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Results are presented concerning the electrical characterization of p-Si/Si& „Ge„/Siquantum well

(QW) structures by admittance spectroscopy, capacitance measurements, and deep-level transient spec-
troscopy (DLTS). The capture and emission processes of holes in QW structures are theoretically ana-

lyzed for equilibrium and nonequilibrium conditions taking into account external electric fields as well as
local electric fields induced by confined charge carriers. The temperature dependence of potential bar-
riers at the QW and of the Fermi level determines the activation energy E, of the conductance across the
QW. Admittance spectroscopy data of QW's with x =0.25 and thicknesses in the range from 1 to 5 nm
are in fair agreement with the proposed theoretical model. Hole emission from the QW region was stud-
ied by DLTS investigations on n+p mesa diodes for QW's with x =0.17.

I. INTRODUCI 1ON

The band off'set of semiconductor quantum well (QW}
structures is often determined by means of different opti-
cal and electrical methods. ' Due to the fact that these
methods do not allow us to measure the band offset
directly, the difFerent techniques and, in particular, the
analysis of the data obtained have to be evaluated very
carefully.

Junction space-charge techniques (JSCT), such as
capacitance-voltage investigations (CV}, admittance spec-
troscopy, and deep-level transient spectroscopy (DLTS),
are relatively simple techniques regarding the experimen-
tal facilities and the analysis of data. Hence, semiconduc-
tor quantum well structures as part of a depletion region
of a diode should be easily investigated by difFerent
space-charge techniques. The CV-method reveals the
profile of carrier concentrations within the space-charge
region of a pn or Schottky diode. Admittance spectrosco-
py and DLTS (Ref. 2) are in this context similar dynam-
ic techniques for the investigation of carrier capture and
emission in quantum wells (QW). The admittance spec-
troscopy measures the charge-carrier transport over the
QW, and DLTS monitors the carrier emission from the
QW.

Using simple thermionic emission theory for describ-
ing carrier transport across potential barriers, it is readily
shown that the thermally activated current is limited in
both cases by a potential barrier closely related to the

band ofFset hE. Several DLTS investigations ' and
admittance spectroscopy measurements ' have been pub-
lished for semiconductor heterostructures to obtain infor-
mation on hE.

In the case of admittance spectroscopy, the QW should
be situated in the neutral region of the semiconductor
diode, whereas for DLTS measurements the QW should
be located in the space-charge region of the diode at least
during the carrier emission process. A drawback of
DLTS investigations is the strong in6uence of the electric
field in the space-charge region on the carrier emission,
since the potential barrier at the QW is considerably de-
creased due to high electric fields. Furthermore, the
internal electric field induced by confined charge carriers
has to be considered in the case of capture processes and
the induced potential barriers must be taken into account
in the analysis of carrier transport across the QW. Previ-
ous publications ' ' have not considered the pecularities
of carrier capture and emission in QW's which are related
to quantum effects.

Deep-level transient spectroscopy investigations of the
band ofFset of QW structures in A», Bv semiconduc-
tors ' ' give rather contradictory results. Using these
DLTS results only it is not possible to conclude whether
direct carrier emission from the QW or emissions from
defect levels in the QW were observed. A better interpre-
tation is possible, if DLTS, CV, and admittance spectros-
copy measurements were performed on similar device
structures or, as in, if CV measurements are used to
show that carriers are really confined in the QW.
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Recently, an increasing technological interest in
Si/Si& Ge heterostructure layers has been observed
due to possible applications in silicon based device tech-
nology. ' When studying carrier emission from QW's in
Si/Si, „Ge„/SiQW structures, it is of interest to note
that, in contrast to A»&8v-semiconductor heterostruc-
tures, only the offset of the valence band is essential, and
that the concentration of deep centers in the
Si/Si, Ge /Si layers should be small. Admittance
spectroscopy measurements of the valence-band offset
AEV have previously been performed on p-type
Si/Sii „Ge„/SiQW structures for Ge concentrations up
to 30 at. %, but the analysis was performed without tak-
ing into account the potential barrier induced by confined
carriers. Recently, DLTS investigations on structures
with x =0.3 have shown a rather broadband in the
DLTS spectrum at lower temperatures, which was as-
sumed to be due to direct hole emission from the QW.

The aim of this paper is to present a detailed theoreti-
cal and experimental study of carrier capture and emis-
sion processes in p-type Si/Sii „Ge„/SiQW structures.
The experimental study combined CV, admittance, and
DLTS measurements of similar structures in order to ob-
tain reliable information on electronic parameters of the
QW structures, such as the acceptor concentration, the
concentration of confined holes, the activation energy of
conductance across the QW, as well as the activation en-

ergy of carrier emission from the QW.
The carriers confined by the QW induce local electric

field, which change the capture and emission processes
considerably. The strength of these fields depends on the
QW parameters as well as on the doping concentration
and the concentration of confined carriers. A detailed in-
vestigation of such efFects for p-Si/Si, „Ge,/Si struc-
tures is presented.

The paper is organized as follows. The theoretical
study is presented in Sec. II. Section III describes the ex-
perimental procedures and the sample preparation. A
discussion of experimental and theoretical results is given
in Sec. IV. Finally, the most important conclusions are
summarized in Sec. V.

II. THEORETICAL STUDY OF CAPTURE
AND EMISSION PROCESSES

The valence- and conduction-band discontinuities in
Si/Si, „Ge„/SiQW structures are strongly dependent on
the alloy composition of the individual layers as well as
on the actual strain situation. Strained Si, Ge, QW
layers embedded in unstrained Si, which will be studied
here, represent deep traps for holes whereas the
confinement of electrons is less important. The variation
of the band ofFset with respect to the actual strain situa-
tion and the Ge content x in the QW can be estimated
from the deformation-potential theory combined with a
virtual-crystal approximation for the alloy layers (see Ap-
pendix A). Figure 1 shows the position of the highest
valence bands and lowest conduction bands of strained
Si, Ge„ layers, pseudomorphically grown on Si sub-

strates, relative to the Si band edges. We have adopted
here the results of ab initio calculations from Van de
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FIG. 1. Band edges of a strained Si& „Ge„layer matched to
a Si(001) substrate versus x. Heavy holes (HH), light holes
(LH), and holes slit off by spin-orbit coupling (SO) as we11 as the
L valley and the inequivalent 5 valleys are plotted relative to
the Si valence-band edge.

Walle and Martin for the deformation potentials and
for the valence-band offset of the strained Ge matched to
a Si(001) substrate.

To obtain the valence-band offset from the experimen-
tal results of space-charge spectroscopy measurements,
it is necessary to examine capture and emission processes
of holes in the QW for equilibrium and nonequilibrium
conditions carefully and to take into account external
electric fields as well as local electric fields induced by
confined holes. The understanding of these processes is
important for device applications as well.

A. The Sat band case

where nI, is the free-carrier concentration in the barrier
layer close to the well and (U ) =(8k+ T/nm )'~ is the
average thermal velocity of carriers with mass m at tem-
perature T The factor 2 i.n Eq. (2) accounts for the cap-
ture from both sides of the well. In thermal equilibrium,
when the same Fermi level determines the occupation of
states in the barrier layers and in the well, we have

Je =Je-
The equilibrium concentrations of holes in a QW with

confinement energies E„is given by

From the classical point of view, a quantum well in a
sample structure used here presents a giant trap for holes.
The density of the emission current is given by

e

Jp =eTn~

where eT is the thermal emission rate and n is the two-
dimensional hole concentration in the QW.

In thermionic theory it is assumed that all carriers in
the well with energies larger than EE„canleave the well
without any obstacles. In this way, all free carriers arriv-
ing at the boundary of the well are captured by the well,
which means that the density of the capture fIux is given
by

j,=2nb(U),
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mk, T
n =

z gin 1+exp
EF E„w—E„

k, T
(3)

where EF is the Fermi level for holes and E„„andE„b
are the valence-band edges of the well and the barrier, re-
spectively. The valence-band offset is defined as
EE„=E„b—E„„.In the case of Boltzmann statistics, the
carrier density in the well is

mkq T
n = exp (4)

7rfi2

E —E —E
ksT ~ ksT

From the thermal equilibrium condition for the capture
and emission fluxes, the emission rate is obtained as

2(v ) bE„E, —
(5)

where A, r is the thermal length A, r=(2M /mksT)'/,
and the occupation factor f given by

f=g ln 1+exp
EF Evw

—
En

k~T
Ei

P

accounts for the degeneration in the QW. Boltzmann
statistics then gives

Ej —E„f=g exp
n B

(7)

Here, E, is the confinement energy of the first level in the
well. In the limit of small wells (E& »k Ts), Eq. (7)
reduces to f =1 and in the opposite limit of wide wells
(E& « ks T), we have f = a /A r with a being the width of
the well.

When captured in the well, an arriving carrier loses en-
ergy. The most effective process of energy dissipation is
the emission of optical phonons. If the well width a is
less than the mean free path 1 limited by optical-phonon
emission, only a part of the arriving carriers is captured,
and the density of capture flux is

the interaction of carriers with optical phonons, the cap-
ture velocity for a well with hE, =140 meV and a width
of about 30 nm changes between 0.5 X 10 cm/s
(minimum at a =29 nm) and 4X10 cm/s (maximum at
a =31 nm) and is practically temperature independent in
the region from 100 to 200 K."'

en„
Fp=

2E Ep
(9)

at the boundaries of the QW, where s„sois the dielectric
constant and e is the unit charge. The potential barrier
Up for a given acceptor concentration N„can be ex-
pressed by the hole density n as

en 2

Up= 8s„e~„ (10)

.00—

B. The eSect of band bending
on capture and emission

For p-type Si/Si, „Ge„/SiQW structures with large
barrier layers which determine the position of the Fermi
level, the confined holes in the QW produce a depletion
region in the vicinity of the QW due to the charge neu-
trality condition. As a result, the bottom of the QW is
down shifted, and an electric potential barrier eUp ap-
pears. The spacial variation of the valence-band edge of a
Si/Sic s3Geo, 7/Si QW with b,E„=140meV is shown in
Fig. 2 for an acceptor concentration N„=10' cm and
T =100 K. The bound states as well as the quasibound
states in the QW (below the barrier) are indicated for
heavy (solid lines) and light (dashed lines) holes, respec-
tively.

The energy levels and the charge density were calculat-
ed solving the Schrodinger's and Poisson's equations
self-consistently (see Appendix A).

The hole density n in a QW surrounded by p-doped
barrier layers determines an electric field

j,=2ns ( v )a/1 . (8)
E

E, 2

Obviously, the emission rate should involve the same fac-
tor a/1.

The main difference of a quantum well compared to the
classical well consists in the existence of bound states in
the QW and quasistationary levels in the continuum spec-
trum induced by the reflection of carriers at the QW
boundaries. The existence of quasistationary states pro-
duces "windows of transparency" for incoming electrons.
This fact together with the existence of discrete bound
states in the QW leads to an oscillating dependence of
emission and capture rates on the well width a (see Ref. 2
and references therein). The basic result is to replace the
thermal average velocity (v ) in Eqs. (2) and (5) by an
effective capture velocity v„which accounts for optical-
phonon emission and is calculated in the framework of
quantum theory. " ' In the nonpolar Si/Si& Ge„/Si
QW structures, where the deformation potentials control
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FIG. 2. Valence-band profile in a 30-nm Si/Si083Geo»/Si
QW with an acceptor concentration Nz = 10' cm 3 and
T =100 K. Bound states and quasibound states in the QW are
shown for heavy (full lines) and light holes (dashed lines). The
Fermi energy E+ (dashed) and the valence-band edge E„bin the
bulk region (dot dash) are shown. The indicated barrier width
Lo corresponds to the depletion approximation.
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FIG. 3. Energy levels of confined heavy holes in a 30-nm

Si/Sio „Geo~7/Si QW versus the doping concentration N„for
T =100 K. The dot-dash line gives the limiting energy E„bfor
bound hole states. Energies are measured relative to the bottom
of the well.

Equations (9) and (10) were derived under the assump-
tion of a space-charge depletion layer. It should be noted
that the levels of the confined carriers are considerably
shifted by the electrostatic potential of the confined
charge. The energy levels of confined heavy holes in a
Si/Sio s3Gec, 7 QW are shown in Fig. 3 as a function of
the acceptor concentration Nz in the Si barriers. The
limiting energy for bound hole states in the well is given
by the valence-band edge E,b in the barrier outside the
space-charge region. The most important effect of the
electrostatic potential is a shift of all confined levels due
to the spacial variation of valence-band edge at the well.
With increasing band bending, corresponding to higher
doping concentrations, the first and second subbands
representing symmetric and antisymmetric combinations
of states localized at the boundaries of the well become
degenerate. Light-hole levels have not been plotted since
in the structure considered, light holes do not contribute
to the charge accumulation in the well. Due to the strain
imposed by the pseudomorphic growth on Si substrates
they are shifted by about 100 meV and, hence, there are
no bound light-hole states within the QW. However, it
should be noted, that the parallel transport of heavy holes
is controlled by the effective mass of light holes (see Ap-
pendix A). In the two-dimensional hole density we have
therefore used m =mr, where mI is the effective mass of
light holes.

The temperature dependence of the potential barrier
eUO relative to the Fermi level EF in the barrier layers is
exhibited in Fig. 4 for different acceptor concentrations
in the barrier layers. The decreasing potential difference
(eUp +E b EF) with decreasing temperature is mainly
caused by a shift of the Fermi level in the barrier layer.
The charge transfer between the well and barrier layers
aligns the Fermi level of the barriers close to the energy
of the first heavy-hole level in the well where the density
of states is high.

The local electric field of the order of 10, . . . , 10'
V/cm induced by the confined charge, and the corre-

I
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FIG. 4. Potential difference eUO+E„b—E+ of a 30-nm

Si/Sio s3Geo „/SiQW versus temperature for different acceptor
concentrations N„=10' cm ', 10' cm ', and 10" cm ', re-

spectively. Valence-band offsets of AEv=0. 14 eV (solid lines)
and bEV =0.16 eV (dashed lines) were assumed.

sponding approximately parabolic barrier which has a
value of about eU0=100 meV, change dramatically the
rate of carrier emission and capture processes. If tunnel-

ing of holes across the barriers is not considered, an ac-
tivation law for the thermal emission rate is obtained
similar to the fiat band case Eq. (5), where the shift of the
confined hole levels has to be taken into account. For
capture processes an effective velocity v,

' can be intro-
duced by the relation

where nb =N, exp[(EF —E„b)/k+T] is the hole concen-
tration in the neutral region of the barrier layer and

eUO
v,
' =v, exp

B
(12)

X, is the effective density of states of the valence band
and U, is the QW capture velocity in the QW obtained
under fiat band condition (see Chap. 2.1.).

For samples with high doping concentrations and, con-
sequently, narrow barrier regions the tunneling across the
barriers can no longer be neglected. For the considered
case of b,E, =0.14 eV, a =30 nm, and N~ =10' cm
we have a barrier of eUc =0.081 eV (see Fig. 2), and ob-

tain therefore for the depletion width of the barrier
L o(2 EuUE/euN„)' a value of I.o =33 nm. This
width is somewhat smaller than the depletion width ob-
tained by solving Poisson s equation exactly (see Fig. 2).
The probability of tunneling from the quasistationary lev-
el E depends on the energy distance between E and
the top of the barrier, i.e., hE„—E, and increases for
larger E . On the other hand, the population of the level
decreases for larger value of E . There is therefore an
optimal energy for tunneling, E'~', which depends on the
temperature, and determines the value of the thermally
activated tunneling emission rate e,„.In Appendix 8, the
following relation for e,

„

is obtained:
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—eUp E,

Xexp
—AE —Ev 1

v
e,„= expT(E' ')

(13}

presence of a high electric field can be approximated by
the confinement energy in a triangular well

' 1/3 1/2

E1=
2m

where E, =(e N„fi /4E„eom )'/.
T(E'P') is the classical period of movement in the

quasistationary state at the optimal tunneling energy E'p'
and v is the number of quasistationary states contributing
to the thermally activated tunneling. Neglecting, in a
first approximation, the bending of the QW bottom one
obtains

1/2

T(E'P') =a
EOPt

(14)

The importance of tunneling processes is determined
by the characteristic energy E, depending only on the ac-
ceptor concentration. For E, «kii T Eq. (13) transforms
into the activation law (5}. On the other hand, for
E, »k~ T the emission process is controlled by tunneling
from the quasistationary levels near the valence band
edge in the neutral region.

According to the definition of the energy E, a value of
E, =3 meV is obtained for N„=10' cm, and E, =9
meV for Nz =10' cm . Hence, for QW structures with
a dopant concentration Nz less than 10' cm Eq. (5)
can be used for describing the emission process. Howev-
er, for Nz & 10' cm tunneling processes become im-
portant at temperatures smaller than 100 K. When tun-
neling is important the efFective capture velocity [see Eq.
(12)] is given by

vA, T
Vc exp

T(EOPi
)

—eU0 E,
(15)

It the case of QW's with barriers it has been assumed
that the tunneling transparency of the barrier is small,
and that all carriers arriving at the QW have enough time
to lose their energy which implies that the emission and
capture rates are independent of the rate of energy relax-
ation.

C. Emission and capture processes
in external electric fields

So far we have discussed equilibrium conditions where
capture and emission fluxes cancel each other. By realiz-
ing nonequilibrium conditions, for instance, by applying
an external electric field, it is possible to investigate the
fluxes individually. Changing the applied external elec-
tric field from F=0 to F & Fp, where Fp is the local elec-
tric field induced by the confined holes, a high hole con-
centration n exists in the QW in the presence of an elec-
tric field of the order of 10 V/cm. In this case, two as-
pects must be considered: (i) the shift of the energy of the
lowest bound states as a function of F, and (ii) the possi-
bility of thermally activated tunneling through the tri-
angular barrier.

The position of the ground state E, in the QW in the

The emission rate controlled by thermally activated tun-
neling is then given for F & Fp by

hE —EV v 1eT(F)= expT(E'p') kii T
Pie F

24m (kti T )

D. Kinetics of carrier capture

Here we consider the time dependence of the density of
capture flux in QW's for p-doped structures. The initial
condition corresponds to the absence of carriers in the
QW, i.e., n =0. The change of the carrier concentration
in the well is given by

dn =[j,(t) j,(t)]dt .—

The capture flux density j, of thermally activated pro-
cesses is given by Eqs. (11}and (12), where Uo should be
replaced by Uo= Uo(t), the potential barrier induced by
the confined carriers at time t. The emission current den-
sity j, is given by Eq. (5}. Taking into account the depen-
dence of the barrier Up on the hole density as given by
Eq. (10) one obtains

n(t ')e-
n„(t)=2U,J dt' nbexp

0 8s„s g kii T

n (t') bE„Ei—
(19)

The integral equation (19) determines the time depen-
dence of the hole concentration n . The characteristic
time for the capture process is

1/2e„EON„ktiT
Tp

2e2U2n 2

For t & ro the population of the QW increases linearly
with time. An estimation of the characteristic time for
N~ =10' cm, nb=N&, and T=100 K gives ~0=10
s.

Space-charge spectroscopy measurements generally use
frequencies in the range from kHz to MHz. Hence, the
initial linear time-dependent filling of the well is not ob-
served but it is possible to study the slow increase of the
hole concentration in the vicinity of the equilibrium oc-
cupation

n (t)=n 1 —
—,'exp( —eTt) (20)

(17)

where the preexponential factor v/T(E'p') is defined as
in Eq. (13). Equation (17) can be verified in the same way
as demonstrated in Appendix B for parabolic barriers (see
also Ref. 15}.
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where If is the equilibrium hole density and the emission
rate eT is given by Eq. 5. Thus, the time dependence of
the hole concentration in the weil near equilibrium is
determined by the reemission of holes, and, hence, the
emission rate can be studied by capture processes.

III. EXPERIMENTAL DETAILS

It should noted that studies as discussed here can only
be performed in samples with low leakage current. In or-
der to reduce the leakage current over the p-type
Si/Si, „Ge„/SiQW structures a mesa n +p-diode
geometry was developed such that the QW Si, „Ge„lay-
er did not penetrate the mesa, but formed a buried layer.
Some of the measurements were performed on %Ti-
Schottky diodes.

The three-chamber molecular-beam epitaxy (MBE)
equipment used for the layer deposition for the n +p-mesa
diodes (labeled as DOT samples) has been described else-
where. ' P-type Si(100) substrates were prepared by an
appropriate ex situ and in situ cleaning procedure, result-
ing in atomically clean and (2X1) reconstructed silicon
surfaces as verified with re6ection high-energy electron
diffraction. First, a Si buffer layer was deposited at a
growth temperature of 600'C with an electron-beam eva-
porator. Elemental boron was evaporated from a high-
temperature effusion cell with graphite crucible, whereas
Ge and Sb were evaporated from conventional water-
cooled pyrolitic boron-nitride Knudsen cells. The SiGe
layers were grown at a substrate temperature of 500'C.

The following layer sequence was deposited: 60-nm
n+-Si layer, Sb doped with about 10' cm; 150-nm p-Si
layer, boron doped with about 10' cm '; 50-nm Si layer,
undoped; 30-nm Si, ,Ge layer, undoped; 50-nm Si
buffer layer, undoped; p-Si substrate, (100)-orientated, B
doped with 10' cm (see Fig. 5).

The size of the substrate samples was 18X25 mm .

The undoped layers were of p type due to the background
boron contamination. The concentration of boron at the
interface buffer and substrate was at most a few 10'
cm . Employing mesa technology we prepared n p
photodiodes on the MBE samples. The depth of the mesa
etching was 80 nm. The area of the n contact was
3 =1.2X10 crn, 4.6X10 crn, and 7.5X10 cm,
respectively. The surface of the cap layer was passivated
with Si02 deposited by chemical-vapor deposition (CVD)
and the metallization on the n

+ region was performed by
a W/Ti deposition followed by a Al deposition. The
three diodes of different sizes were located close to each
other in an area of 1 X 1 mm in each case. 1-MHz CV
measurements showed that for the same reverse bias U~
the capacitance values of the diodes were proportional to
the respective area, indicating that no inversion layers
were formed around the n+ contact. From the current-
voltage characteristics, an ideality factor of 1.4—2.0 was
observed for the diodes. The serial resistance of the large
diodes was about 400 0 and the experimental investiga-
tions described below were therefore performed on the
large diodes. The reverse current Iz at Uz =2 V was
about 10 A. For each diode, the Ge concentration of
the Si, Ge, layer was controlled by measuring the shift
of the Raman peak position of the Si-Si phonon mode
and assuming a pseudomorphic growth. ' The values ob-
tained for the investigated diodes DOT25 and DOT26 are
x =0.17 and 0.25 respectively. The accuracy was +0.01
in x.

Other samples (labeled as VG samples) (Fig. 6) used in

this study were grown pseudomorphically in a commer-
cial 4" solid source MBE system VG 80 S. The deposi-
tion chamber was equipped with two electron-beam eva-

porators for silicon and germanium and a convential
effusion cell with a graphite crucible for boron doping.
Growth rates for Si and Ge were monitored by Sentiell
III sensorheads, whereas the doping Aux was controlled

5p,m SOpm Al, lp, m

80 nm
60 nm

n+-Si
WiTi, F00 nm

Si02, 200 nmWÃXPX

%%%X+ Sil-XGex 30nm

FIG. 5. Schematic picture of the mesa
structure used (DOT samples}.

50 nm p-$i

p-Si substrate

j Al, lpm
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ar 500 pm =~A—-=~~W/Ti

p-Si

„Sii-xGe x

300 nm p-Si

p'-Si substrate

FIG. 6. Schematic picture of the WTi-Schottky diode used

(VG samples).

by thermocouples. The epitaxial layers were deposited
onto (100) p+-doped substrates with a resistivity of
0.01-0.02 0 cm. After desorbing the native oxide in situ
from the Si substrates by a high-temperature (T =900'C}
cleaning step, a 300-nm p-doped (N about 10' cm ) Si-
buffer layer was grown at a substrate temperature of
500'C. For the individual samples, Si075Ge025 layers
with difFerent thicknesses of 1, 2, 3, 5, and 20 nm were
sandwiched between 30-nm doped silicon. Finally, a
300-nm-thick p-doped (N about 10' cm } Si cap layer
was deposited. To control precisely the germanium con-
tent as well as the layer thickness of the SiGe layers,
thicker samples with the same germanium concentration
were investigated by x-ray difFraction methods and the
corresponding deposition time for thinner layers was ex-
trapolated. We prepared Schottky diodes on these MBE
samples by W/Ti deposition followed by Al deposition.
The area of the Schottky contact was A =1.7X10
cm.

The DLTS measurements were carried out with the
commercial DLTS spectrometer DLS-82 of SEMILAB,
Hungary and CV and admittance investigations were per-
formed using the low-frequency impedance analyzer HP
4192A.

A. CV measurements

4
a=3nm, T=120K
a=3nm, T=100K
a=2nm, T=SOK
a=1nm, T=40K

plotted in Fig. 7. The N( W) profiles for the VG samples
gave nearly constant acceptor concentrations Nz &

and

N„2in the B-doped layers above and below the Si, Ge„
layer, respectively. C(Uz ) measurements were also per-
formed on VG samples, for which surface layers of about
50 and 100 nm were removed by chemically etching to
obtain reliable data on N&2. The values of N„,and N„2
are given in Table I below. For the DOT samples and all
VG samples except the sample with the 1-nm Si& „Ge„
layer, a concentation peak appears in the N( W) profile in
the region of the QW, Fig. 7. The peak corresponding to
the region of the Si, „Ge„layer seems to be related to
hole confinement in the QW, since the CV measurements
performed at temperatures from 300 K down to lower
temperatures results in profiles expected for an increased
apparent hole concentration. The peak shifted to higher
depth W at lower temperatures (Fig. 7). It cannot be ex-
cluded that the temperature dependent shift of the peak
could originate from an RC-time constant effect of the
QW. In the temperature and frequency range, where
RC-time constant efFects are essential, the width W is no
longer proportional to the measured inverse capacitance
C ' and the determination of the dependence
W=W(Ua) is considerably more complicated. Since
RC-time constant effects are less important for higher
temperatures and lower frequencies, the W(Us) depen-
dence calculated from CV data at high temperatures was
used for the analysis of the DLTS depth profiling dis-
cussed below for the DOT25 sample Sec. III C.

In principle, the band offset bE„atthe QW layer can
be calculated from the profile N( W) measured under con-
ditions not influenced by the RC-time constant effect, if
the dopant concentration profile around the QW is
known. ' The concentration n of confined holes was ob-
tained from the C =C( Ua ) dependence in all those cases
where the measurements were not influenced by RC-time
constant effects. The dependence 1/C versus Uz plot-
ted in Fig. 8 for a VG-sample shows a plateau of nearly

The dependence of the width W of the space-charge
layer on the reverse bias Uz was obtained from CV mea-
surements performed at 1 MHz. It was found that for
the diodes DOT25 (x =0.17) and DOT26 (x =0.25) as
well as for the Schottky diodes of the VG samples
(x =0.25) the boron concentration in the Si layer of
thickness I, above the Si& „Ge„layer was large enough
to ensure W(0}(L for U„=Oat T=300 K (Figs. 5, 6).
The profile of the carrier concentration N =N(W) for
VG samples obtained from the dependence C =C (Uz ) is

.15 .20 .25
Depth (pm)

~ 30

FIG. 7. Apparent carrier concentration pro5le N=N(8')
obtained from 1-MHz CV measurements for difFerent thickness
a of the QW at different temperatures [a =3 nm, T =120 K
(solid line); a =3 nm, T = 100 K (dashed line); a =2 nm, T=80
K (dash-dot line); a = 1 nm, T =40 K (dotted line)].
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meters of
p-Si/Si& Ge /Si layer

X

(nm)
SP

(nm)

CV results

&~a
(10' cm ) (10" cm-')(10" cm ')

TABLE I. Ex~ xperimental results of CVo CV admittance and DLTS

Para

o CV measurements.

Admittance
results DLTS

(eV)

n+p diodes

WTi-Schottky diodes

30

30

20

0.17

0.25

0.25

0.25

0.25

0.25

0.25

50

50

30

30

30

30

30

2.0

1.4

3.0

2.0

2.0

2.6

3.0

0.8+0.5

{110K)
3+0.5

(120 K)
3+0.5

(160 K)
3+0.5

(190 K)

55
(130—220 K)

47
(117—20S K)

30
{25—31 K)

31
(52-68 K)

36
{80—105 K)

39
(111—139 K)

32
(114—156 K)

0.14
+0.01
0.15
+0.01
0.046

+0.002
0.062

+0.001
0.105

+0.001
0.143

+0.007
0.108

20.006

0.18
+0.02
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of the n+p diode or Schottky diode with the QW in the
neutral region one obtains C and G~ (C and G measured
in a parallel equivalent circuit) as a function of C„C2,G,
and co=2 n f, where C, is the capacitance of the space-
charge region, Cz the capacitance of the QW and G the
conductance across the QW. The conductivity across the
QW is high at high temperatures leading to C"=C,. In
the opposite limit of low G the relation
&~=C&C2/(C&+C2) applies. A maximum in Gz(T) ap-
pears at G' =2m'f (C, +C2 ).

The steplike change in C (Fig. 9} decreases for larger
reverse bias and vanishes for Ua & U„'. For U„'the QW
becomes depleted from confined carriers. Uz =4 V was
obtained for the sample DOT25, and U+=2 V for
DOT26. The corresponding width 8'(Ua) of the de-
pletion region, obtained from CV measurements, lies be-
tween the positions of the QW and the interface between
buffer and substrate, suggesting that the step in the C~( T)
curves is indeed related to the Si& „Ge„layer. A second
step in the 1 MHz C ( T) curve and a corresponding peak
in G~( T) was observed at about 45 K independent of UR.
This signal is attributed to the freeze out of carriers in the
substrate.

The temperature of the conductance peak for DOT25
does not change with increasing reverse bias up to 2 V
(Fig. 9), suggesting that the QW is yet in the neutral re-
gion. From the temperature and frequency, dependence
of the G ( T) peak information about the activation law of
the conductance across the well is obtained. A shift to
lower temperatures with decreasing frequency f was ob-
served for the G ( T) peak and the corresponding step in

C~(T). According to Eqs. (11}and (12) the temperature
dependence of the conductance G of the QW is given by

G(T)- T'/ v, exp[ (eUO+E„b—Ez)/ka T] —.
Hence, the resonance condition G'=2m f(C&+C2)

determines the activation energy E, . In Fig. 10 an Ar-
rhenius plot off/T'/ is shown for sample DOT25, lead-
ing to an activation energy of E, =(0.14+0.01) eV.

For the sample DOT26 with x =0.25, an activation en-
ergy E, =(0.15%0.01) eV was observed. Figure 11

150

50-

1nm
2

/
I ~ + ++l~wa

nm 3 nm 5 nm

JII' r
L ~mme ~~ m~m

50 100
Temperature (K)

150

FIG. 11. Temperature dependence of the capacitance C
(upper panel) and the normalized conductance 6/co (lower
panel) for a measurement frequency f=1 MHz for QW's
different thickness a 1, 2, 3, and 5 nm.

shows the C~(T) and Gp(T) curves measured for the VG
samples. The steplike change in Cz(T) and the corre-
sponding peak in G~( T) are shifted to lower temperatures
for thinner wells. At temperatures below about 30 K a
second step in the 1 MHz C~(T) curves was observed.
Since no carrier freeze out occurs in the heavily doped
p+ substrate this step should be related to a freeze out of
holes in the B-doped cap and buffer layers. From the
temperature and frequency dependence of the Gp(T)
peak, the activation energy E, of the conductance across
the QW was measured. The values of the activation ener-

gy E, obtained from the Arrhenius plot of f/T'/z, are
presented in Table I. Using the C~(T) dependence, the
depletion width Lo at the QW was estimated from the
QW capacitance C2, which is calculated from the capaci-
tance values Cz and C~ direct below and above the
Cp( T) step, respectively, (Table I).

10';

10
~ 005 ~ 006

T' (K')
.007

FIG. 10. Arrhenius plot off/T'~ of the conductance peak
obtained at U& = 1 V.

C. DLTS measurements

The reverse bias Ug, for which the QW becomes dep-
leted, determines the voltage Uz which should be used
for DLTS investigations of carrier emission from the
QW, since in this case the influence of the electric field on
carrier emission is minimal. The DLTS spectrum of the
n+p -mesadiode DOT25 taken at a measurement fre-
quency of 1 MHz showed a strong peak with "negative"
sign at Uz & Uz (Uz =4 V) at about 200 K (Fig. 12). At
this temperature, the sample capacitance C~(T}exhibited
a steplike change during the DLTS measurement. The
DLTS spectra of the WTi-Schottky diodes of the VG
samples measured at Uz & Uz also showed a DLTS peak
at temperatures where the sample capacitance changes
steplike. But in contrast to the n+p-mesa diodes, the
peaks have a "positive" sign. It is also noted that the
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FIG. 12. Deep-level transient spectroscopy spectrum of
DOT25 measured at the reverse bias Uz =3 V and pulse bias
U& =0 V obtained for different emission rate windows eo. (a)
2.2, (b) 22, (c) 220 s '. The pulse width was t~

=50 ps.

FIG. 14. Arrhenius plot of the normalized emission rate
e~/T for the DLTS peaks A and 8 {Ug =4 V U& =0 V, and

t~ =50 ps).

peak amplitude b,C/C decreases considerably at lower
emission rate windows.

For Uz & Uz, the region below the Si&,Ge„ layer,
i.e., the buffer contributes to the DLTS signal. Deep-
level transient spectroscopy spectra of sample DOT25 ob-
tained for Ua = Ua showed two peaks (Fig. 13). Using
DDLTS (double deep-level transient spectroscopy) depth
profiling, the two peaks could be attributed to a region
close to the Si& „Ge„layer. Arrhenius plots of the nor-
malized hole emission rate e /T revealed activation en-
ergies of E, =0.17 eV (A) and 0.42 eV (B) (Fig. 14) for
the two levels in DOT25 (Fig. 13).

The concentration of level 8 varied quite considerably

~ 000—

-.001

-.002

50

A
I I I

100 150 200
Temperature (K)

250

FIG. 13. Double deep-level transient spectroscopy spectra of
DOT25 obtained with at rate window eo =220 s, pulse width

t~ =50 ps, reverse bias U& =4 V, and different pulses biases U&

and U2. (a) Ul =1.5 V, U2=2 V, (b) Ui =0» U2

(c) U& =3.0 V, U, =3.5 V. The peak {d) was simulated assum-

ing an activation energy E, =0.17 eV and a Gaussian distribu-
tion of E, with hE, = 15 meV.

for different diodes of different Ge concentration. Rela-
tive concentrations b,C /C of (0.5. . .4) X 10 and
(0.5...3) X 10, respectively, were obtained for DOT25
and DOT26 implying that the concentration of level 8
was higher in samples with higher Ge concentration. For
diodes with b.C /C values of about 10, a strong
broadening of the peak shape was observed suggesting
that the level 8 is due to process-induced structural de-
fects. It should be mentioned that peak A with hC/C
values of up to a few 10 has only been observed when
the relative concentration b, C/C of the deep level B was
less than 10 Deep-level transient spectroscopy spectra
of DOT25 measured down to 50 K did not show any oth-
er peaks than the peaks A and 8. The DLTS peak A

with an activation energy of E, =0.17 eV originates from
the emission of holes from the QW region as proven by
DDLTS depth profiling.

The emission rate eT of the hole emission from QW s is
given by Eq. (5) implying that the temperature depen-
dence of the preexponential factor differs from the T
dependence usually assumed for deep centers in bulk
semiconductors. For large wells the preexponential fac-
tor is nearly temperature independent. The activation
energy has therefore been recalculated from the Ar-
rhenius plot of ez versus 1/T giving an activation energy
of E, =(0.18+0.02) eV and a preexponential factor
(2U, /A, Tf )=5 X 10" s '. The parameters obtained for
the QW suggest an occupation factor f of about 3 leading
to a capture velocity U, of about 6X 10 cm js in agree-
ment with our calculation. "' This supports the as-
sumption that hole emission from the QW has been ob-
served. The shape of the DLTS peak simulated with the

parameters taken from the Arrhenius plot was narrower
than the measured peak shape. However, assuming a
Gauss distribution of the activation energy E, with

AE, =15 meV, good agreement with the measured peak
shape was obtained (Fig. 13).

At high electric fields the efFective barrier is lowered
due to tunneling effects. For the effective 'Lowering one
obtains from Eq. (17) b,E,„=Pie F /24 m (kz T), lead-

ing to a value of about 4 meV for p-Si at T =100 K and
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TABLE II. Dependence of the peak temperature T~ on the
reverse bias Uz. Parameter of the DLTS measurement: rate
window co=22 s ', pulse biases U&=2 V and U2=3 V; pulse
duration tp $ tp2 500 ps.

U~ /V

.02—

Tp /K 94 92 (3 .01—

an electric field of F=SX10 V/cm, which shows that
the potential barrier lowering is not large for such fields.

Far higher electric fields, the activation energy E, is
expected to decrease. In the case of DLTS measurements
with given rate window eo for the emission rate eT, the
peak temperature T of the DLTS peak indeed decreased
with increasing reverse bias Uz, as shown in Table II.
Increasing Uz fram 4 to 6 V, corresponding to an electric
field F of about 10 V/cm at the Si, „Ge„/Siinterface of
the QW, the activation energy decreased by b,E, =20
meV. This value is somewhat smaller than the theoreti-
cally estimated shift of 40 meV which included the effect
of carrier tunneling. The surface concentration n of
captured holes is obtained from the relation
ECIC=n L /(2N„W ), where L is the depth of the
QW layer, W is the width of space-charge region, and N„
is the acceptor concentration in the buffer layer. Using
N„=1X10' crn and a pulse duration t =50 ps one
obtains n =2X10' cm

The capture of holes into the QW was investigated by
studying the dependence of the DLTS peak hC/C on the
filling pulse t It turne. d out that the relative signal
b, CIC of the DLTS peak depended approximately loga-
rithmically on t~ (Fig. 15). Plotting b,C/C versus
in(tz /to~ and extrapolating b C to 0, a characteristic time

+100 Hz

x1000 Hz-
.00

0 ) 02

t (P.s)
10 104

FIG. 15. Dependence of the relative DLTS signal hC/C on
the pulse width t~. Double deep-level transient spectroscopy
measurements were performed with a reverse bias U& =4 V and
pulse biases U& =2 V and U, =3 V (rate window eo'. 0 22 s

+, 220s '; X, 2200s ').

to =10 s was obtained. Theoretical considerations of
the capture process (Sec. IID) suggest a much shorter
time constant for capture processes of confined two-
dimensional holes in the QW. Furthermore, the calculat-
ed concentration n =10" cm of holes in the QW
(Table III) is considerably higher than the estimated
two-dimensional carrier concentration related to the
DLTS peak A. Assuming a valence-band offset
EE„=0.14 eV for sample DOT25, which corresponds to
the theoretical value for the band offset, one can relate
the measured activation energy E, =0.18 eV to states in

the QW region about 40 meV below the bottom of the
well. That is why the DLTS peak A is more likely to be
due to defect states in the QW region than due to direct

TABLE III. Results of self-consistent calculations for the confinement energy E&, the Fermi energy

E+, the effective barrier eUo+E„b—E+, the depletion width Lo, and the two-dimensional hole concen-
tration.

(nm)
d,p kg T kE„E] EF eUO+E b EF Lo n

(nm) x (10' cm ) (K) (meV) (meV) (meV) (meV) (nm) (10" cm )

30

30

20

50 0.17

50 0 25

30 0.25

30 0.25

30 025

30 0 25

30 0.25

2.5

1.8

2.8

2.0

2.0

2.0

3.0

160 136
160 122
150 200
150 180
30 200
30 160
60 200
60 160

110 200
90 200
90 160

120 200
120 200
120 160
160 200
130 200
130 160
190 200

11
10
15
14

149
125
74
66
75
50
46
50
26
23
26
19
15
18

46
46
46
46
23
23
26
26
35
31
31
37
37
37
48
37
37
53

155
144
204
187
52
39

121
92

125
144
112
147
168
135
173
186
153
200

40
39
44
43
39
37
43
41
42
44
42
43
45
42
44
42
40
42

1.2
0.9
2.7
2.4
0.6
0.2
3.2
2.1

3.1
3.9
2.8
3.8
45
3.4
4.2
48
3.6
4.1
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emission from the two-dimensional hole gas in the QW.
Further investigations are needed to clarify this point.

Deep-level transient spectroscopy measurements were
also performed on VG samples with a thinner cap layer
(removed by etching} to obtain optimal conditions for the
DLTS investigations of the QW. The relative concentra-
tion hC/C of deep levels with up to about few 10 was
somewhat higher that the one observed for the n +p-mesa
diode DOT25. Despite low leakage current of the inves-
tigated Schottky diodes, the DLTS spectra have not
shown any peak which could be related to hole emission
from the QW.

IV. RESULTS AND DISCUSSION

The parameters of the Si/Si, Ge„Silayers, e.g., the
thickness a of the undoped Si, Ge layer, the Ge con-
centration x, the thickness d,p

of the undoped spacers, as
well as the acceptor concentrations X~, and %~2 in the
boron-doped cap layer and the buffer layer, respectively,
are given in Table I together with a summary of the ex-
perimental results. The QW structures were prepared
with undoped spacers adjacent to the Si, „Ge„layer in

order to suppress a possible tunneling of holes through
the barriers via shallow acceptor states.

The concentration of holes n and the depletion width

Lc obtained from C(Uz ) and C(T) measurements are
given together with the activation energy E, of the con-
ductance across the QW determined by admittance spec-
troscopy. The temperatures, for which the experimental
results were obtained, are also given. In those cases
where a carrier emission from the QW region has been
observed by DLTS, the activation energy is listed.

The activation energy E, of the conductance across the

QW should be compared with the calculated barrier
(eUo+ E„b—EF }. The theoretical values of
(eUO+E„b EF ) as well —as of n„and Lo are presented in

Table III for temperatures corresponding to the experi-
mental conditions. Table III gives also the Fermi energy
EF and the confinement energy E& of the first level of the
heavy holes in the QW. An averaged concentration
N„=(N„,+N & &)/2 was assumed, because the results do
not depend very sensitively on the acceptor concentra-
tion. Calculations were carried out for two different
values of the valence-band offset. The value of AE„=136
meV and AE„=200meV for x =0.17 and 0.25, respec-
tively, correspond to the theoretical values of the band
offset as discussed in Sec. II. As a test for the sensitivity
of the determined QW characteristics on the material pa-
rameter hE, the calculations were repeated for reduced

values b,E, =122 and 160 meV, respectively. Samples for
which the two-dimensional carrier concentration in the
well was determined from CV measurements are also in-
cluded in Table III together with calculated data close to
the temperature of the CV measurements.

The experimental values of the activation energy E„.
obtained from admittance spectroscopy for the VG sam-
ples with x =0.25 and a = 1, . . . , 5 nm seem to be in

very good agreement with theoretical values of
( e UQ +E b Ep ) assuming a lower band ofFset of
AE„=0.16 eV. It should be mentioned, however, that
the actual barrier height is strongly dependent on the
abruptness of the Si/Si& „Ge„interfaces. To check the
effect of atomic intermixing at the interfaces, the activa-
tion energies were recalculated assuming a smeared out
valence-band discontinuity. The valence-band edge near
an interface at x =xp was modeled by

E,(x)=E„b+bE, 1+exp

The calculated values for a characteristic length b =0.5
nm, a measure of the smearing out effect, are given in
Table IV. The barriers eUp+E„b—EF calculated for
b =0.5 nm and bE, =0.20 eV are again in good agree-
ment with the results obtained from the admittance spec-
troscopy measurements for the VG samples with x =0.25
and a =1. . .5 nm. Since the microscopic composition
near the interfaces is unknown, we are left with an uncer-
tainty about the abruptness of the band discontinuity at
the interfaces. Assuming b =0, . . . , 0.5 nm, one obtains
from the comparison of the measured activation energies
E, with the calculated barrier heights eUp+E b EF a
valence-band discontinuity AE„=0.18+0.02 eV for the
Si/Sic 7~Geo 2~/Si system.

It is worth mentioning that the calculated barriers
eUp+E„b—EF for the discussed thin wells at low tem-
peratures are well approximated by the value hE, —E, .
This is because the Fermi level is closely pinned to the
bottom of the first heavy-hole subband E& in thin QW's
at low temperatures. The relation eUp+E„b—Ez=bE„
--E, allows a simple interpretation of the activation en-

ergies measured by admittance spectroscopy in terms of
band discontinuities AE, .

For thicker QW's ()20 nm), in the case of VG sam-

ples, and for higher Ge concentrations (x =0.25), in the
case of DOT samples, the activation energy E, could be
influenced by the considerably higher defect concentra-
tion observed by DLTS. For the n +p-mesa diode

TABLE IV. Calculated QW characteristics assuming an intermixing at the interfaces (b =0.5 um).

a
(nm) (nm)

T
(10' cm ) (K)

AE, E, —EF eV0+E„bE~ I 0 n

{meV) (meV) (meV) (meV) {nm) (10" cm )

30 0.25
30 0.25
30 0 25
30 0.25

2.8
2.0
1.8
2.0

30
60
90

120

163
109
79
39

23
26
31
37

41
90

119
157

0.3
2.0
3.0
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DOT25 (x =0.17) with low defect concentration, a band
offset EE„=0.12 eV was estimated from E, assuming
50-nm undoped spacers. However, due to a relatively
high boron background contamination in the MBE
equipment used for the layer deposition of DOT samples,
the assumption of undoped spacers is questionable. Ac-
cording to the CV measurements, an acceptor concentra-
tion as high as 10' cm in the nominally undoped re-
gions cannot be excluded for these samples. Assuming a
constant acceptor concentration Nz =10' cm the
measured activation energy E, =0.14 eV is consistent
with the assumption of a valence-band offset AEb =0.16
eV. Regarding the uncertainty of the acceptor concen-
tration in sample DOT25, a valence-band offset
EE„=O.14+0.02 eV is estimated for x =0.17.

A DLTS peak related to hole emission from the QW
region was obtained only for the best n+p-mesa diodes
with x =0.17. The corresponding activation energy
E, =0.18+0.02 eV obtained from the temperature
dependence of the emission rate is considerably higher
than the expected band offset EE„=0.14 eV for x =0.17.
The peak should therefore be related to states about 40
meV below the bottom of the well. These states could
arise from a background boron contamination in the QW.
The emission process related to the DLTS signal from the
QW is assumed to be a two-step process consisting of the
ionization of the shallow acceptors and the emission of
holes from the QW.

The question arises why no evidence was found for
hole emission from the QW in case of Schottky diodes. It
is argued that for the n+p-mesa diodes the lateral distri-
bution of the surface potential may keep the holes in the
QW region beneath the n+ contact when switching the
bias to the depletion mode. On the other hand, it is as-
sumed that for the Schottky diodes the holes could be
swept from the QW region beneath the Schottky contact
laterally before hole emission across the barrier can
occur.

V. SUMMARY

Capture and emission processes of holes in p-type
Si/Si& „Ge„/SiQW's were studied by admittance spec-
troscopy and DLTS. It is shown that a detailed under-
standing of the basic processes of carrier capture and
emission is essential for a reliable interpretation of the ex-
perimental data. The theory of carrier capture and emis-
sion presented in this paper allows the study of equilibri-
um and nonequilibrium conditions taking into account
external electric fields as well as the local electric field in-
duced by confined holes. The potential barriers at the
QW formed by confined holes were calculated solving
self-consistently Schrodinger's and Poisson's equations.
The temperature dependence of these potential barriers
and of the Fermi level determines the activation energy
E, of the conductance across the QW.

In order to minimize leakage currents across the QW
layer, n+p-mesa diodes and WTi-Schottky diodes with a
buried Si1 Ge„layer were used for the study of capture
and emission processes of holes. The dependence of the
activation energy E, of conductance across the QW on

the thickness of the QW, which was observed for perfect
Si/Si& „Ge,/Si QW with x =0.25, is in correspondence
with the theoretical calculations. The valence-band offset
of EE„=0.18+0.02 eV obtained from admittance spec-
troscopy is in agreement with the calculated values and
those obtained from photoemission measurements '

which gave EE„=0.20 eV x =0.25.
Hole emission from the QW region was observed for

n+p-mesa structures with x =0.17 in DLTS, but not for
the investigated Schottky diodes. The observed DLTS
peak for n+p-mesa diodes was attributed to carrier emis-
sion from states about 40 meV below the bottom of the
QW.
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APPENDIX A

H„=g(a+2b)e;;1 3b QE, e,,
—V3d g IE,E,—Ie,i'

(A2)

where e; are the components of the strain tensor. For
strained layers pseudomorphically grown on (001) sub-
strates the strain tensor is diagonal and has the form

=E' 6 = K6xx yy s zz

where the factor E is given by the elastic constants

2C 12E=
C11

(A4)

The highest valence band in strained Si, Ge matched
on Si(001) is the ~J=23,J,=—,') state where the z axis was

The highest valence bands of silicon and germanium
can be described by a Luttinger Hamiltonian using the
three independent parameters y1, y2, y3,

Ak 3y2A2
Hr. = —

2
(y, +2y2)+ g E, k,

2mp 2mp

+ g [E;E,)k;k +H„,
f2

(Al)
2mp;~

where mo is the mass of a free electron, k; are the wave-
number components, and IE;E I =E;EJ+EJE;, and E/
are the angular-momentum —', matrices. The Hamiltonian
K accounts for the spin-orbit interaction.

The general effect of strain on the valence-band com-
plex is to provoke a shift of the J=—,

' and J=—,
' states as

well as a splitting of the doubly degenerate J=—', mani-
fold described by the three deformation potentials a, b,
and d,
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chosen as the axis of quantization of the angular momen-
turn. Starting from a spherical Luttinger Hamiltonian
[yz =y3= y in Eq. (Al)] one obtains the effective masses

1 1
m, = mx my-

2y2 X1+'V2
(A5)

E ~E +&stE (A6)

for the topmost valence band. Since m, =mHH is equal
to the mass of the heavy hole we call this band the
heavy-hole band in the strained layer. However, the mass
m„controlling the motion within the quantum well layer
is close to the light-hole mass mLH =1/(y, +2y2) in the
unstrained layer. This has important consequences on
the in-plane transport properties of the quantum well.
Similarly, the light-hole band in the strained layer has a
small mass in z direction and a bigger in plane mass.

In addition to the effect of strain on the band structure,
we have to consider the confinement of holes in the
Si, „Ge„layer representing a quantum well. Usually the
quantization of holes described by a Luttinger-type Harn-
iltonian requires the solution of a coupled system of
differential Schrodinger equations for the J=

—, manifold.

However, in the case of strained Si& Ge„wells with
x =0.20 and well widths a =30 nm, which are considered
here the splitting of the light- and heavy-hole bands due
to strain is much bigger than the confinement energy.
Therefore, the system of differential equations decouples
and the individual hole bands are described by
Schrodinger-type equations with anisotropic effective
masses. For the calculation of confined hole levels in the
quantum well we subsequently solve the one band
Schrodinger equations and the Poisson equation for the
resulting charge density until self-consistency is achieved.
Changes in the exchange-correlation potential due to car-
rier confinement have not been considered here.

As verified by Van de Walle and Martin the strain-
dependent band alignment of the valence bands at a
Si/Ge interface can be described as the sum of a strain in-

dependent part AE„and the strain dependent shift 5„E,,

of the individual bands v=HH, LH, SO

where

&2mD(E ) =exp —2 f QbE„E—+ V(z) eU—odz

(83)

is the transmission coeScient of the barrier for a particle
in the state E and T(E ) is the classical oscillation
period in the state E [Eq. (14)]. The limit of integration
z2 is determined by the condition b,E, E+—V(z2)
—eUo =0. Since the probability P(E ) of the occupa-
tion of the state E decreases with the energy E as
exp( E /k—~ T ), there is an optimal tunneling energy for
which the exponent index of the product P(E )D(E ) is
minimal. It is this energy

E pt hE„—e Up tanh
B

where

e Upfi

2mL 0
(85)

that determines the thermal emission rate. Using the re-
lation

Lo

' 1/2
2 UpEE'0

eN~
(86)

for the depletion region the characteristic energy E, can
be written as in Eq. (13). For the thermal emission flux
density we get

2D(E )P(E )

Jetn
=X T(E

tunneling probability of a carrier in the quasistationary
state E is given by

2D(E )
W(E„)= T(E )

For the dependence of the band discontinuities at
Si/Si, Ge„ interfaces on the alloy composition x a
linear dependence of hE on x is assumed.

2mkB Tv EF
2 CXP

T(E,p, )mA

eUp, E
tanh

t B

(87)

APPENDIX 8

V(z) =eUo

'2
z —L0

Lo
(81)

(see Fig. 2). Within the quasiclassical approximation the

The thermally activated tunneling is considered for
carriers (e.g., holes) confined in a QW with parabolic bar-
riers

The factor v is the number of quasistationary levels situ-
ated in the "saddle" width

sinh' (E, /kz T)
hE =eUo

cosh r (E, /ks T)

near the optimal tunneling energy. If we introduce the
thermal emission rate e,„asthe emission probability of
carriers in the first subband E„weobtain Eq. (13) of the
main text.
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