energyE is expressed as
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2
dE

dt
52E

0

2p

\vq@n1~u!2n2~u!#du ~A27!

and the average energy-loss rate is then given by

2 K dE

dt L 52E
0

`dE

dt
f ~E!dEY E

0

`

f ~E!dE. ~A28!

APPENDIX B: THE GREEN-FUNCTION APPROACH
TO HIGH-FIELD TRANSPORT

Using the procedure given by Lei and Ting, we can der
a force and an energy balance equation for steady state

NeE1F~v!50, ~B1!

v"F~v!1W~v!50, ~B2!

wherev is the expectation value of the center-of-mass vel
ity, or the average drift velocity of the carriers. The curre
density is given by

J5Nev. ~B3!

In Eqs.~B1! and~B2! F(v) is the frictional force experience
by the center-of-mass when it moves at a constant speed
composed of two parts, due to impurities and due
phonons, respectively.

F~v!5Fi~v!1Fp~v!. ~B4!

Their expressions are as follows:

Fi~v!5(
qxy

E dz ni~z!

3US Ze2

2e0x0qxy
DF~qxy ,z!U2

qxyP̂2~qxy ,qxy•v!,

~B5!
l

e
s

-
t

t is
o

Fp~v!52 (
qxy ,qz

uM II~qxy ,qz!u2qxyP̂2~qxy ,vq1qxy•v!Dn.

~B6!

W(v) is the energy transfer rate from electron system
phonon system:

W~v!52 (
qxy ,qz

uM II~qxy ,qz!u2vqP̂2~qxy ,vq1qxy•v!Dn,

~B7!

Dn5FnS \vq

kBT D2nS \~vq1qxy•v

kBTe
D G , ~B8!

M II~qxy ,qz!5M III ~qxy ,qz!I * ~ iqz!. ~B9!

In the above equations,ni(z) is the impurity volume density
at z andn(x)51/(ex21) is the Bose function.T andTe are
the lattice and electron temperature, respectively,

P̂2(qxy ,V) is the imaginary part of the Fourier transform
the intrasubband electron-density correlation function
two-dimensional representation. In the case of both Si
Ge, only acoustic phonons contribute to the scattering in
energy range considered. Optical-phonon scattering is
dominant. Only the longitudinal modes give rise to acous
deformation potential with matrix element

uM III ~q!u25
D2~\ulq!

2cl
. ~B10!
.
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