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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 temperatu@3—-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.

[. INTRODUCTION bution of different scattering mechanisms involved in both
momentum and energy relaxation in these systems.

Over the years, advancement in growth techniques have High-field behavior in GaAs-based systems was earlier
led to an improvement in the low-temperature Ohmic mobili-Studied using either Shubnikov de Haas effect or by measur-
ties of two-dimensional electron gé&DEG) in strained sili- N9 the drain current in FET geometry. The first measure-
con channels to nearly %10° cn?/Vs and in two- ment on high-field saturation drift velocity in two-

) . ; . . dimensional carrier gases in silicon systems was reported b
dimensional hole ga@DHG) in strained SiGe channels to 9 Y P y

Cooper and Nelsdnin 1981 using the time-of-flight method
nearly 1x10* cn?/V s~ Recently there have been a few P % g

in Si inversion layers. Isma#t al'? have reported saturation

reports on high mobility 2DHG in strained pure germaniumift velocities at high fields in modulation doped Si hetero-
channel$™® with peak mobilities reaching ®10°cm?/V's.  structures from FET characteristics. Soagal® and Xie
Such high hole mobilities in pure germanium channels are oét al® have earlier reported experimental data on hot carrier
considerable interest fop-modulation-doped field-effect effects in 2D Si, Ge, and SiGe systems at low temperatures
transister(MODFET) devices. However, at high operating (~4.2 K) by Shubnikov de Haas measurements. Most of
electric fields, the mobility of these systems decreases frorfhese experiments were limited to very low temperatures or
its Ohmic value owing to energy dependent scattering pelnvolved an indirect measurement of the mobility by assum-
tween the 2D carriers and the phonons. The carriers initiallyf?d the carrier concentration in the quantum well. In this

; , . : aper we determine the high-field characteristics in Si and
?haln etnergyl/ fromfthe field ft{ahhllgrlte_r rat';e, urrlt_ll_balance?hb)%e 2D systems by directly measuring their mobility using
€ rate of 10ss ot energy 1o the lattice by COIlSIOnS, SO thalyeometric magnetoresistance technidGMR), which was

in steady state the mean energy of the carrier gas is iN5gjier used by Masselinét al1° in 1985 to study the high-
creased. This causes an increase in the carrier temperaty{gq transport in GaAs-AlGaAs systems. This technique is
and a reduction in the 2D carrier mobility. Such “hot car- gjitable to measure the mobility even close to room tempera-
rier” transport in high-electric fields has been studied extentyre and does not require very high magnetic fields or any
sively in GaAs-AlGaAs heterostructures, but few reports exassumption of the carrier density in the quantum well. The
ist so far in Si-Ge heterostructurés? It is important to  magnetoresistance is proportional to the square of the
study the hot-carrier behavior in these systems not only tenobility'® and hence, the signal weighs the high-mobility 2D
determine the device properties but more importantly to uncarrier system more than the rest of the bulk substrate.
derstand the mechanism of energy relaxation due to carrier- Most of the earlier theories on hot carrier transport were
phonon interactions at high fields and also the energybased on the semiclassical Boltzmann transport equation.
transfer characteristics between the source-carrier-phondWhen the system goes beyond the linear regime, solution of
systems. This study brings out a clear picture of the contrithe Boltzmann equation becomes a laborious task and one
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TABLE |. Details of the structures of the samples reported. In the case of sample #B and #C the delta
doping density (cm?) is mentioned.

Sample Channel Buffer Spacer Doping Well
(A) density width (A)
A(#922 Si Si.65 38 80 2x10" cm™3 75
B(#349 Ge Sh.Gey g 200 1X10'? cm 2 250
C(#324 Ge Sh.Ges 200 1.1x 10 cm 2 70
has to resort to approximate methods like the electron tem- Il. EXPERIMENT

perature modelETM) which uses a Maxwellian distribution . .
function to describe the nonequilibrium carrier system char- The S'“CO”. quantum well sgmples were grown by rapid
acterized by the carrier temperature. Strictly speaking, onhermal chemical vapor depositiohThe sampleg#A) were
cannot define a temperature for transport electrons that a@OWn onp-type wafers (-10 {dcm). The relaxed graded
not in the equilibrium state. It is therefore necessary to disbuffer layer was grown at 625°C consisting of 0%-38%
tinguish mean energy of the relative carrier system charachcrease by composition of Ge up to 2600 A. A 6000 A
terized by its temperature and the energy associated with tHéiform Sp e/Gey 3¢ layer annealed relaxed buffer was then
drift motion of the entire carrier system. An accurate methoddrown. A 75 A silicon channel was grown at 700 °C over
to describe the steady-state transport in high fields based dfe relaxed buffer followed by 80 A of-layer spacer
the Green-function approach was given by Lei and ¥ capped with 300 A of X 10" cm™* phosphorous doped
in 1985, which is more suitable to study high mobility sys- layer.
tems where the drift velocity is sufficiently large that it can-  The Germanium sample#B and #G were grown on a
not be neglected in comparison to the mean energy of theelaxed buffer by molecular beam epitedyThe substrate
carrier system. In this paper we studied the high-field behawvas p-type Si (100 with resistivity >50 ohmcm. In the
ior of our Si—-Ge systems based on both these approachégse of sample #B, the relaxed buffer consists of 10% Ge
and find that the model by Lei and Ting is more suitable toincrease per micron df layer and a 1.5um uniform 80%
explain high-field transport in these systems. Ge undoped cap. The active region consists of a boron delta
High-electric fields in devices are known to cause degradoped layer of~1x 10" cm 2, a 200 A spacer layer, a
dation of mobility due to a combination of high-carrier tem- 250 A Ge channel, a 530 A upper spacdayer, a boron
perature(“hot” carrier effect)” and increased lattice tem- delta doping of~9x 10" cm™? for compensating the band
perature. Pulsed electric fields with very small duty cyclebending at the surface and finally a 200i fayer as the cap.
(ratio of pulse width to periodhave been used so far to All the layers except the channel have the composition of
eliminate these lattice heating effects and isolate the mobilit$0% Ge. Samplé#C) is grown on a similar substrate as #B.
dependence on carrier temperature. Such a procedure is wdlhe relaxed buffer consists of 10% Ge increase ger to
justified for bulk semiconductors and lattice matched hetero60% Ge and a 1.5u.m of undoped 60% Ge cap. All layers
structures like AlGaAs/GaAs where good thermal coupling except the channel have 60% Ge. The active region is similar
between the carrier system and the large heat capacity sut® sample #B, except that the bottom delta doping is 1.1
strate gives rise to slow thermal time constantsillisec- X 10*2 cm™2, the Ge channel width is 70 A, and the upper
onds. Hence a reduction of the duty cycle to 1%—2% lowersdelta doping density is 126102 c¢m™ 2 of boron. In both the
the average power dissipation and lattice heating. Howevegsamples between the relaxed buffer and the active region
in the case of Si/Ge quantum well heterostructures, we finthere is a chemical mechanical polishing step to remove the
from our experimental investigation that significant acousticcross-hatched pattern from the surface. Table | gives the rel-
mismatches across interfaces can give rise to local heatingvant details of the sample structures reported in this paper.
effects inside the quantum well that are significant even with For the low-field measurements, the samples were pat-
small duty cycle pulses~2%). In this paper, we also terned into 3 mnx3 mm squares. In the case of thaype
present systematic experimental data of the dependence efectron gas samples, the Ohmic contacts were made by de-
hot carrier mobility on pulse width and frequency to studypositing AuSb at the corners in Van der Pauw geometry and
the transient heating response in these systems and explannealing the contacts at 250°C . For tvype hole gas
their characteristic small response times to be the effect agfamples, Ohmic contacts were made by depositing AuGa and
confined phonons. annealing at 300°C. The contacts were annealed such that
This paper is divided into five sections. In Sec. Il we they remained Ohmic for temperatures ranging from 13 up to
discuss the experimental procedure including details oB00 K. Hall measurements were carried out to measure the
sample structure, measurement techniques, and experimengarrier concentration and mobility as a function of tempera-
conditions. In Sec. lll, we outline the results obtained fromture.
the low- and high-field studies and also discuss the results In order to study the high-field transport properties, the
giving details of the calculations involved. In Sec. IV, we samples were processed into ungated FET geometry with the
present details of the experimental procedure and also thehannel length (25um) to width (500 wm) ratio very
results obtained from the transient lattice heating measuresmall (<0.05), which is a very good approximation to the
ments. Finally, in Sec. V we summarize the main points ofCorbino disk geometry. Ohmic contacts were made by de-
our results. positing AuSb on Si samples and AuGa on Ge samples. The
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FIG. 1. The magnetic-field dependence of the normalized cur- 1030 190
rent density through the Ge chanit#B) for different values of the Remote ionized
applied electric field at 13 K. The lines show the GMR fits with the impurity *
mobility as the fitting parameter. 10°F 9
~IVE Ssel -
o . . . ; Acousiﬂ:dqformation * 10" g
metallization and annealing were carried out as mentioned T [potentiat =
before so as to obtain low-resistance Ohmic contacts. The o 0t T oy
low-contact resistance is very essential for these two terminal E 7
magnetoresistance measurements as the narrow channels = g
. et
themselves have very low resistance§ (1) at low tem- =, =
peratures {13 K). The resistance of the channel for all -g 3
samples decreased with a decrease in temperature, which is £ b
characteristic of modulation doped heterostructures. 10°E % ¥ x X KX 410™
Voltage pulses of 2% duty cycl@vidth 200 us and pe-

riod 10 mg were applied to avoid lattice heating. Experi- 10 100
mental results to study lattice heating by varying the duty
cycle are described in Sec. IV. The applied electric field
(Eapp) Was.determined from the'voltage after cor.recting for FIG. 2. The experimental mobility datésolid symbol$ as a
cor!tact resistance effects. This involved measuring the totg|,,tion of the temperature fég) Si (#A) and(b) Ge (#C) samples.
resistance of the channel and the contaBtg) (Dy I-V mea-  the dotted and dashed lines are the calculated mobilities due to the
surements and obtaining the channel resistaitg {rom individual scattering mechanisms indicated and the solid line corre-
Hall determined resistivity and channel dimensions. Thesponds to the calculated total mobility. The open symbols are the
electric field across the 2D carrier gas is given By experimental carrier concentration as a function of temperature.
=Eapp (Rc/Ry). The samples were subjected to a normal
magnetic field scanned from 0-0.7 T and the change in the The mobility was determined as a function of the applied
current through the channel with magnetic fie®] was mea-  electric field for different temperatures ranging from 13 up to
sured. From this the GMR mobility.() is determined di- 200 K for both the two-dimensional electron and hole gas
rectly by fitting the expression systems.
To study the steady-state and transient thermal response,

. we measure the GMR mobility as a function of the duty
_L:(1+M232)71 (1) cycle by varying both the width and the frequency of the

applied electric field pulse. These experiments are discussed

in Sec. IV.

(b) Temperature (K)

to the data. In the above expressipnandj are the currents

through the channel in the absence and in the presence of the Ill. RESULTS
magnetic fieldB. The experimental data for sample #B along
with the fit is shown in Fig. 1 for selected electric fields at 13
K. This relation holds even for nonlinear transport at high- The carrier concentration and mobility of the two systems
electric fields where the mobility is defined as<e(E) were measured by Hall as a function of temperature from 13
>/m* wheree is the electronic charge amd* is the effec- up to 300 K. The results are shown in Figga2and Zb).

tive mass.7(E) is the statistical average of the relaxation Table Il lists the mobility and carrier concentration in the
time, which is a function of the electric field. systems studied at 13 and 77 K.

A. Low-field transport
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TABLE II. Mobility and the carrier concentration of the 2DEG and 2DHG samples as measured by Hall.

MADHAVI, VENKATARAMAN, STURM, AND XIE

The values of the effective massif ,m") and deformation potential const&t) are taken from Refs. 8 and

28.
Sample Mobility Carrier Effective D ug
(cmP/V's) conc. (cm?) mass () (eV) (m/s)
A (Si) 26000(13 K) 1.7x10% (13 K) 0.98 (M) 10 9x 10°
10600(77 K) 2X 102 (77 K) 0.2 (m})
B (Ge 26000(13 K) 8.6x 10" (13 K) 0.2 (mf) 14 5x 10°
14000(77K) 1x10'? (77 K) 0.1 (mf)
C (Ge 15000(13 K) 9.6x10™ (13 K) 0.2 (mf) 14 5x 10°
12500(77 K) 1x10'? (77 K) 0.1 (m})

The mobility remains close to its 13 K value up to 30 K

PRB 61

In the case of the 2DHG, the strain in the Ge channel lifts

for 2DEG and 70 K for the 2DHG after which it decreasesthel point degeneracy between the heavy-hole and the light-
with temperature. At room temperature the 2DEG sampldiole bands. The two-dimensional confinement further in-
has a mobility of 1050 cAtVs and carrier density of 6 Creases the spacing between the bandse to the balance

X 102 cm~2 while the mobility of the 2DHG sample comes
down to 500 cr/Vs with a carrier density of 2.3

X 10" cm™2. Beyond temperatures of approximately 77 K,
parallel conduction plays a very significant role as seen from
the increase in carrier concentration.

Using the procedure given by Prieand Hirakawa and
Sakaki® we calculate the Ohmic mobility as a function of
temperature in these two systems, by taking into account
scattering mechanisms due to acoustic phonons, remote ion-
ized impurity, interface roughness, and optical phonons.
Apart from explaining our experimental results, we also re-
port theoretical calculations to explain the mobility curves
for those data reported in literatufieenceforth referred to as
“literature data”), which were taken from Refs. 19 and 5
and reproduced in Figs(& and 3b). The procedure used in
the calculation is given in Appendix A, Sec. I.

In the case of the 2DEG samples, the strain in the Si
channel lifts the sixfold degeneracy of the conduction band
into twofold degenerate lower valleys and fourfold degener-
ate upper valley&’ This reduces the intervalley phonon scat-
tering in these strained layers considerably. In the case of the
literature data?® the low-temperature mobility is limited by
remote ionized impurity scattering. In our samples also the
low-temperature mobility is mostly limited by remote ion-
ized impurity scattering. Due to the very large doping den-
sity (~2x10* cm 3 and smaller spacer thicknesses
(~70 A) these samples show lower mobilities when com-
pared to the literature data. In both cases there is lesser in-
terface roughness compared to the Si/S#9stems, and the
interface roughness scattering does not play a significant role
in limiting the low-temperature mobilities. The theoretical
plot for interface roughness scattering is plotted for the typi-
cal roughness values in Si/SiGystems A=5 A and A
=10 A) in Fig. 3a). Intravalley optical phonon scattering
in Si is very weak and hence, does not contribute to mobility
limitation even at room temperatufe.Numerical calcula-
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tions based on the aforementioned analysis was carried outto i, 3. The temperature dependence of mobility taken from
determine the mobility due to the individual scatteringjiterature for(a) SiGe/Si/SiGeRef. 19 and(b) SiGe/Ge/SiGERef.
mechanisms and also the total mobility due to all of them as) modulation doped heterostructures. The dotted and the dashed
a function of temperature. The theoretical fits are shown inines show the individual contributions of the different scattering
Figs. 2a) and 3a) as solid and dotted lines for total mobility mechanisms mentioned and the solid line gives the total calculated

and individual contributions, respectively.

mobility.
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were carried out to determine the mobility due to the indi-
vidual scattering mechanisms and the total mobility as a
function of temperature. The theoretical fits are shown in
Figs. 2b) and 3b) as solid and dotted lines for total mobility

@ and individual contributions, respectively.

3 60KV Vv VVWVM

NE ol ke o ‘“““"‘*\ | B. High-field transport

e *, The dependence of mobility on electric field for tempera-
=y 100K* tures ranging from 13—-200 K for the 2DE@&A) and 2DHG

o *x (#B, #O samples are shown in Figs. 4 and 5, respectively. It
g is seen that the mobility remains constant at its low-field

value (up) untill it reaches a critical field Ec) beyond
which it decreases with electric field. Beyobg it is seen
10° 10' 10° that the rate at which the mobility decreases with the field is
E (V/cm) different for silicon and germanium 2D systems. The high-
field data for various temperatures collapse on to a single
FIG. 4. Mobility of the 2DEG in strained silicon chann@A) curve when the electric field is scaled with the low-field mo-
as a function of the applied electric field for different bath tempera-bility («o) and the high-field mobility is normalized with
tures. Mo The entire family of curves for different temperatures are
shown in Fig. 6. The spread in the uq vs uoE plots in Fig.
between the strain energy and the surface step energy of tifelie within the experimental error in determining the electric
growing Ge surface over the GgSiy 4 graded layer, the in- field after eliminating the contact resistance effects. The dif-
terface shows considerable roughness in these completelgrence in the high-field slopes in the two systems suggests
coherently strained structures. This was clearly visible in théhat the microscopic physics governing the energy relaxation
cross-sectional TEM images of these structdraslow tem-  of hot carriers is different in the two systems.
peratures the mobility is limited by scattering due to these To further examine the energy relaxation mechanism we
rough interfaces. The remote ionized impurity scatteringstudy the average energy loss rate as a function of the carrier
does not play a role due to large spacer thicknesses and detemperature in both the systems. Numerical calculations
doping. In the case of a large splitting between light andbased on energy balance equations and Boltzmann transport
heavy holes, the deformation potential coupling betweertheory®?3=2>2’ (electron temperature modelvere carried
holes and optical phonons as well as scattering between liglaut to determine the dependence of mobility on the electric
hole and heavy hole can also be negleéfe@onsequently, field. The calculation procedure is summarized in Appendix
there is an enhancement in the 300 K mobilities in thesé\, Sec. 2. The values for the acoustic deformation potential
structures to above 8000 éfV s. This is much larger than constant D), the longitudinal (') and transverseng;)
the 300 K bulk mobilities in Ge{ 1500 cnf/V's) which is  effective masses, and longitudinal sound velocity)(that
limited by strong optical-phonon scattering. In the experi-were used in the calculations were taken from previously
mental data, above 70 K, parallel conduction through thepublished reporfs?® and are listed in Table IL.
doping layer and the@-type substrate effectively shunts the In the case of silicon we showed in the previous section
modulation doped channel and precludes comparison witthat the mobility at low-electric fields is limited by remote
theory. Numerical calculations based on Boltzmann theoryonized impurity scattering and at higher electric fields cor-

#B #C
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FIG. 5. Mobility of the 2DHG as a function of the applied electric field for different bath temperatures in strained germanium channel
(a) sample #B andb) sample #C.



16 812 MADHAVI, VENKATARAMAN, STURM, AND XIE PRB 61

1.1 prer T " v This model was successful in describing the high-field
1.0k ] behavior of low-mobility systems such as Si/SifDversion
) ] layers?®=32 due to the fact that the drift velocity is much
09} . smaller than the spread in the velocity distribution that is
o8l ] determined by the temperature of the carriers. Hence, the
) drift velocity does not contribute much to the nonlinearity
0.7 . and can be neglected in the analysis. However, if the mobil-
=° 1 ity of the system is large, as is the case in Si—Ge or GaAs
Iy 0.6 ] heterostructures, the drift velocity cannot be neglected in the
05} . formulation, and should be included in describing the distri-

s bution function and in the carrier-carrier interaction. A simi-
0.4 x lar conclusion was reached by Sakakial ?® in their analy-
sis of hot carrier mobility degradation in AlGaAs—GaAs

0.3 x4 . ) ; .
I ] 2DEG systems. To take into account the high-drift velocity a
0.2 haui— — — — two parameter “displaced” Maxwellian distribution function
10 10 10 10 incorporating both the drift velocity and the carrier tempera-
u, E (cm/s) ture is used to solve the coupled momentum and energy bal-

ance equation® However the assumption of a symmetric
FIG. 6. Mobility normalized with respect to the low-field value distribution function with a well-defined carrier temperature

(o) plotted as a function of the electric field scaled witgfor all  in @ highly nonequilibrium situation cannot be justified rig-
temperatures measured. The square symbols are for the 2DEG @rously.
#A and the crosses are for the 2DHG in #B and #C. A new method to solve the coupled momentum and en-

ergy balance equations without reference to any carrier dis-

. . . . . 4 .
responding to higher carrier temperatures the phonon scattéfibution function was described by Lei and Tiig* in
ing plays the dominant role. We calculated numerically1985. This method is equivalent to the Boltzmann transport
—(dE/dt) (= ueE?) as a function ofE using the above theory at low fields but deviates from it in the hot carrier

procedurey is determined as a function of the electron tem-rédime. The method lies in the separation of the center-of-
perature T,) using the formalism given in Appendix A, Sec. mass motion from the relative motion of the carriers in drift,
2, whereT, is used to define the carrier distribution function SO that the electric field acts on the center-of-mass motion

instead of the lattice temperature. From these calculations w@ly- The motion of the relative carrier system, which con-
can also determind, as a function ofE. This analysis sists of a large number of interacting particles, is essentially

however, showed no degradation of mobility as the electri@ Statistical movement and, together with the phonon system,
field was increasefFig. 7—dotted lind The failure of the 'S described by a statistical density matrp) (An electron

ETM model to explain the experimental results can be attrib{€MPerature is introduced as a measure of the internal energy
uted to the high mobility in our samples. of the relative carriers without reference to any distribution

function. It should be noted that the electron temperature is

not the only source of the nonlinearity of the mobility with

] electric fields; the drift velocity enters the force and energy

w0 rd transfer expressions via the Bose factors and the electron
i density-density correlation function. This method was used

successfully to describe the high-field transport in GaAs/

/ AlGaAs heterostructures by Sakadd al® earlier. The de-

0 tails of the procedure are given in Appendix B.

4 In the weak current limit(v0) the solution of the energy
balance equation i§.,=T, and Ohmic resistivities can be
obtained directly. We obtain the same results numerically as
we obtain using the Boltzmann transport theory in the low-
field case.

Using the above-mentioned formalism we can calculate
® numericallyu and T, as a function ofe. In the case of Si,
R PO we have performed calculations based on this approach, us-
0.1 1 10 ing similar parameters as used in the Boltzmann analysis,
E/E and have obtained the solid curve in Fig. 7. The inset shows
c ) o
the calculated values df, as a function of the electric field.

FIG. 7. The normalized mobility as a function of the applied Y& obtain a carrier temperature of approximately 100 K at
electric field normalized with respect B¢ (4.5 V/cm) for the ~ @n electric field of approximately 100 V/cm, which is of the
strained silicon channe#A) at bath temperature of 13 K. The same order as that obtained for AlGaAs-GaAs
dotted line shows the calculated high-field behavior using ETM andheterostructure: The slope of the experimentally mea-
the solid line corresponds to the calculation based on Lei and Ting'sured high-field mobility versus electric-field curves are very
approach. The inset shows the calculated carrier temperature assémilar to the theoretically calculated curves, suggesting that
function of E/E¢. at high fields the energy relaxation is dominated by acoustic

carrier temperature T (K)

TTH
@
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o T germanium (5 10° m/s) compared to silicon (9

. X 10° m/s). This shows that totdbr partia) internal reflec-

1 tion appears possible in germanium layers and not in silicon
layers. When we took into account the two-dimensional na-
ture of the confined phonons in the Ge channel, we observed
that at the energies of interest in our experimgid—100

K), many modes are excited. When we sum over a very large
number of these modes in our calculations, there is no
change in the behavior of the high-field mobility from the 3D
calculation(dotted line in Fig. 8.

The confinement of the phonons, however, could cause a
significant increase in the local temperature of the Ge layer
because the confined phonons are not able to reach equilib-
rium rapidly with the rest of the lattice. This local heating of
0 S 0 S— phonons can be described to first order by a simple linear

1 1 1 dependence of the nonequilibrium phonon temperafligg)(
E/E. on the bath temperaturd (,;,) and the carrier temperature
(Te) as

FIG. 8. The normalized mobility as a function of the applied
electric field normalized with respect K- (5V/cm) for the strained Ton=Toatnt @(Tc— Thawm), (2)
germanium channdlB) at bath temperature of 13 K. Also shown
are calculated high-field behavior using ET{dot-dash ling Lei
and Ting's approach usingpn= Ty, (dotted ling, and usingT,p,
>Tpatn (solid ling). The inset shows the calculated carrier tempera-
ture as a function oE/E.

TWATH

<

carrler temperature, T (K)

B3

with a as the fitting parameter. In such a situation the
carrier-phonon scattering is enhanced leading to a faster de-
crease of mobility at high-electric fields. We repeated the
numerical calculations using this nonequilibrium phonon
model and obtained the solid line in Fig. 8 fae=0.3. This
phonons through deformation potential scattering. The calcueorresponds to a carrier temperatufiec) of approximately
lated critical electric field Ec) at which the mobility starts 120 K (inset Fig. 8 and phonon temperaturd () of about
decreasing, agrees within a factor of 2 with the experimenta0 K at 100 V/cm. Our theoretical calculation along with the
data. This discrepancy lies within the experimental error inexperimental results suggests that confined phonons in
volved in the estimation of the electric field in the channel. strained 2D germanium layers sandwiched between SiGe
In the case of germaniutt#B), a similar analysis as per- layers may be out of equilibrium with the rest of the lattice at
formed in the case of silicon did not show a qualitative dif- high fields and cause a faster decrease of mobility. A similar
ference in the high-field behavigFig. 8—dotted lingé. We  conclusion was reached from the experimental data and the-
find that the calculated rate of decrease of mobility is theoretical calculations for sample #C.
same as in the silicon case, but not faster as seen from ex-
periment. This discrepancy between theoretical and experi-\y pyTY CYCLE DEPENDENT THERMAL RESPONSE
mental slopes cannot be accounted for by the uncertainty in
the effective mass and the deformation potential constant High-electric fields are known to cause lattice heating,
used in the calculation. The effective mass of holes in thes@hich can cause degradation of mobility apart from the
structures depends on the strain induced nonparabolocity @bove-mentioned “hot carrier” effects. A systematic study
the valence band. Samples B and C have different germaf the mobility dependence on the input power will provide a
nium content in the buffe(Table ) and hence different clear understanding of the mechanism of heat transfer in
strain in the Ge layers. Therefore, the effective mass in théhese heterostructures both in transient and in steady-state
two samples is not identical. However, we observed that theonditions. In this section we report experimental data on the
high-field behavior of both these samples is very similarthermal response of silicon and germanium strained layers
suggesting that the effective mass does not significantly afy studying the duty cycle dependence of the mobility in
fect the rate of decrease of mobility with electric field. How- these systems at high-electric fields.
ever, in an earlier study on hot carrier effects in germaflium  In the absence of the electric field the whole system is
by Shubnikov de Haas measurements at very low tempergharacterized by the bath temperatufig ). In the pres-
tures, significant effects of two-dimensional confinement ofence of high-electric fields, the carriers reach steady state on
phonons in the germanium layers was reported. This wa8 very short time scal@ess than picosecondand are char-
attributed to the acoustic mismatch of the germanium layeacterized by the carrier temperaturg;). These “hot carri-
with the cladding layers. The modified dispersion relation forers” emit phonons that flow through the sample to the bath.
the 2D confined phonons manifested itself in the transportn steady state the average temperature of the channel in the
properties at the very low lattice~0.3 K) and carrier tem- presence of the electric-field pulse is characterized by a pho-
peratures £ 10 K) involved in these experiments. Such annon temperaturel ,;, (>Tya). Depending upon the re-
effect was not observed in strained Si channels since accorgponse time ofl ,, two situations can arise. In the first case
ing to Snell’s law of refraction for acoustic waves, the soundwhereT ,;, typically has a slow response time of the order of
velocities in the active layer need to be smaller than those imilliseconds as is the case in bulk samples with very large
the cladding layers to have total internal reflections that conheat capacity, the value df,, depends on the average en-
fine the phonons. The velocity of acoustic waves is lesser irgy dissipated in one period of the pulse train and hence,
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v ] In the case of silicon samples, we see that the mobility
* | decreased with increasing duty cycle when the bath tempera-
—20v/om ture was fixed at 13 K. The decrease in mobility was more

] pronounced for higher electric fields. From Fig. 9, for an

=35Viem electric field of 55 V/cm, there is a decrease in mobility by a

factor of 0.96 when the duty cycle is varied from 2% to 50%.

%

E=45V/cm]
4 ] We see from Fig. 4 that a similar decrease in mobility of

3’ ) open symbols (Ge): Tossvicm | 0.96 at a field of 55 V/cm corresponds to an increase in
= 50v/cm - 375 Viem 4 T temperature from 13 to 25 K. From this we conclude that the
0.94 . 50% duty cycle pulse causes a local increase of phonon tem-
] perature Tpp,) to 25 K. A similar analysis at a higher electric
0.02} E=Toviem field of 70 V/cm, yields a,, of 40 K at 50% duty cycle and
’ . a bath temperature of 13 K. This dependence on the duty
10 100 cycle shows that the response times in silicon systems are
very slow. However, in the case of 2D holes in Ge/SiGe
structuregopen symbols in Fig.)9 we see that the mobility
FIG. 9. Normalized mobility vs the duty cyct&s) for different IS relatively independent of the duty cycle even at the highest
electric fields for the 2DEG samplétA)—solid symbols and applied electric field$380 V/cm). This independence of the
2DHG sample#C)—open symbols, at bath temperature of 13 K. mobility on the duty cycle indicates that the time constants
are very small in the Ge samples, as discussed above. The
depends on the duty cycle. In the second case whgrdas time constants in these systems can be estimated by measur-
a very fast time response as is the case in very thin layers, ing the transient response of mobility inside a pulse of 5 ms
depends on the instantaneous power dissipated and heneddth, as shown in Fig. 10. It is observed that the mobility
independent of the duty cycle. A measurement of mobility aslecreases and saturates after few ms in the case of silicon.
a function of the duty cycle thus gives direct information However, in the case of a germanium sample, no such
about the thermal response time scales involved. change is observed within the experimental error, confirming
Pulsed voltages with variable pulse width and frequencythat the time constant is much smaller than a millisecond.
were applied to generate high-electric fields. The GMR wasThjs fast time response in germanium can be attributed to the
used to measure the m0b|l|ty at each electric field and dutwery Sma” heat Capacity Of the th|n germanium |ayer in
cycle. The electric fields were varied between 10-400 V/icMyhich the phonons emitted by the hot carriers are confined.
and duty cycles 1%-50%. This study confirms the role of confined phonons on the

In Fig. 9 we plot the normalized mobilityu/ o) as @  mopility degradation as a function of electric field in the
function of the applied duty cycle for both the silicon and ermanium channel, as proposed in the previous section.

germanium systems at a bath temperature of 13 K and fof pare have been few reports in the past to measure the

different electric fields. The width of the _electric—field_ pulse temperature or the distribution of hot carriers experimentally.
was kept constant at 20p.s and the period was varied t0 gh5h and Pinczukt al3® used the photoluminescengeL)

change the duty cycle. technique to determine the electron temperature at high-
electric fields by fitting the high-energy slope of the PL spec-

duty cycle(%)

== A B AL LA trum to a Fermi—Dirac distribution. In the case of Si—-Ge
1.000 | Eﬂg Ge channJ systems, the luminescence is inherently very weak due to the
[t ﬁﬁﬁ}ﬁ E=200V/cn] indirect gap in these materials. Also in our case, the PL spec-
[ ] N 1 trum is dominated by luminescence from the dislocations in
0.995 | LR 1 the graded SiGe layer, which makes it even more difficult to
. BN Si channfi study the luminescence from the well. Xé¢ al!” and Song
. - Al Ly EeS0Vien et al® have done Shubnikov de Haas measurements as a
= " ..' . function of temperature<6 K) to measure the carrier tem-
;_ 0.990 | " o .;i channd perature. These measurements have a limitation that they
. E=7och cannot be performed beyond temperatures of about 10 K.
" T Hirakawaet al3® have studied the broadband far-infrared ra-
0.985 -, 1 diation from hot two-dimensional electrqns to determine the
) " sjchannd black-body temperature. All these techniques have been used
| period = 10ms ®E=90V/cn| to determine the carrier temperature at high-electric fields but
temp =13K " ) " they do not provide any information about nonequilibrium
0 1 2 3 4 5 6 phonons in confined systems. Moreover, probes such as Ra-
time (ms) man spectroscopy, which are sensitive to the phonons, do not

have the required sensitivity to measure the small increase of
FIG. 10. Normalized mobility as a function of time measured the acoustic phonon temperatu@9—-50 K encountered in
inside a pulse of 5 ms width and 10 ms peri®®% duty cycle for our experiments.
the 2DEG samplé#A)—solid symbols and 2DHG samp({#C)— Detailed modeling to quantitatively estimate these heat
open symbols, at bath temperature of 13 K. capacities and time constants and to experimentally deter-
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mine the phonon temperature in these systems is beyond the W (r,2)=f(z)exp(ikr), (A1)
scope of this paper.

E(k)=Ey+Ah2k22m¥ | A2
V. CONCLUSION (k)=Eg m; (A2)

i . i heref (z) denotes the envelope wave functionf; the elec-
In conclusion, we have measured the Ohmic mobilities o[ﬁ/ (2) p ar,

two systems, 2DEG and 2DHG in strained silicon and Ornetfrf]zcg\éztgﬁﬁs’ ap(;d::g;(; gdlzjgegalir’rl%rgk t%%nfrg?)rrlg.entum
strained germanium samples using Hall technique and Van o g process > .

der Pauw geometry. We determine the mobility limiting conservation in the d|rec_t|on in the three-dimensionédD)
mechanisms at low temperatures by calculating the mobiliyF@S€ 1S replaced by the integral

contribution from various mechanisms using semiclassical

Boltzmann transport theory. We conclude that in the 2DEG Mﬁ:J Mﬁ||'(Qz)|2qu- (A3)
samples, in both the high- and low-mobility systems, the

low-temperature mobility is limited by remote ionized impu- : .
rity scat?ering. In the cgse of 2DHGy samples, on the gther Here, M, and M,, are the bare scattering matrix element
hand, the low-temperature mobility is limited by interface in two dimensions and three dimensions, respectivgjyis

roughness scattering. We also conclude that unlike 2DHG if’€ Wave vector normal to the heterointerface, a(w) is

the SiGe channel, wherein, the mobility is limited by alloy 9&fined by
scattering, 2DHG in the Ge channel promise extremely large
300 K mobilities (in the absence of parallel conductjon |(qZ)EJ f(z)2 exp(iq,z)dz (A4)
which are larger than the electron mobilities in Si channels.

Geometric magnetoresistance technique was used to mea- | e followi that the elect lat
sure the mobility as a function of the applied electric field. n the Tollowing, we assume that the electrons popuiate

We observe that the mobility in the germanium system start§"l the lower subband, neglecting the contribution of inter-

decreasing faster at high-electric fields compared to the silifUPband scattering. We adopt f6(z) the Fang—Howard

con system. We have also studied the microscopic physicéariational wave function,

governing hot carrier effects in these systems and have fitted

our data using the existing theory of nonlinear transport that f(2)= /b_zex% —_bz) (A5)
takes into account the large drift velocities. While this 2 2 )

method was successful in explaining the high-field behavior here th iational tBiis ai b

in silicon channels, it could not account for the experimen-W ere the variational parametens given by

tally observed higher slope in the case of germanium 1om* 62 1/3 1 |13

samples. We proposed a model that emphasizes the role of b= ! deort =—=N (AB)
confined phonons due to acoustic mismatch in the case of Xo€oh? e 32 ’

SiGe/Ge/SiGe structures. These calculations suggest that . o ) )

phonon confinement effects lead to an increased phonofheremy is the longitudinal effective mass, is the elec-

temperature inside the channel that causes the enhanced nitnic chargeg, is the dielectric permittivityx, is the static

bility degradation. dielectric constantNy.p, is the areal density of depletion
The lattice heating effects were studied in these systemsharges, and\ is the density of the 2D electron gas. Substi-

by measuring the mobility as a function of the duty cycle oftution of Eq.(A5) in Eq. (A4) yields

the applied electric field. We observe that in the silicon sys-

tem the mobility decreases with duty cycle, the decrease be- 5 b®
ing more pronounced at higher fields. However, in the ger- I1(a,) T (A7)
manium system the mobility is independent of the duty (b"+qz)

cycle, suggesting a smaller time constant in comparison to _. . . .
silicon. We attribute the smaller time constant to the con- . >NC€ the scattering matrix elemerd,, in three-
fined phonons in the germanium channel. This confirms th&imensions are well established, we can calculie and
role of confined phonons in hot carrier transport in SiGe/Gefhe differential scattering cross sectia(w) for various scat-

SiGe modulation doped heterostructures. tering mechanisms. We consider here the ionized-impurity
scattering, the acoustic-phonon scattering and interface-
ACKNOWLEDGMENTS roughness scattering.
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S(q)=1+—F——", (A8)
APPENDIX A: BOLTZMANN TREATMENT FOR LOW- 2X0€09

AND HIGH-FIELD TRANSPORT whereF(q) is the form factor defined by

1. Low-field transport " "
The electronic state in the channel is characterized by a F(Q)Zf dZJ dz'[f(2)1°[f(z')1%exd —alz—2']].
subband index and a 2D wave vectdt=(k, ,k,) along the 0 0 (A9)

heterointerface. The ground-state wave function and energy
are, respectively, given by Here,
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g=k,—k; (A10) wherev(z) is the electrostatic potentialy is the mean-
_ ) o square deviation of the roughness height, Anid the lateral
is the 2D scattering wave vector from the initial stéteto  spacial decay rate of the roughness.

the final statek,. Using the variational wave function given  The inverse of the momentum relaxation time is given by
by Eq. (A5), we obtain for the form factor,

1 27
b(8b%+9bq+3q9?) —T(E)=fo v(6)dé (A19)
F(g)= 3 . (Al1)
8(b+q) with
I1(qg) is the static polarizability function that depends on _
both temperaturd andq given by v(0)=n(6)+ vpp(6)+ virg(6). (A20)
The mobility is then given by
- 1(q,0£")
H(q!Tag): dg ’ . e
0 4kgT cos{(£—¢')/(2ksT)] p=— () (A21)
(A12) m*

In the above equatiorg is the Fermi energy ankg is the  with
Boltzmann constantll(q,0,£) is the polarizability function

atT=0 given by f 7(E)E[9fo(E)/JE]E
0
m 2k | 2|12 ()= ~ (A22)
H(q,0,§)=—2[1—u(q—2kF)[1—(—) } ] f E[ofo(E)/9E]dE
7h q 0
(A13)

whereu(x) is the usual unit step function akg is the Fermi 2. High-field transport
wave vector. To understand the electron heating process, we have per-

When all the acoustic modes are fully excited the differ-formed calculations following the approach of Price. The
ential scattering cross section due to deformation potentiadifferential scattering cross section of 2D electrons with
scatteringvpp(6) is translational wave vectdt is expressed as
3bD?m¥ kgT[1—cog 6)]

327h2c S?(q)

vos(6) = (AL me):J_:quPu(qz)FNq[l—f(E+ﬁwq)] (A23)

whereD is the deformation potential constan, is the lon- for phonon absorption,

gitudinal elastic constant, ar8(q) is the screening factor of Foo
the carriers. v,(0)=f da,P[1(g,)|*(Ng+1)[1-f(E-fwg)]U
The differential scattering cross section due to ionized o

impurities with the charg&e is given by (A24)
for phonon emission, whetg = u(E—# w,) is the usual step
m; Z%e* F(a,z)]? function,P=P(q,y,q;) is the scattering probability facto,
V'(G)ZTJ Z{ ni(z)[1—cog6)]. is the scattering angle, and, is the phonon occupation
8mh"Xo€0 asta) number, which is given by
(A15) ’ 9 y
Here,n;(z) is the impurity distribution anéF (q,z) is given Ng=[expfiwq/kgT)—1]" %, (A25)

by wherekg is the Boltzmann constant. Phonon enefgy, is
given by zu_q for the longitudinal acousti€LA) phonon
F(q,zi)=f dZ|f(2)|2exp —qlz—2|). (A16) modez. Hegeu,_ is the longitudinal sound velocity and
The scattering cross section for interface roughness scattelr— T(;ufa scz\ttermg pr.obaklinhty facthP(q).(y,qZ). cgnfbe ca!cu—
ing is given by the expression tztnetial %rohsiggo;sstlc-p onon scattering via deformation po-

*
m;

27hs

Virs(0) =

1 *
[1-cog a)](AAeFeff)Zexp( - —q2A2>. _ my D2(fiuq)
4 PDP(Qxyaqz)_ 273 21
(A17) 8mh c [S(dxy, Te)]

_ o where D is the deformation potential constant and the
Here, we have defined the effective fidid;; by longitudinal elastic constant. Since in acoustic-phonon scat-
tering the sound velocity can be assumed to be small com-
1 pared to the electron velocity,,= 2k|sin(@/2)|. The net
N+Ngepi|,  (A18) y .
2 energy-loss rate of an electron with enefgys expressed as

(A26)

v (z) e

_ 2 _
Feff—fdz|f(z)| 97 €oxo
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dE
5

27
_JO fiog[v,(0)—v_(0)]do (A27)
and the average energy-loss rate is then given by
dE\
~lg7) =

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

och]c / wf
g f(B)dE fo (E)dE. (A28)

Using the procedure given by Lei and Ting, we can derive

LOW- AND HIGH-FIELD TRANSPORT PROPERTIES B. . .
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Fp<v)=2qEq IM i (Cixy ,02) |20y T2 (Clyy s g+ Gy VIAN.
’ (B6)

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

W(v)=2 2 |M Il(qu 1qz)|2qu2(qu1wq+ Oxy- V)An,

Axy 9z

a force and an energy balance equation for steady state as (B7)
NeE+F(v)=0, (B1) (
ho A wgt OyyV
q q " Hxy

v-F(v)+W(v)=0, (B2 An= n( kBT> —n( KoT, ) ) (B8)
wherev is the expectation value of the center-of-mass veloc-
ity, or the average drift velocity of the carriers. The current
density is given by Mii(Cixy ,0lz) =M (Gxy . 02)1* (19). (B9)

J=Nev. (B3)

In Egs.(B1) and(B2) F(v) is the frictional force experienced

by the center-of-mass when it moves at a constant speed. It

In the above equations;(z) is the impurity volume density
atzandn(x) = 1/(e*—1) is the Bose functionT andT, are

composed of two parts, due to impurities and due tgthe lattice and electron temperature, respectively, and

phonons, respectively.
F(V)=Fi(V)+Fy(v). (B4)
Their expressions are as follows:

F(v)=2

Oxy

dzn(z)

2 ~
quHZ(quaqu'V),

Z
X|| =/—|F Z
( 2€0X0qu) (qu )

(B5)

[T5(qyy,2) is the imaginary part of the Fourier transform of
the intrasubband electron-density correlation function in
two-dimensional representation. In the case of both Si and
Ge, only acoustic phonons contribute to the scattering in the
energy range considered. Optical-phonon scattering is not
dominant. Only the longitudinal modes give rise to acoustic
deformation potential with matrix element

D(fujq)

|M|||(Q)|2: 2¢,

(B10)
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