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We present a detailed theoretical and experimental study of hole emission processes inp-type Si/SiGe/Si
structures under the nonequilibrium conditions found in deep-level transient spectroscopy~DLTS! investiga-
tions. We clarify the possibilities and limitations of DLTS applied to quantum-well~QW! structures. We report
an observation of the effect of thermally activated tunneling induced by local high electric field on the emission
rate of confined holes. In the limit of high external electric fieldF, the hole emission rateeT increases withF
according toeT5eT~0!exp(F2/F c

2), where the characteristic fieldFc agrees with theoretical calculations. The
effect of nonequilibrium carrier diffusion is determined from the dependence of the DLTS signal on the pulse
frequency, allowing one to estimate the effective hole diffusion coefficient. Interface roughness scattering,
which controls the carrier mobility in the narrow QW, is investigated. The observed diffusion coefficient
depends only slightly on the width for the investigated narrow SiGe QW’s~2–3 nm!, but depends strongly on
the Ge content~x50.3–0.5! in agreement with theory. A strong increase of the hole emission activation energy
with decreasing nonequilibrium hole concentration gives evidence for considerable fluctuations of lateral
potential, inducing lateral localization of confined holes at low temperatures. We show that interface roughness
is responsible for these lateral potential fluctuations.@S0163-1829~96!08248-3#

I. INTRODUCTION

Space-charge spectroscopy techniques, such as admit-
tance spectroscopy, deep-level transient spectroscopy
~DLTS!, and capacitance-voltage measurements~CV!, are
widely used for the characterization of quantum structure.1,2

But, DLTS investigations of quantum-well~QW! structures
can give rather contradictory results. For example, DLTS
results ofAIIIBV semiconductor heterostructures3–5 have not
given clear evidence that a direct carrier emission from the
QW was really observed. Such a conclusion could only be
obtained when the carrier confinement in QW’s was also
investigated under equilibrium conditions by means of CV
~Ref. 6! and admittance spectroscopy, revealing information
on the carrier concentration in the QW and the potential bar-
riers at the QW, respectively. The main problem for studying
QW structures by DLTS is the lateral diffusion of confined
carriers, leading to the situation that the carriers could be
swept from the QW region beneath the Schottky contact lat-
erally before hole emission across the barrier can occur.

This is the primary reason why in DLTS investigations of
p-type Si/SiGe/Si QW’s~Refs. 7–11! a strong DLTS signal
is observed only in the case of mesa structures8,9 or Si12xGex
island layers.10 Note that in contrast to theAIIIBV semicon-
ductor heterostructures a very small concentration of deep
centers in the QW layer can be achieved for the state-of-the-
art SiGe technology. This simplifies considerably the inter-
pretation of DLTS data.

A rather broad band in the DLTS spectrum at lower tem-
peratures, which was assumed to be due to a direct hole

emission from the QW, was observed for structures with
x50.3.7 Theoretical and experimental results have been pre-
sented concerning the electrical characterization ofp-type
Si/SiGe/Si QW’s by space-charge spectroscopy.8,9 Hole
emission from the QW region was observed by DLTS on
n1p mesa diodes for QW’s withx50.17, but in the case of
planar Schottky diodes for QW’s withx50.25 no evidence
was found for hole emission from the QW.8 It was argued
that in the case of planar Schottky diodes the holes could be
swept from the QW region beneath the Schottky contact lat-
erally before hole emission across the barrier can occur. A
long enough hole storage time in the QW region, so that the
hole emission becomes the dominating process, was realized
for selectively grown Si12xGex layer with x50.17 and for a
Si12xGex island layer withx50.3.10 Direct hole emission
was observed also for planar Schottky diodes onp-type
Si/Si12xGex/Si with x50.33.11 While the authors of Refs. 7
and 10 observed a DLTS peak forx50.30, that is broadened
due to island distribution, the authors of Ref. 11 observed a
narrow peak for a close concentration ofx50.33. This
should indicate that the QW layer in Ref. 11 is planar.

The aim of this paper is to present a detailed theoretical
and experimental study of hole emission processes inp-type
Si/SiGe/Si structures under the nonequilibrium conditions
found in DLTS investigations, and to clarify the possibilities
of DLTS applied to QW’s.

We have investigated the role of carrier diffusion in the
QW plane and the effect of local electric field on the forma-
tion of the DLTS signal. Good conditions for DLTS investi-
gations of direct carrier emission from QW could be realized
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for ~i! QW structures with low carrier mobility in the QW
layer and/or~ii ! QW structures with carrier localization be-
neath the contact region due to specially designed structures.
Further, the possibility of thermally activated tunneling
through the potential barrier due to the presence of a high
electric field must be considered for the DLTS analysis.

A lower hole mobility was expected for narrow QW’s
with high Ge concentration, presumably because here alloy
and roughness scattering decrease mobility, and therefore it
should be easier to observe direct hole emission. To investi-
gate the effect of lateral hole localization in the QW beneath
the Schottky contact, we have used mesa Schottky diodes as
well as planar Schottky diodes with various diameters. The
effect of roughness scattering on carrier mobility in the QW
is one of the dominating mechanisms for QW’s.

Up to now, it has been assumed that scattering should
decrease the mobilitym for narrow QW’s according
m;dQW

6 , wheredQW is the width of the QW. But, we show
that this law is not valid for SiGe QW’s, where the mobility
only slightly depends ondQW for dQW in the region 2–4 nm
according to our calculations.

Our experimental study combined CV, admittance, and
DLTS investigations of narrow QW’s with relatively high
Ge content fromx50.3 to 0.5, to obtain reliable data for the
electronic parameters of this QW structure. These include~i!
the acceptor concentration,~ii ! the concentration of confined
holes in equilibrium and nonequilibrium conditions,~iii ! the
activation energy of the conductance across the QW, and~iv!
the activation energy of hole emission rate from the QW as a
function of the concentration of confined holes and the elec-
tric field.

The theoretical part of this paper deals with a detailed
analysis of ~i! thermally activated tunneling of confined
holes enhanced by local high electric field, and~ii ! the dif-
fusion of nonequilibrium holes in narrow SiGe QW layers.

The paper is organized as follows. Section II describes the
sample preparation. Section III gives experimental details
and results of admittance and DLTS measurements. In Sec.
IV we present the activation energies of thermal emission in
equilibrium conditions, obtained by admittance spectroscopy
for the QW’s investigated. The activation energies are com-
pared with theoretically calculated ones. In Sec. V we dis-
cuss the effect of thermally activated tunneling on the emis-
sion rate of confined holes and demonstrate how this effect
can be deduced from the DLTS data. In Sec. VI we discuss
the effect of lateral diffusion on the formation of the DLTS
signal, and present experimental data on the lateral diffusion
coefficient of confined holes. In Sec. VII we consider the
effect of interface roughness scattering on hole mobility and
the density of states of confined holes in narrow QW. Fi-
nally, Sec. VIII summarizes the most important conclusions.

II. SAMPLE PREPARATION

The p-type Si/Si12xGex/Si structures used in the present
work were grown pseudomorphically in a modified solid
source molecular-beam-epitaxy~MBE! system VG 80. The
schematic picture of the structures used is given in Fig. 1.
The epilayers were deposited onto~100! p1-Si substrates, B
doped, with a resistivity of 0.01–0.02V cm. First, a 300-nm-
thick buffer, B-doped to about 1017 cm23 was grown at a

substrate temperature ofT5630 °C. For the individual struc-
tures, the Si12xGex layers with different thicknesses of 2 or 3
nm were sandwiched between 30-nm-thick undoped Si spac-
ers. The SiGe layers were deposited at a substrate tempera-
ture of T5630 °C. Structures with Si12xGex layers with
x50.3, 0.4, and 0.5 were prepared. Finally, a 300-nm-thick
B-doped Si cap layer with a dopant concentration of about
1017 cm23 was deposited. The Ge sheet concentration of the
SiGe was determined by Rutherford backscattering spec-
trometry ~RBS!. The Ge concentrations and the thicknesses
of the SiGe layers for the investigated structures are given in
Table I. The SiGe layer thickness was smaller than the criti-
cal value associated with strain relaxation by nucleation of
misfit dislocations. We did not observe dislocation related
peaks in the photoluminescence spectra of the investigated
Si/SiGe/Si structures. The flatness of our Si/SiGe/Si struc-
tures as measured by means of Normarski interference mi-
croscopy is equal to that of MBE grown Si, and SiGe layers
with x up to 0.5 were flat according to transmission electron
microscopy. Further, our samples were grown extremely rap-
idly; i.e., 3 nm takes exactly 10 s to grow. Then the Ge
shutter is closed and growth continues. So, no interruption
takes place during growth, making the possibility of the for-
mation of islands quite improbable.

Schottky diodes were prepared by W/Ti deposition fol-
lowed by Al or Pt deposition. The effective areas of the
Schottky contact wereA52.431023 cm2 and 1.331022 cm2,

FIG. 1. Schematic picture of the mesa WTi Schottky diode used.

TABLE I. Ge concentrationx and the thicknessdQW of the
SiGe layer for the investigated structures.

Wafer
Thickness of

SiGe layer~nm!
Ge sheet

concentrationx

T0309 2 0.360.02
T0312 3 0.360.02
T0310 2 0.460.02
T0307 3 0.460.02
T0304 2 0.560.04
T0308 3 0.560.025
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respectively. For the CV and DLTS investigations we also
used structures in which the thickness of the cap layer was
reduced by chemically etching~surface layer removal up to
100 nm! to obtain an optimal thickness for these investiga-
tions. In order to obtain optimal conditions for DLTS mea-
surements, we used a mesa Schottky diode geometry~Fig. 1!
such that the Si12xGex layer did not penetrate the mesa, but
formed a buried layer. We have not used structures ‘‘mesa
etched’’ down to the QW layer in the present study, as for
such structures~with open SiGe layer! we have observed
unstable DLTS signals.

The DLTS measurements were performed with a com-
mercial DLTS spectrometer~DLS-82 from SEMILAB, Hun-
gary!, and CV and admittance investigations were carried out
using the impedance analyzer HP 4192A.

III. EXPERIMENTAL RESULTS

In this section we present experimental results on the con-
centration of confined holes and the hole thermal emission
rate, obtained for narrow Si/SiGe/Si QW’s at equilibrium
and nonequilibrium conditions.

A. Capacitance voltage
and admittance spectroscopy measurements

Here we present the results of capacitance voltage and
admittance spectroscopy measurements, which give the con-
centration of confined holes and the activation energy of hole
emission for equilibrium conditions. The condition, at which
the QW becomes depleted, is found from the CV measure-
ments.

The dependence of the capacitanceC on the reverse bias
UR was obtained from the CV measurements performed at 1
MHz. The depth profile of the apparent carrier concentration
N5N(W) obtained from the dependenceC5C(UR) is
shown in Fig. 2 for a thinned sample. TheN(W) profiles for
the samples give nearly constant acceptor concentrationsNA1
andNA2 in the boron-doped cap and buffer layers above and
below the SiGe layer, respectively. To obtain reliable data on
NA2 theC(UR) measurements were also carried out on struc-

tures with a thinner cap layer. The values of the shallow
acceptor concentrationsNA1 andNA2 are given in Table II.
For these samples a concentration peak appears in theN(W)
profile in the region of the QW, which is related to hole
confinement in the QW.2,8,12 The concentrationnw of con-
fined holes was obtained from theC5C(UR) dependence
for conditions, where the measurements at lower tempera-
tures were not influenced byRC time constant effects.2

The dependenceC versusUR ~Fig. 3! for a structure with
x50.5 anddQW52 nm reveals a plateau of nearly constant
capacitanceC* . The plateau between the first and second
critical biasesUR1 andUR2 is related to the hole concentra-
tion in the QW bynw5C* (UR22UR1)/Ae,

13 whereA is the
diode area ande is the elementary charge. Estimatednw
values for the used structures and the corresponding tempera-
tures are given in Table II. Because theRC time constant
effect in CV measurements at lower temperatures is related
to the carrier confinement in the QW,8 we were able to esti-

FIG. 2. Apparent carrier concentration profileN5N(W) ob-
tained from 1-MHz CV measurements at different temperatures
~QW with Ge concentrationx50.4 and thicknessdQW52 nm,
thickness of the cap layerD5200 nm, height of the mesah5100
nm!.

TABLE II. Experimental results of CV and admittance measurements.

Parameters of
p-Si/Si12xGex/Si CV results

Admittance
results

dQW
~nm! x

NA1
~1017 cm23!

NA2
~1017 cm23!

nw
~1011 cm22!

Ea

~meV!

2 0.3 0.8 1.2 5161
~44–52 K!

3 0.3 0.4 0.9 1.660.2
~110 K!

9463
~66–86 K!

2 0.4 0.8 1.3 1.760.2
~86 K!

8362
~56–72 K!

3 0.4 0.7 1.1 2.060.2
~135 K!

11363
~79–102 K!

2 0.5 0.8 1.5 2.760.2
~130 K!

12563
~90–119 K!

3 0.5 0.5 0.9 3.160.2
~210 K!

16663
~123–151 K!

54 16 801DEEP-LEVEL TRANSIENT SPECTROSCOPY STUDY OF . . .



mate the minimal reverse biasUR* , at which the QW be-
comes depleted, from theC5C(UR) relation measured at
various temperatures.

Figure 3 shows two regions of reverse biasUR , for which
the dependence ofC(UR) on the temperature is qualitatively
different. In the regionUR,UR* the capacitanceC(UR) de-
creases strongly at lower temperatures due toRC time con-
stant effects, but in the regionUR>UR* theC(UR) curves do
not depend strongly on the temperature. Thus, we can esti-
mateUR* ~Fig. 3!.

For our Si/SiGe/Si structures with a 300-nm-thick cap
layer and an acceptor concentrationNA1 of about 10

17 cm23,
the SiGe layer is located in the neutral region atUR50. In
this case, from the equivalent circuit for the space charge
region of the Schottky diode with the QW in the neutral
region, one obtainsCp andGp ~capacitanceC and conduc-
tanceG measured in a parallel equivalent circuit! as a func-
tion of C1, C2, G, andv52p f , whereC1 is the capacitance
of the space charge region of the Schottky diode,C2 the
capacitance of the QW, andG the conductance across
the QW.8,14 A maximum in Gp(T) appears atG*
52p f (C11C2). The temperature dependence of the con-
ductanceG of the QW is given by8

G~T!;T1/2vcexp@2~eU01Evb2EF!/kBT#,

wherevc is the QW capture velocity,15 U0 the potential bar-
rier, Evb the valence-band edge of the Si barrier, andEF the
Fermi level for holes. Hence, the resonance condition for the
maximum inGp(T) determines the activation energyEa ,
which can be obtained from the Arrhenius plot off /T1/2.

In Fig. 4 an Arrhenius plot off /T1/2 is presented for a
structure withx50.3 anddQW52 nm, giving an activation
energy of Ea551 meV. Figure 5 shows theCp(T) and
Gp(T) curves measured for structures withdQW53 nm and
Ge concentrationx50.3, 0.4, and 0.5, respectively. The step-
like change inCp(T) and the corresponding peak inGp(T)
are shifted to higher temperatures for larger Ge concentra-

tion. The values of the activation energyEa obtained from
the Arrhenius plot off /T1/2 and the corresponding ranges of
conductance peak temperatures are presented in Table II.

B. DLTS measurements

Here we present the experimental results of DLTS mea-
surements, which give the dependence of the activation en-
ergy of hole emission on the hole concentration and the elec-
tric field for nonequilibrium conditions.

We performed DLTS investigations at the minimum re-
verse biasUR* , at which the QW becomes depleted. This is
the biasUR* , for which the electric field has only a minimal
effect on the hole emission probability. For this condition,
we performed DLTS measurements on the Si/SiGe/Si struc-
tures using planar Schottky diodes as well as mesa Schottky
diodes~Figs. 6 and 7!. A strong DLTS signal of peak ampli-
tudeDC/C, related to hole emission from the QW, was ob-

FIG. 3. Dependence of the capacitanceC vs reverse biasUR for
1-MHz measurements at different temperatures~QW with x50.5,
dQW52 nm,D5250 nm,h5125 nm, effective area of the Schottky
contactA52.431023 cm2!: ~a! 25 K, ~b! 44 K, ~c! 70 K, ~d! 90 K,
~e! 110 K, ~f! 130 K, and~g! 150 K. The determination of the
critical reverse biasesUR1 andUR2 and of the capacitance value
C* is explained. The characteristic reverse biasUR* is also given.

FIG. 4. Arrhenius plot of the normalized frequencyf /T1/2 of the
conductance peak. The measurements were performed atUR50.2
V ~QW with x50.3 anddQW52 nm,D5300 nm!.

FIG. 5. Temperature dependence of the capacitanceC ~upper
panel! and the normalized conductanceG/v ~lower panel! for a
measurement frequencyf51 MHz for 3-nm-thick QW’s with dif-
ferent Ge concentrationx: ~a! 0.3, ~b! 0.4, and~c! 0.5. ~D5300 nm,
A52.431023 cm2, UR50.2 V!.
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served for the mesa Schottky diodes. For the mesa structure
the lateral distribution of the surface potential can keep the
holes beneath the Schottky contact for a longer time when
switching the bias to the depletion mode. In the case of the
planar Schottky diodes, the DLTS signal was much weaker,
with the signalDC/C increasing with higher Ge concentra-
tion.

In planar Schottky diodes the lateral hole diffusion can
decrease the hole concentration beneath the Schottky con-
tact, and therefore causes a decreased DLTS signal. This is

supported by the following evidence. We prepared Schottky
contacts with larger contact area~diameter varied in the
range from 0.5 to 1.0 mm!. These samples produced larger
DLTS signalsDC/C. Figure 6 presents DLTS spectra of
structures withx50.5 anddQW53 nm, which were measured
with the same DLTS parameters~pulse frequencyf , reverse
bias UR , pulse biasU1, pulse durationtp! for planar
Schottky diodes with diameters 0.5 and 1 mm. In order to
determine the characteristic time of lateral hole diffusion, we
also investigated the dependence ofDC/C on the pulse fre-
quency. The results are discussed in Sec. VI.

The DLTS peak shape was observed to depend strongly
on the pulse biasU1. For example, for larger pulse amplitude
(UR*2U1) a broadening of the DLTS peak toward lower
temperatures occurs. Figure 7 demonstrates this effect for a
mesa Schottky structure withx50.5 anddQW53 nm. How-
ever, this broadening, observed for a hole concentration in
the QW larger than a certain critical concentrationnwc* , de-
pends also on the kind of structure under investigation. For
example, thenwc* for the mesa Schottky diodes was consid-
erably higher than for the planar Schottky diodes, and for
planar Schottky diodes with a larger diameter. Therefore,
this strong broadening of the DLTS peak seems not directly
connected to hole emission across the potential barrier at the
QW, or hole emission from defect states in the SiGe layer.
More likely it is induced by a decay of nonequilibrium hole
concentrationnw* due to hole transport in the QW plane.

The dependence of the DLTS signalDC/C on the width
tp of the filling pulse showed that for largernw* as in the case
of the mesa structures, the maximum signal was obtained for
a pulse widthtp of about 0.5ms, indicating a fast hole cap-
ture. But, in the case of planar Schottky diodes, i.e., smaller
values ofnw* , the broadening of the DLTS spectrum was
significantly stronger for longertp with tp>5 ms at lower
pulse frequencyf ~Fig. 8!. To avoid such influences on the
analysis of hole emission from QW’s, we have calculated the
activation energyEa of the hole emission rateeT only from

FIG. 6. Deep-level transient spectroscopy spectrum of a QW
~Ge concentrationx50.5, QW thicknessdQW53 nm! measured for
various Schottky diode structures:~a! planar Schottky diode with
diameter 0.5 mm and cap layer thicknessD5300 nm, ~b! planar
Schottky diode with diameter 1 mm andD5300 nm, and~c! mesa
Schottky diode with diameter 0.5 mm, mesa heighth5130 nm and
D5240 nm. The measurements were performed with pulse fre-
quency f52500 s21 ~corresponding to emission rate window
e055580 s21!, pulse durationtp55 ms, reverse biasUR*54 V and
pulse biasU153 V for ~a! and~b!, andUR*52.5 V andU151.2 V
for ~c!, respectively.

FIG. 7. Deep-level transient spectroscopy spectrum of a QW
~Ge concentrationx50.5 and QW thicknessdQW53 nm! measured
for a mesa Schottky diode~diameter 0.5 mm,h5130 nm,D5240
nm! at the reverse biasUR*52.5 V and the pulse frequencyf52500
s21 ~corresponding to emission rate windowe055580 s21! for dif-
ferent pulse biasesU1: ~a! 0 V, ~b! 1 V, ~c! 1.5 V, and~d! 2.0 V.
The pulse duration wastp55 ms.

FIG. 8. Deep-level transient spectroscopy spectrum of a QW
~Ge concentrationx50.5 and QW thicknessdQW52 nm! measured
for a planar Schottky diode~diameter 0.5 mm, cap layer thickness
D5210 nm! at the reverse biasUR*50.6 V, the pulse bias
U1520.2 V, and the pulse frequencyf5100 s21 ~corresponding to
emission rate windowe05220 s21! for different pulse durationtp :
~a! 0.1ms, ~b! 0.5ms, ~c! 4 ms, ~d! 40 ms, and~e! 400ms.
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DLTS measurements withtp55 ms. In the following, we
focus only on such conditions for the pulse amplitudeU1,
for which the broadening effect was not essential. DLTS
spectra measured for such conditions at various pulse fre-
quenciesf , i.e., rate windowse0, are depicted in Fig. 9 for a
mesa structure, and in Fig. 10 for planar structures. It should
be noted that the peak amplitudeDC/C decreases with lower
pulse frequency, particularly strong in the case of the planar
Schottky structure.

The concentrationnw* in the QW was estimated fromnw*
5(DC/C)(2NAW

2/L),3 with DC/C at f52500 s21 and tak-
ing for the acceptor concentrationNA the acceptor concen-
trationNA2 in the buffer, i.e.,NA5NA2. L is the thickness of
the Si layer between the Schottky contact and SiGe layer,
andW is the width of the depletion region. In the case of the
mesa structures the maximal concentrationnw* is of the same
order of magnitude as the equilibrium hole concentrationnw ,
estimated from CV~Tables II and III!.

According to Ref. 8, the thermal emission rateeT of holes
from the QW is given by

eT5~2vc / flT!exp@2~DEv2E1!/kBT#,

where vc is the QW capture velocity,15 lT is the thermal
lengthlT5(2p\2/mkBT)

1/2 of holes with massm, DEv is
the valence-band offset, andE1 is the confinement energy of
the first level. In the limit of narrow QW (E1@kBT) the
occupation factorf is one, and thus the preexponentional
factor is proportional toT1/2. This limit is fulfilled for our
Si/SiGe/Si QW structures. We have calculated the activation
energyEa of hole emission from the Arrhenius plot of the
normalized hole emission rateeT/T

1/2 ~Table III!. Figure 11
shows the Arrhenius plots of the normalized hole emission
rateeT/T

1/2 for a QW with various nonequilibrium hole con-
centrationnw* , which was realized by various pulse biasU1.
The activation energy increases for smaller concentration
nw* .

The activation energyEa , observed by DLTS for maxi-
mal hole concentrationnw* , is in good agreement with the
value ofEa , which was obtained by admittance spectroscopy
~Tables II and III! giving evidence that the hole emission
from the QW is really monitored by DLTS. But, for smaller
hole concentration in the QW the activation energy increases
significantly ~Table III!. This increase ofEa is larger for a
higher Ge concentration.

The activation energyEa is expected to decrease for
higher electric fields, i.e., for larger reverse biasUR . This
dependence was investigated realizing the same hole concen-
tration nw* for all UR values by adjusting the same value of
pulse biasU1. On the other hand, according toDC/C
5nw* L/(2NAW

2) the dependence of the DLTS peak ampli-
tude DC/C on the reverse biasUR , which controls the
depletion widthW, allows one to also scrutinize the minimal
reverse biasUR* at which the QW becomes depleted, deter-
mined from CV investigations. We remark that the DLTS
peak amplitude and the peak temperature decrease for larger
reverse bias. The slope of the Arrhenius plot of hole emis-
sion rateeT decreases for largerUR , as seen in Fig. 12 for
structure withx50.5 anddQW53 nm, where the parameter is
DUR5UR2UR* . The decrease ofeT as a function of the
electric field F can be found from the dependence of
ln[ep(DUR)/ep(0)] on DUR at a given temperature~Figs.
12 and 13!. A linear dependence was observed for the struc-
ture with x50.5 anddQW53 nm ~Fig. 13!. For the structure
with x50.5 anddQW52 nm a transition from a linear to a
quadratic dependence was detected~Fig. 14!.

In this section we showed that the hole emission from the
QW can be really studied by DLTS. This allows us to obtain
the activation energy of the hole emission rate from the QW
in dependence on the hole concentration for Si/SiGe/Si
QW’s with various Ge concentrations and SiGe layer thick-
nesses.

FIG. 9. Deep-level transient spectroscopy spectrum of a QW
~Ge concentrationx50.5 and QW thicknessdQW53 nm! measured
for a mesa Schottky diode~diameter 0.5 mm,h5130 nm,D5240
nm! at the reverse biasUR*52.5 V, the pulse biasU151.2 V, the
pulse durationtp55 ms, and for different pulse frequencyf : ~a!
2500 s21, ~b! 250 s21, ~c! 25 s21, as well as forf52.5 s21 with ~d!
tp50.5ms and~e! tp55 ms.

FIG. 10. Deep-level transient spectroscopy spectrum of QW
structure:~a! Ge concentrationx50.5, QW thicknessdQW53 nm,
cap layer thicknessD5300 nm, and~b! x50.4 anddQW53 nm,
D5200 nm, measured for a planar Schottky diode with diameter
0.5 mm. For~a! the reverse bias wasUR54 V, the pulse biasU153
V, the pulse durationtp55 ms, and the different pulse frequenciesf
~i! 25 s21, ~ii ! 250 s21, and ~iii ! 2500 s21 were used. For~b! the
parameters wereUR50.5 V,U150.2 V, tp55 ms, andf : ~i! 25 s21,
~ii ! 250 s21, ~iii ! 500 s21, and~iv! 2500 s21.
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TABLE III. Experimental results of DLTS measurements.

Admittance DLTS results Admittance DLTS results
QW Ea ~meV! Ea ~meV! nw* ~cm22! QW Ea ~meV! Ea ~meV! nw* ~cm22!

x50.3
dQW52 nm 5161

~44–52 K!
dQW53 nm 9463

~66–86 K!
5463a

~41–51 K!
7.23109

6063a

~43–54 K!
5.13109

6862a

~46–56 K!
3.03109

5063b

~34–46 K!
4.13109

9863b

~46–57 K!
9.63108

x50.4
dQW52 nm 8362

~56–72 K!
3965b

~37–46 K!
3.53109

dQW53 nm 11363
~79–102 K!

9465a

~52–67 K!
1.331010

10365a

~55–69 K!
6.23109

11965a

~59–74 K!
2.83109

11865b

~60–74 K!
7.03109

17165b

~73–83 K!
3.43109

x50.5
dQW52 nm 12563

~90–119 K!
12865a

~66–82 K!
7.531010

12565a

~67–85 K!
5.131010

17265a

~78–88 K!
1.731010

13665b

~68–84 K!
4.43109

dQW53 nm 16663
~123–151

K!

17565a

~78–107
K!

1.431011

17465a

~81–113
K!

9.931010

19065a

~90–117
K!

6.531010

24065a

~102–123
K!

2.331010

29065a

~109–129
K!

5.73109

21865b

~95–120
K!

7.53109

18065c

~82–112
K!

4.531010

aMesa Schottky diode with diameter 0.5 mm.
bPlanar Schottky diode with diameter 0.5 mm.
cPlanar Schottky diode with diameter 1.0 mm.

IV. ACTIVATION ENERGY OF THERMAL EMISSION
FOR EQUILIBRIUM CONDITIONS

In this section, we compare the experimental data on ac-
tivation energies of the hole emission rate from Si/SiGe/Si
QW’s with theoretically calculated data.

The schematic valence-band profile for ap-type
Si/SiGe/Si QW is given in Fig. 15. The QW’s under study
are so narrow that only three levels of space quantization
occur for 2-nm QW thickness: heavy holeE1hh, light hole
E1lh, and spin-orbit split holeE1so and for 3-nm-thick QW
additional second space quantization levels occur only for
the heavy holes:E2hh. Energy-level positions, band offsets,
and masses for heavy, light, and spin-orbit split holes are
presented for all investigated structures in Table IV. Here we
have used the Luttinger parametersg1, g2, andg3 in depen-
dence on the Ge contentx, and the band offsetsDEhh
~[DEv!, DElh , andDEso according to Ref. 16. The effective
masses for the Si barrier are also presented in Table IV~x
50!.

In p-type Si/Si12xGex/Si QW structures the confined
holes in the QW produce a depletion region in the vicinity of

the QW due to charge neutrality. As a result, an electric
potential barriereU0 appears and some shift of the bottom of
the QW and energy-level positions is induced. For the nar-
row QW’s under consideration only the first quantization
level is populated, even at room temperature. The energy
levelE1hhand the charge density of confined holes calculated
by solving the Schro¨dinger’s and Poisson’s equations
self-consistently8 are presented in Table V.

For a 3-nm-thick QW withx50.5, for example, the band
offset is 398 meV, and the HH1 level is 84 meV from the
bottom of the well for a populated well with two-
dimensional concentrationnw58.831011 cm22. In this case,
the potential barrier relative to the Fermi levelEF in the
barriers, i.e.,eU01Evb2EF ~Evb-valence-band edge in the
barrier outside the space charge region8!, is with
eU01Evb2EF5304 meV much larger than the Fermi en-
ergy of confined holes«F510 meV ~relative to the HH1
level! and the thermal energy of 8 meV at 100 K. In Table V
the results are also presented for the case of a smeared-out
valence-band discontinuity with a characteristic length of in-
termixingb50.5 and 1 nm, respectively; for details see Ref.
8.

Thus, the experimental values of the thermal activation
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energy Ea , obtained from admittance spectroscopy~see
Table II!, are in good agreement with the theoretical values
assuming a characteristic length of intermixingb51 nm, but
the confined hole concentrationsnw , estimated from the CV
measurements, are smaller by about a factor of 2 than the
theoretical concentration values. Note that interdiffusion at
the Si/SiGe interface during MBE deposition determines the
value of the intermixing parameterb, and thereforeb is con-
trolled by the substrate temperature during MBE deposition.
It should be remarked that the roughness at the Si/SiGe in-

terface and fluctuations of SiGe alloy composition, which
produces fluctuations of lateral potential, can also consider-
ably shift the effective activation energy. It should be noted
that the effect of the charge density of confined holes on the
energy-level positionE1hh is very small for narrow QW’s
under consideration; see Tables IV and V.

V. THERMALLY ACTIVATED TUNNELING EFFECT
FOR CONFINED HOLES

In this section we show that the observed dependence of
the hole emission rate on the external electric field can be
explained if thermally activated tunneling is taken into ac-
count.

The hole densitynw in the QW determines an electric

FIG. 11. Arrhenius plot of the hole emission rateeT for QW
with Ge concentrationx50.5 and QW thicknessdQW53 nm, mea-
sured for a mesa Schottky diode~diameter 0.5 mm,h5130 nm,
D5240 nm! at the characteristic reverse biasUR*52.5 V. The pa-
rameter is the pulse biasU1: ~a! 1.2 V, ~b! 1.5 V, ~c! 1.8 V, and~d!
2.0 V, which corresponds to the following nonequilibrium hole con-
centrationnw* ~obtained from the DLTS peakDC/C at f52500
s21!: ~a! 9.931010 cm22, ~b! 6.531010 cm22, ~c! 2.331010 cm22,
and ~d! 5.73109 cm22.

FIG. 12. Arrhenius plot of the hole emission rateeT for QW’s
with Ge concentrationx50.5 and QW thicknessdQW53 nm and
cap layer thicknessD5300 nm, measured for a planar Schottky
diode with diameter 0.5 mm, obtained for different reverse biasUR

larger than the characteristic reverse biasUR*54 V. Parameter is
DUR5UR2UR* : ~a! 0 V, ~b! 0.2 V, ~c! 0.4 V, ~d! 0.6 V, ~e! 0.8 V,
and ~f! 1.0 V. The pulse biasU1 wasU153 V.

FIG. 13. Dependence of the hole emission rateeT on the bias
DUR5UR2UR* ~UR , reverse bias, characteristic biasUR*54 V!
obtained for QW ~Ge concentrationx50.5 and QW thickness
dQW53 nm! at ~a! 105 K and~b! 110 K.

FIG. 14. Dependence of the hole emission rateeT on the bias
DUR5UR2UR* ~UR , reverse bias, characteristic biasUR*50.6 V!
obtained for QW ~Ge concentrationx50.5 and QW thickness
dQW52 nm! at ~a! 68 K, ~b! 75.5 K, and~c! 79 K. The measure-
ments were performed at a planar Schottky diode with diameter 0.5
mm. The thickness of the cap layer wasD5210 nm.
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field F05enw/2«0« r at the boundaries of the QW, where
ere0 is the dielectric constant ande is the unit charge, e.g.,
F057.53104 V/cm for nw52.531011 cm22. In the case of
DLTS measurements the reverse biasUR applied to the
Si/SiGe/Si structures increases the electric field in the vicin-
ity of the QW, and further the DLTS measurements were
performed at lower temperatures than in the case of admit-
tance spectroscopy.

In a first step to describe quantitatively the thermally ac-
tivated tunneling we calculated the electric fieldF in the
vicinity of the QW as a function of the biasUR applied to the
structure, i.e., between the pointz50 ~Schottky contact! and
z0 ~the start of the neutral region below the QW! ~Fig. 15!.
The following depletion regions are present:~1! in the cap
layer of widthD, i.e., 0<z<D; two regions of spacers~2!
and~3!, i.e.,D,z,D1d andD1d<z,D12d; and~4! in
the buffer below the QW, i.e.,D12d<z<z0 ~d thickness of
the undoped spacer layers!. We shall consider the QW with
confined holes as a charge plane, i.e.,dQW50, which gives a
possibility to use the boundary conditions

@~F22F3!ez#5
enw
«0« r

,

whereez is the unit vector normal to the QW plane,nw is the
hole density, and«0«r is the dielectric constant in Si.F2 and
F3 are the electric fields in spacers 2 and 3, respectively. The
acting biasUR , i.e., the applied bias plus the built-in poten-
tial of the Schottky contact, begins to decrease the concen-
tration QW confined holes only, if

UR>UR0S 12
h

4 D , ~1!

where

UR05
eNA1D

2

2«0« r
, h5

2nw*

NA1D
. ~2!

HereNA1 is the shallow acceptor concentration in the cap
layer, andnw* is the actual concentration of confined holes
for the DLTS measurement, which is usually less than the
equilibrium concentrationnw in admittance measurements,
and which can be controlled by the pulse biasU1 of the
DLTS measurement.

In this case, the electric fieldF3 ~in region 3!, which
determines the emission rateeT of confined holes under re-
verse biasUR , is found to be

FIG. 15. Schematic valence-band profile forp-type Si/SiGe/Si
QW at reverse biasUR .

TABLE IV. Results of calculations for the confinement energy positions of heavy holesEhh, light holes
Elh , and spin-orbit split holesEso. The band offsets of heavy holesDEhh, light holesDElh , and spin-orbit
split holesDEso as well as the massesmhh, mlh , andmso are also given.

dQW DEhh DElh

x ~nm! mhh mlh mso ~meV! DEso Ehh Elh Es

0 0.277 0.201 0.233
0.3 0.260 0.167 0.203 0 2103 2169 ~SiGe!

2238 2238 2282 ~Si barrier!
2 2102 2193 2243
3 265 2170 2224

0.4 0.253 0.152 0.190 0 2138 2211 ~SiGe!
2318 2318 2362 ~Si barrier!

2 2119 2253 2304
3 274 2221 2278

2259
0.5 0.245 0.137 0.176 0 2172 2253 ~SiGe!

2397 2397 2441 ~Si barrier!
2 2135 2313 2365

2393
3 282 2272 2332

2294
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F35
2UR0NA2

DNA1

3HAS 11
2d

D D 21 NA1

NA2
FUR2UR0

UR0
1S 11

d

D DhG
2S 11

2d

D D J , ~3!

whereNA2 is the shallow acceptor concentration in the buffer
layer. Because for our structuresh,1, we get from Eq.~3! in
the caseDUR5UR2UR0,UR0,

F'
DUR

D~112d/D !
1
UR0~11d/D !h

D~112d/D !
. ~38!

We find F3>105 V/cm for DUR52 V, D5200 nm. Our
estimation according to Ref. 17 has shown that an electric
field of this order shifts the first energy levelE1hh only few
meV.

However, the thermally activated tunneling induced by
the electric fieldF3 in the vicinity of the QW can consider-
ably decrease the effective activation energy. Taking into
account the possibility of tunneling, we find that confined
carriers thermally activated to an energyE less than the ac-
tivation energyEa5~DEhh2E1hh! can be emitted.

8 In the im-

portant energy region of thermally activated tunneling only
two or three levels of space quantization exist in our narrow
QW’s ~Table IV!. If the QW has ideal mirrorlike boundaries,
and collisions during the time of tunneling can be neglected,
the probability of tunneling is determined by the subband, to
which the carriers belong. For a simple parabolic dispersion
law this depends only on the position of the bottom of space
quantization subbands, and is independent of the kinetic en-
ergy for motion along the QW. The effect of mixture of
heavy, light, and spin-orbit holes, which takes place for com-
plex valence bands, introduces the dependence of the tunnel-
ing probability on the lateral kinetic energy of confined
holes. Besides, in our narrow QW the interface roughness
produces fluctuations in the position of the space quantiza-
tion levels. The same effect is induced by fluctuations of Ge
content too. This gives us the possibility to disregard the
discrete character of the spectrum and to suppose that the
probability of tunneling depends only on the energyE, to
which the hole is excited.

The probability of hole tunneling through a triangular bar-
rier of heightEa2E in electric fieldF is proportional to
exp@24(Ea2E)3/2(2m* )1/2/3\eF#, wherem* is the average
effective mass for tunneling. The probability for it to be ac-
tivated to levelE is proportional to exp~2E/kBT!, wherekB
is the Boltzmann constant. In this way, the emission prob-
ability of holes at energy levelE is given by the product of a
rising and a falling exponential function ofE:

TABLE V. Results of self-consistent calculations for the confinement energyE1hh, the Fermi energyEF ,
the effective barriereU01Evb2EF , and the two-dimensional hole concentrationnw . QW characteristics
were also calculated assuming intermixing at the Si/SiGe interface with characteristic lengthb.

dQW
~nm!

d
~nm! x

b
~nm!

NA15NA2
~1017 cm23!

T
~K!

DEhh
~meV!

E1hh
~meV!

2EF

~meV!
eU01Evb2EF

~meV!
nw

~1011 cm22!

2 30 0.3 0 1.5 45 239 103 25 133 3.5
0 103 0

0.5 1.5 45 140 25 98 2.3
1.0 1.5 45 165 76 1.5

2 30 0.4 0 1.5 60 319 120 27 192 5.6
0 119 0

0.5 1.5 60 176 27 140 3.8
1.0 1.5 60 214 105 2.5

2 30 0.5 0 1.5 90 398 134 32 255 7.5
0 133 0

0.5 1.5 90 211 32 184 5.2
1.0 1.5 90 263 137 3.5

3 30 0.3 0 1.5 65 239 67 28 168 4.7
0 66 0

0.5 1.5 65 98 28 139 3.7
1.0 1.5 65 134 106 2.5

3 30 0.4 0 1.5 80 319 76 30 235 6.9
0 74 0

0.5 1.5 80 120 30 194 5.6
1.0 1.5 80 173 145 3.9

3 30 0.5 0 1.5 115 398 84 38 304 8.8
0 81 0

0.5 1.5 115 141 38 251 7.3
1.0 1.5 115 210 187 5.1
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eT~E,T,F !;exp~2E/kBT!exp@24~Ea2E!3/2

3~2m* !1/2/3\eF#. ~4!

The emission rate is determined by the optimal energyEm
at which the total exponent has a maximum:

Em5Ea2
1

2m S \eF

2kBT
D 2. ~5!

IntroducingEm in Eq. ~4! we get for the rate of thermally
activated tunneling:

eT5eT0exp~F
2/Fc

2!, ~6!

where the characteristic electric fieldFc is given by

Fc
2524m* ~kBT!3/\2e2, ~7!

and eT0 is the emission rate atF50, eT0}exp~2Ea/kBT!.
For m*50.2m0 ~m0 is the mass of the free electron!, and
T577 K we getFc54.53104 V/cm. Therefore, we can ex-
pect according to Eqs.~6! and ~38! a strong dependence of
the emission rateeT on the applied reverse bias. For suffi-
ciently large bias and low enough temperatures~in our case
T,100 K! we have

lnS eT~F !

eT0
D5

DUR
2

D2~112d/D !2Fc
2 . ~8!

Figure 16 shows the experimental dependence of the
emission rate on (DUR)

2 for the structures withx50.5 and
dQW52 nm. The theoretically expected dependence
ln(e/e0)}DU R

2 is observed forDUR>0.4 V. From the slope
the valueFc can be determined using Eq.~8!. We find
Fc52.43104 V/cm at T568 K andFc53.03104 V/cm at
T575 K, which correspond to an effective mass of tunneling
m*50.1. This value is reasonable as we deal with tunneling
of confined holes belonging to light hole and/or spin-orbit
split subbands. The relation between theFc values for the
two temperatures is 1.1; according to the theoretical law Eq.
~7! 1.2 is expected. It should be noted that for small
DUR<0.4 V we observe a linear dependence
ln(e/e0)}DUR , as well as for the sample withx50.5 and
dQW53 nm ~see Fig. 13!, for which a larger activation en-
ergy was measured~corresponding to higher temperature of
measurements!. Such linear dependence according to Eqs.
~38! and~6! should be observed ifDUR<UR0h and the con-
stant term in Eq.~38! should be taken into account. Note that
the characteristic electric fieldFc decreases strongly with
temperature; see Eq.~7!. In the case of structures with
smaller activation energyEa , e.g., for x50.3 and 0.4,Ea
was measured by DLTS in a temperature region~see Table
III ! where the internal electric fieldF05enw* /2«0« r , induced
by nonequilibrium confined holes, was itself larger thanFc ,
and therefore thermally activated tunneling decreases the ac-
tivation energy already at the minimal biasUR* . Thus, it is
not a surprise that theEa values measured by DLTS are
smaller for these structures than the ones that were obtained
by admittance measurements, where the measurements were
carried out at considerably higher temperatures.

In this section we calculated the electric field in the vicin-
ity of the SiGe layer as a function of the reverse bias applied

to the Si/SiGe/Si structure. This allows us to analyze the
experimental dependence of the hole emission rate on the
reverse bias, and to verify thermally activated tunneling of
holes in strong electric field.

VI. LATERAL HOLE DIFFUSION EFFECT

In this section we analyze the role of lateral hole diffusion
on the formation of the DLTS signal. A DLTS signal due to
hole emission from a QW can be observed only if substantial
hole diffusion in the QW plane is suppressed.8 In the present
work we have realized such suppression by a mesa Schottky
diode structure due to the surface potential around the mesa,
which leads to potential barriers for the lateral hole transport.
In this case, the maximal nonequilibrium hole concentration
nw* , estimated from the DLTS signalDC/C, was only a few
times smaller than the equilibrium concentrationnw obtained
by admittance spectroscopy measurements~Tables II and
III !. However, for the planar Schottky diodes a considerably
smaller concentrationnw* was obtained~Table III!. The non-
equilibrium concentrationsnw* were found to decrease
strongly for lower filling pulse frequencyf ; see Fig. 10.
Characteristic dependences ofnw* on the reverse frequency
1/f are presented in Fig. 17.

To analyze the dependence of the concentrationnw* on the
frequencyf , we shall consider the decay in the average hole
concentration under the Schottky contact due to hole diffu-
sion during the time interval between two filling pulses. Un-
der equilibrium conditions the concentration of confined
holes in the QW plane is uniform and equal tonw0. If at
momentt50 the reverse biasUR1 is applied to the Schottky
contact, the holes in the region under contact undergo a po-
tential changeDUR1, and therefore the holes can be swept
from the QW region beneath the Schottky contact laterally
before hole emission across the barrier can occur. Thus, for
eDUR1.kBT, we arrive at a diffusion problem in the region
0,r<r 0 , where r 0 is the radius of the Schottky contact,
with the initial conditionnw5nw0 at t50 and the boundary
conditionnw(r 0 ,t)50. The solution of this problem for the
average concentration under the contact

^nw~ t !&5
2

r 0
2 E

0

r0
n~r ,t !r dr ~9!

gives

^nw~ t !&
nw0

5 (
m51

`
4

am
2 expS 2

am
2Dht

r 0
2 D , ~98!

where Dh is the diffusion coefficient of two-dimensional
holes, andam is themth root of the Bessel function of zero
order J0(z): a152.41, a255.52. If we take into account
only the main first term in Eq.~98! we get

^nw~ t !&/nw050.69 exp~25.8Dht/r 0
2!. ~99!

According to Eq.~99! the concentrationnw* is plotted in
Fig. 17 as a function oft51/f ~f is the pulse frequency! for
the structures withx50.5 anddQW53 nm and 2 nm, respec-
tively. Only the initial region of this dependence gives ap-
proximately an exponential decaynw* (t)5nw* (0)exp(2t/t* )
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with characteristic timet* . We argue that this is due to a
strong decrease of the diffusion coefficientDh with decreas-
ing hole concentration. Therefore, a characteristic timet*
was only obtained from the initial slope. From thist* an
effective diffusion coefficientDh50.02 cm2/s was estimated
for the structures withx50.5 anddQW53 nm in the case of
planar Schottky diodes with diameter 0.5 mm.Dh50.01
cm2/s was found for the structure withx50.5 anddQW52
nm. Such small values of the effective diffusion coefficient
should be connected with the presence of great fluctuations
of lateral potential in QW’s under consideration, as discussed
in the next paragraph.

To substantiate the role of lateral diffusion in the forma-
tion of the DLTS signal we have prepared Schottky diodes
with various diameters. The concentrationnw* increases with
larger diameter~Table III!. However, the characteristic time
t* does not change as strongly as expected from Eq.~99!. We
estimated from the initial slopet*5531023 s21 for struc-
tures withx50.5 anddQW53 nm and diameter 0.5 mm, and
t*5631023 s21 for diameter 1 mm. We argue that this is
due to a strong dependence of the diffusion coefficientDh on
the hole concentration, which is also not uniform under the
Schottky contact. Such a strong decrease ofDh with lower
hole concentration could also explain the discrepancy be-
tween the experimentally found dependence ofnw* and the
expected single exponential decay.

VII. INTERFACE ROUGHNESS SCATTERING EFFECT

In this section we analyze the role of interface roughness
scattering in lateral mobility of holes confined in narrow
Si/SiGe/Si QW’s, and demonstrate that the experimental re-
sults on lateral diffusion are in qualitative agreement with
theoretical considerations.

The interface roughness scattering is usually considered
as dominating for narrow QW’s because the mobilitym lim-
ited by interface roughness was assumed to decrease with
QW thicknessdQW according to the lawm;dQW

6 ~Refs. 18–
21!. For example, the theoretical calculations18 of mobility

limited by interface roughness scattering for SiGe QW with
x50.4 and amplitude of roughnessD50.5 nm have given a
mobility m5200 cm2/V s for QW of thickness 3 nm, and
correspondinglym should be one order smaller for 2 nm.
Experimentally we did not find a great difference in the dif-
fusivity, being related to mobility, between the investigated
structures with thicknesses 2 and 3 nm, for example, for Ge
contentx50.5.

The lawm;dQW
6 was observed experimentally in GaAs

QW layers21 for the electron mobility in selectively doped
n-Al xGa12xAs-AlAs-GaAs-AlAs structures, with varying
thicknesses from 4 to 7 nm. In Ref. 21 the characteristic
parameters, i.e., the height of roughnessD and correlation
lengthL, which are usually introduced to describe the inter-
face roughness scattering, the valuesD50.28 nm and
L55–7 nm were obtained by fitting the mobility dependence
on the QW thickness. Note that for this structure the band
offset between GaAs and AlAs is 1.2 eV, and therefore the
theoretical approximation of infinitely large barriers, which
was used to obtain the lawm;dQW

6 , is valid.
However, for narrow QW’s in the general case this law

should be modified. Actually, there are two limiting analyti-
cal expressions for the lowest space quantization level:~i!
the infinite-barrier model

E15
\2

2mw
S p

dQW
D 2; ~10!

~ii ! for ultrathin QW,

E15DEv2
mw
2dQW

2

mb2\2 ~DEv!
2, ~11!

wheremw andmb are effective masses~in the direction per-
pendicular to the QW plane! in the QW and barrier layers,
respectively, andDEv is the band offset.

Equation~10! can be only applied if the QW powerw is
much larger than unity,w is defined as

FIG. 16. Dependence of the hole emission rateeT on the bias
DUR5UR2UR* ~UR , reverse bias, characteristic biasUR*50.6 V!
obtained for QW ~Ge concentrationx50.5 and QW thickness
dQW52 nm! at ~a! 68 K and~b! 75.5 K, plotted aseT vs (DUR)

2.

FIG. 17. Dependence of the hole concentrationnw* on the re-
verse pulse frequency 1/f obtained for planar Schottky diode on a
structure with Ge concentrationx50.5, QW thicknessdQW53 nm,
and cap layer thicknessD5300 nm:~a! diameter 1 mm,~b! diam-
eter 0.5 mm, and~c! on a structure withx50.5, dQW52 nm, and
D5210 nm for a planar Schottky diode with diameter 0.5 mm.

16 810 54SCHMALZ, YASSIEVICH, COLLART, AND GRAVESTEIJN



W5A2mwDEvdQW
2

\2 . ~12!

The opposite limiting case corresponding to Eq.~11! oc-
curs if w!1. Note that in experiments of Ref. 21
3.5<w<6.1, but in our experiments 1.5<w<2.9.

To describe the interface roughness scattering, the scatter-
ing potentialdV(r ) is introduced by

dV~r !5
]E1

]dQW
D~r !, ~13!

whereD~r ! is a random modulation of the QW widthdQW ,
which changes the position of the subband levels,r is a
vector in the plane of the QW. Here only the first subbandE1
~E1[E1hh! is under consideration. The roughness is charac-
terized by two parameters: the average heightD and the cor-
relation lengthL. For a Gaussian distribution function of the
roughness we have

^D~r !D~r 8!&5D2expF2S r2r 8
L D 2G . ~14!

This approach is only justified ifD is much smaller than
the QW width. The lawm;dQW

6 was obtained from Eqs.~10!
and~13!, that is, in the limitw@1, and assuming an average
scattering matrix element, which determines the relaxation
momentum time, i.e., mobility, is proportional to
~]E1/]dQW!22.

In Fig. 18 the calculated value for~]E1/]dQW! is pre-
sented as a function of the QW widthdQW for different Ge
concentrationsx, e.g.,x50.3, 0.4, and 0.5, as well as for the
two limiting approximations. Since the mobility should be
proportional to~]E1/]dQW!22 we find that the decrease of
mobility from dQW53 to 2 nm is only about a factor of 2 for
all considered Ge concentrations. A similar reduction in mo-
bility is expected by changing Ge content fromx50.3 to 0.5.
We suppose that our data demonstrate the importance of in-
terface roughness scattering for QW’s under study.

As a next step we will determine the change in density of
states of confined holes due to interface roughness. The
single-particle relaxation time of holes with kinetic energy
«,22 which determines the density of states of disordered con-
fined holes in the lowest order of roughness-hole interaction,
is given by

1

t~«!
5Apm

2«

D2L

\2 S ]E1h

]dQW
D 2, ~15!

wherem is the effective mass for lateral motion at kinetic
energy «. Note that in the case of momentum relaxation
time,22 which determines the conductivity, Eq.~14! should
contain an additional factor\2/2m«L2.

In order to obtain Eq.~15! we have neglected the screen-
ing effect produced by confined holes. The energy\/t~«F!
~calculated at Fermi energy«5«F! gives an estimate of the
fluctuation amplitudes of occasional lateral potential. Of
course, this estimate is very rough, because the electron-
electron interaction, which is very important for a disordered
two-dimensional carrier gas,23,24 is not taken into account.
From Eq. ~15! we obtain for dQW52 nm and x50.5 at
«F510 meV a value\/t~«F!'100 meV, if we assume

D50.28 nm andL57 nm as in Ref. 21. The same estimate
performed for structures withx50.3 anddQW53 nm gives
an occasional potential of about 20 meV.

Actually, in our experiments the activation energyEa in-
creases for lower concentrationnw of confined holes~Table
III !, where the larger deviationDEa was observed for higher
Ge concentration. The value ofDEa is in reasonable agree-
ment with the estimated energy\/t~«F!. Thus, at low tem-
peratures we deal with confined holes located in occasional
potential wells induced by roughness, because\/t(«F).«F .
Thus, only a small part of confined holes, which have an
energy above the percolation level«c , can take part in lateral
transport.25,26 For estimation, we assume«c to be about 0.5
of the amplitude of occasional potential, e.g., for our struc-
tures«c is in the range from 10 to 50 meV. In this case the
effective diffusion coefficient is low and has a thermally ac-
tivated temperature dependence

Dh5D0hexp@2~«c2«F!/kBT#. ~16!

The percolation level«c , i.e., the ‘‘mobility edge,’’ sepa-
rates nonlocalized states from the tail of localized states,
where the density of statesr~«! decreases with smaller en-
ergy «~«,«c! according to the law

r~«!5r~«c!expF2S «c2«

«c
D vG , ~17!

where the indexv is of the order of unity for almost all
theoretical models.25

Therefore, a strong dependence of the effective activation
energyEa measured by DLTS as well as one of the mobility
of confined holes on the concentrationnw* should be found,
because the upper energy level populated by nonequilibrium
holes is determined bynw* .

Further, the appearance of small activation energies of a
few tens of meV in the DLTS spectra, suggested by the
strong DLTS signal at low temperatures~of about 30 K; see
Figs. 7 and 8!, could be related to a thermally activated hole
diffusion out of the Schottky contact region. At these tem-
peratures the characteristic rate of the hole diffusion process
is assumed to be in the range of the emission rate window for
the DLTS measurement. In this case, a strong dependence of
the diffusion coefficient on the confined hole concentration
nw could explain the observed broad DLTS spectra; see Fig.
7.

In all samples, the deviationDEa is in reasonable agree-
ment with theoretical estimation. However, the largest devia-
tion has been observed for structures withx50.5 anddQW53
nm, but theory predicts the largest value for structures with
x50.5 anddQW52 nm. Maybe this fact is connected with the
appearance of Ge clusters.

We have also calculated the input of alloy scattering in
the mobility for samples under investigation by using the
same approach that has been applied in the case of interface
roughness scattering. The results show that alloy scattering
may be important only if clusters of Ge atoms appear. Note
that a strong decrease of mobility due to clusters was ob-
served in a bulk SiGe alloy with small Si content.27
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VIII. CONCLUSIONS

Thermally activated tunneling and lateral diffusion of
confined holes play an important role in the formation of the
DLTS signal for QW structures. We have observed thermally
activated tunneling, which depends on the applied external
electric field. This allows one to estimate the effective mass
~for tunneling! of highly excited holes. The activation ener-
gies of hole emission, determined by admittance spectros-
copy for equilibrium conditions, and measured by DLTS un-

der low electric field and for higher nonequilibrium hole
concentrations are in good agreement. This indicates that in
this case, the influence of the local electric field is not essen-
tial, and therefore the activation energy can be used for the
determination of the band offset.

The observed strong increase of the activation energy
with decreased nonequilibrium hole concentration can yield
an estimate of the amplitude of lateral potential fluctuations.

We have taken into account interface roughness scattering
for analyzing the dependence of the DLTS signal amplitude
on the pulse frequency. The magnitude of this scattering de-
pends only slightly on the width of the QW for the investi-
gated QW’s with width 2–3 nm, but increases with larger
valence-band offset.
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