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Localized-state band induced by Bd-doping in Si/Si12xGex /Si quantum wells
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The density of states of the two-dimensional hole band in Bd-doped Si/Si12xGex /Si quantum wells was
obtained using space-charge spectroscopy. Si/Si0.75Ge0.25/Si structures studied have a (2 – 5)31011 cm22 con-
centration of Bd doping in the middle of the quantum well. We have observed the effect of localization for
small concentrations of confined holes. The activation energy for the hole emission rate increases as the
concentration of confined holes decreases. This allows one to estimate the density of states for the tail of the
two-dimensional acceptor band.@S0163-1829~98!01211-9#
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I. INTRODUCTION

Boron-doped Si12xGex layers in silicon are candidates fo
use in high-speed or other devices integrated with silic
based circuits.1 Various infrared detectors2 have been dem
onstrated using these layers. They may also be potent
used for far-infrared~terahertz! emitters and lasers.3

However, little information is available on the density
states and mobility of confined holes in these layers.
example, it is not clear how the energy position of accep
states changes with the Si12xGex layer width, the Ge con-
centration, or the location of the acceptors in Si/Si12xGex /Si
layers. It is also not known how extended states are form
as the boron concentration increases. Strongly correl
two-dimensional carrier systems are now under intens
study, including the question of an metal-insulator transit
in such systems.4–6

Here, we present an investigation of borond-doped quan-
tum Si12xGex layers by space charge spectroscopy, and d
onstrate the possibility to determine the density of states
two-dimensional impurity band.

Deep-level transient spectroscopy~DLTS! is a standard
technique for measuring the activation energy of car
emission from deep levels. In applying DLTS to studyi
carrier emission from quantum-well~QW! structures, the lat-
eral diffusion of confined carriers causes a problem that
carriers are swept from the QW region laterally beneath
Schottky contact before hole emission across the barrier
occur. Direct hole emission from Si/Si12xGex /Si QW struc-
tures was observed for narrow QW’s~2–3 nm! with high Ge
concentrations (x50.3– 0.5).7 It was easier to observe d
rect hole emission in this case as the alloy and interf
interface scattering reduces the hole mobility. A low ho
mobility is also expected for borond-doped quantum
Si12xGex layers. Thus the hole emission can be convenien
studied by DLTS. In the case of DLTS the confined ho
concentration can be changed in the QW layer by applyin
570163-1829/98/57~11!/6579~5!/$15.00
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reverse bias. The dependence of the activation energy o
hole emission rate on the concentration of confined ho
gives the possibility to obtain information on the density
states of the two-dimensional boron impurity band.

In this study, we used Si/Si0.75Ge0.25/Si QW structures.
The concentration of borond doping,NB , in the middle of
the Si0.75Ge0.25 layer is NB5(225)31011 cm22. Note that
NB,Nc whereNc'1.531012 cm22 is the critical concentra-
tion of B in Si for the Mott metal-insulator transition in
disorder two-dimensional layer. For estimatingNc the con-
dition Nc

1/2a0'0.37 is used,8,9 wherea0 is the effective Bohr
radius given by the relationa05(2m1EA)1/2/\ equal to 2.3
nm, with the experimental value of the binding energyEA

545 meV, and the light hole massm150.16 m0 calculated
in spherical approximation. The critical concentrationNc

should be smaller in the case of Si0.8Ge0.2. A calculation with
a linear interpolation of the parameters for SiGe givesEA

537 meV, m150.14m0 , a052.7 nm, and correspondin
Nc51.931012 cm22. Thus, for our borond-doping condi-
tion localization is expected for the first impurity ban
formed by boron.

In the equilibrium condition, the concentration of hole
nw confined in the QW should exceedNB ; holes are supplied
from the barrier layers. At low temperatures these additio
holes should occupy the second Hubbard subband, w
results from theA1 states~charged acceptor states!. The
small binding energy ofA1 states~for boron in bulk Si about
2 meV! results in a lower critical concentration for the meta
insulator transition. In this case we obtain an effective rad
of about 12 nm for separatedA1 states and correspondingly
a critical concentrationNc5131011 cm22, which is smaller
than our borond-doping concentration. Thus the condition
the existence of metallic states should be realizable here
applying a reverse bias to our Si/Si12xGex /Si QW structure,
the confined hole concentration can be redirected in a w
range and a metal-insulator transition can be obtained.
6579 © 1998 The American Physical Society
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No gap between the extended and localized states is
dent in these borond-doped quantum Si12xGex layers. How-
ever, we observed a ‘‘freeze out’’ of the holes to deep
states; a typical behavior of a strongly correlated tw
dimensional carrier system, where the amplitude of rand
potential fluctuations~disorder! decreases with increasin
concentration of confined holes. The dependence of the
emission rate on the concentrationnw of confined holes gives
information on the density of states for the casenw,NB .

II. EXPERIMENT

A. Sample preparation

The p-type Si/Si12xGex /Si structures used in the prese
work were grown pseudomorphically at 530 °C in
molecular-beam epitaxy~MBE! system. The epilayers wer
deposited onto~100! p1-Si substrates, B doped, with a re
sistivity of 0.01–0.02V cm. First, a 300-nm-thick buffer
B-doped with about 1017 cm23, was grown. For the struc
tures the Si0.75Ge0.25 layers were sandwiched between 30 n
undoped Si spacers. The following structures were inve
gated: ~1! SiGe layer thicknessdSiGe55 nm, undoped;~2!
borond doping in the middle of the SiGe layer with a surfa
concentration of 231011 cm22, dSiGe55 nm; ~3! boron d
doping in the middle of the SiGe layer with 531011 cm22,
dSiGe54 nm. The thicknessdSiGe was determined by trans
mission electron microscopy~TEM!. Finally, a 300-nm-thick
B-doped Si cap layer with a dopant concentration of ab
1017 cm23 was deposited~Fig. 1!.

Schottky diodes were prepared by W/Ti deposition. T
effective area of the Schottky contact wasA5
1.331022 cm2. For theCV and DLTS investigations, we
also used structures for which the thickness of the cap la
was reduced by chemical etching to obtain an optimal thi
ness for these investigations. For DLTS measurements
used a mesa Schottky diode geometry~Fig. 1!, such that the
Si12xGex layer did not penetrate the mesa, but formed
buried layer. The DLTS measurements were performed w
the DLTS spectrometer DLS-82 of SEMILAB, Hungary, an

FIG. 1. Schematic picture of the mesa WTi Schottky diode us
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CV and admittance investigations were carried out usin
HP 4192 A low-frequency impedance analyzer.

B. Admittance spectroscopy and capacitance voltage
measurements

The Si/Si12xGex /Si structures having a 300-nm-thick ca
layer and an acceptor concentrationNA of about 1017 cm23,
the SiGe layer is outside the Schottky barrier depletion wi
at zero reverse bias (UR50). The activation energyEa of
conductance across the QW can be obtained using ad
tance spectroscopy.10 From the equivalent circuit of the
space-charge region of the Schottky diode and the QW,
obtainsCp andGp ~capacitanceC and conductanceG mea-
sured in a parallel equivalent circuit! as function ofC1 , C2 ,
andG, whereC1 is the capacitance of the space-charge
gion of the Schottky diode,C2 the capacitance of the QW
and G the conductance across the QW.10 A maximum in
Gp(T) appears atG* 52p f (C11C2).

The temperature dependence of the conductance,G,
across the QW is given byG(T;T1/2exp(2Ea /kBT). Hence,
the activation energyEa is estimated from the Arrhenius plo
of the measurement frequencyf versus 1/T, at which the
conductance peak occurs.

If the SiGe layer is undoped~sample 1!, the activation
energy Ea569 meV is well approximated byEa'DEv
2E1 , whereDEv is the valence-band offset andE1 is the
confinement energy of the first level of the heavy hole in
QW.10 Figure 2 shows the important potentials and energ
for two-dimensional system under investigation. The Arrhe
ius plot of the measurement frequencyf gives an activation
energy ofEa575 meV for the structure with a Bd concen-
tration of 231011 cm22 ~sample 2!; for the structure with a
B d concentration of 531011 cm22 ~sample 3!, a somewhat

.
FIG. 2. Schematic view of~a! valence-band profile and~b! dis-

tribution of the density of statesN(E): ~i! equilibrium conditions
and~ii ! nonequilibrium conditions. The energy levels of an isolat
neutral acceptorEA0 and of a charged acceptorEA1 are shown, as
well as Fermi levelEF in equilibrium condition, quasi-Fermi-leve
EF8 in nonequilibrium condition, and the activation energyEa .
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57 6581LOCALIZED-STATE BAND INDUCED BY B d-DOPING . . .
smaller activation energy ofEa551 meV was obtained. This
appears reasonable for the smaller SiGe thickness of 4
for sample 3 compared to 5 nm for sample 2 as previ
calculations show.10

The dependence of the capacitanceC on the reverse bias
UR , shown in Fig. 3 for sample 2~with a B d concentration
231011 cm22! reveals a plateau of nearly constant capa
tanceC* . The plateau between the first and second bia
UR1 andUR2 is related to the hole concentration in the Q
by nw5C* (UR22UR1)/Ae, whereA is the diode area ande
is the elementary electron charge.10 We have estimated th
maximum hole concentrationnw to be about 1011 cm22 for
the structure with undoped SiGe, and correspondingly for
d-doped casesnw5331011 cm22 for 231011 cm22 B, and
nw55.531011 cm22 for 531011 cm22 B. In the case of the
B-doped SiGe layer, the concentrationnw measured is equa
to the total hole concentration in the QW layer, i.e., the c
centration of holes supplied from the barriers plus the Bd-
doped layers. Note that the relationNB,nw,2NB is fulfilled
for the confined hole concentrationnw , i.e., the Fermi level
EF should lie in the second~Hubbard! subband at low tem-
peratures~Fig. 2!. The close values of activation energi
measured for the Bd doped and the undoped QW’s sho
that in the case of our Bd doping the larger part of holes li
in the two-dimensional band of free holes at the measu
ment temperatures~in the range 60–80 K!, i.e., below the
confinement levelE1 ~Fig. 2!.

For CV measurement, only holes with an emission rateeT
larger than the angular frequencyv52p f contributes to the
plateau in capacitance. Figure 3 shows theC5C(UR) de-
pendencies for different temperatures measured at the m
surement frequencyf . The width of the capacitance platea
decreases with decreasing temperature indicating that a
creasing part of the hole concentrationnw is characterized by
a lower emission rateeT,v. Such behavior suggests a wid
range of activation energies for hole emission. This indica
a ‘‘freeze out’’ of the holes to deeper states. TheCV char-
acteristics, measured at a given temperature for different

FIG. 3. Dependence of the capacitanceC on reverse biasUR for
1 MHz measurements at different temperatures~sample 2; thickness
of the cap layer 150 nm, effective area of the Schottky contacA
51.231022 cm2!: ~a! 50 K, ~b! 61 K, ~c! 71 K, ~d! 81 K, ~e! 129
K.
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quencies, show a similar behavior. The ‘‘frozen-out’’ hol
are released only at a larger reverse bias, leading to a se
plateau in theCV curve.

C. DLTS measurements

We obtained the minimum reverse biasUR* , at which the
QW becomes depleted, from theC5C(UR) dependencies
measured at various temperatures. For this condition, we
formed DLTS measurements. A strong DLTS signal rela
to hole emission from the QW was observed for the Bd-
doped Si/Si12xGex /Si structures~Fig. 4!, but not for the
structure with undoped SiGe layer. This difference is pro
ably due to the different lateral hole diffusion in the SiG
layer for the two cases.7 The hole diffusivity in the SiGe
layer for the doped sample is lower than for the undop
SiGe. The DLTS peak temperature and the peak shape
pend considerably on the pulse biasU1 , e.g., for larger pulse
amplitude (UR* 2U1) a broadening of the DLTS peak at th
lower-temperature side occurs, indicating a ‘‘tail’’ of loca
ized states in the QW~Fig. 4!.

The maximum emitted hole concentrationnw* was esti-
mated from the DLTS signal (DC/C) from the relationnw*
5(DC/C)(2NAW2/L), with DC/C at the measurement fre
quencyf 52500 s21. Here,NA is the acceptor concentratio
in the buffer layer,L is the thickness of the Si layer betwee
the Schottky contact and SiGe layer, andW is the width of
the depletion region. We have calculated the activation
ergyEa of hole emission from the Arrhenius plot of the ho
emission rateeT . Figure 5 shows the Arrhenius plots of th
hole emission rateeT for a QW with various nonequilibrium
hole concentrationsnw* , which were realized by various
pulse bias amplitudesU1 . The activation energyEa , calcu-
lated from the DLTS measurements for larger hole conc
tration nw* , is in good agreement with that obtained by a
mittance spectroscopy. For a smaller hole concentration
the QW, the activation energy increases significantly,
shown in Fig. 6.

FIG. 4. DLTS spectrum~sample 2; thickness of the cap laye
200 nm! at the reverse biasUR54.0 V and pulse frequencyf
52500 s21 ~corresponding to emission rate windowe055580 s21!
for different pulse biasesU1 : ~a! 2.5 V, ~b! 3.0 V, and~c! 3.5 V.
The pulse duration wastp55 ms.
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III. DISCUSSION

Holes confined in a QW with a highd-doping concentra-
tion give rise to a two-dimensional system with random p
tential fluctuations.4,5 In equilibrium, as realized for admit
tance spectroscopy, the concentration of confined holesnw is
larger than the doping concentrationNB of boron. In this
case, one can assume that some of the holes are locat
the upper subband induced by Bd doping ~Fig. 2!. There-
fore, we expect that a two-dimensional low-mobility metal
realized.6 But for DLTS, when applying a large reverse bi
to the structure, the concentration of confined holesnw* is
smaller thanNB . In this case, we have a strongly localize

FIG. 5. Arrhenius plot of the hole emission rateeT ~sample 2;
thickness of the cap layer 200 nm! at the reverse biasUR54.0 V.
The pulse biasU1 is varied: ~h! 2.5 V, ~s! 3.0 V, and~n! 3.5 V,
corresponding to the following nonequilibrium hole concentrat
nw* ~obtained from the DLTS peakDC/C at f 52500 s21!:
~h! 331010 cm22, ~s! 231010 cm22, and~n! 53109 cm22.

FIG. 6. Dependence of the hole concentrationnw , emitted with
activation energyEa , on the activation energyEa : sample 2~n!,
and sample 3~s!.
-

in

confined hole system, where the lateral conductivitys in the
QW is expected to decrease with temperature according t
activation law:

s;exp~2«a /kBT!, ~1!

where«a is the energy separation between the mobility ed
«c and the ‘‘quasi-Fermi-level’’EF8 which is a function of
the hole concentrationnw* . It is reasonable to assume that th
activation energy«a for conductivity should strongly in-
crease as the hole concentration is reduced.5,11,12 ~Note, we
can introduce a ‘‘quasi-Fermi-level’’ for the characterizatio
of nonequilibrium holes in a QW, because the space
energy redistributions among confined holes occur fa
than the hole emission process during the DLTS meas
ment.!

The lateral hole diffusivity should also follow the activa
tion law given by Eq.~1!. This allows us to observe a DLTS
signal for small confined hole concentrations
(<331010 cm22). On the other hand, for larger hole con
centrations, the lateral hole diffusivity becomes large enou
to reduce considerably the hole concentration beneath
Schottky contact during the measurement time of DLTS 1f ,
and thus a DLTS signal can not be observed.

The activation energyEa of hole emission is determine
by the difference between the potential barrierU at the QW
and the Fermi levelEF ~Fig. 2!. The admittance spectroscop
data give anEa between 75 meV~at 231011 cm22 B! and
51 meV ~at 531011 cm22 B! for an equilibrium hole con-
centrationnw , whennw is larger than the Bd concentration
NB . The observed ‘‘freeze out’’ of holes byCV measure-
ments at lower temperatures~Fig. 3! suggests the existenc
of an impurity band. However, we have no evidence fo
gap between the extended and localized states.

The observed strong DLTS signal~Fig. 4! indicates a
strong localization of confined holes whennw,NB . There is
a strong increase in the activation energyEa with decreasing
hole concentration~Fig. 6!. Using this dependence, we hav
calculated the density of statesN(E) related to the activation
energy. This density of statesN(E) corresponds to the ther
modynamic density of states introduced for the character
tion of two-dimensional electron systems with disorder
the relationN(E)5dnw /dEF .11–13N(E) was obtained from
the experimental results by the relationN(E)
5nw* /(0.48kBT) in a way similar to that previously reporte
for the DLTS characterization of the interface sta
distribution.14 The factor 0.48 is due to the signal averagi
by lock-in technique used for our DLTS spectrometer.14 The
energy E is taken asE5Ea

adm2Ea
DLTS , where Ea

adm and
Ea

DLTS are the activation energies measured by admitta
spectroscopy and DLTS, respectively. The dependence o
density of statesN(E) on the energy is given in Fig. 7. Th
value E50 corresponds to the Fermi level when the tw
dimensional band of free holes is in equilibrium and is clo
to the energy positionE1 ~Fig. 2!.

The observed dependenceN(E) is considerably weake
than N(E);exp(2E/DV) with DV50.5e2NB/
4p«0« r(nw)1/2 ~«0« r is the dielectric constant!. Such a de-
pendence would be expected for a random distribution
boron dopants and a carrier screening within the framew
of the classical model fornw!NB and fornw larger than the
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57 6583LOCALIZED-STATE BAND INDUCED BY B d-DOPING . . .
residual concentration of compensating impurities.6 Note,
that in our case the effective Bohr radiusa0 is practically
equal todSiGe, and the Bd-doped layer is in the middle o
the QW. Previously, problems of random potential a
screening effect by confined carriers were investigated
the case of ad-doped layer separated by a spacer from
QW layer.11,12 Applying these results to our structures, w
have estimated the average amplitude of the random po
tial in the QW plane in the absence of confined holes
using the following relation:

~^DV2!1/25~2p!1/2~e2/4p«0« r !~NB!1/2@ ln~RA /dSiGe#
1/2.

~2!

Here we have useddSiGe/2'a0 instead of the space
width, and the radius (RA) of the Schottky contact as th

FIG. 7. Dependence of the thermodynamic density of sta
N(E) on the energyE, whereE50 corresponds to the edge of th
two-dimensional band of free holes: sample 2~dash-dot line!, and
sample 3~dashed line!.
, J
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characteristic length along the QW plane. As a result,
have obtained (̂DV2&)1/2542 meV forNB5231011 cm22.
This estimation is in reasonable agreement with the obse
increase of the activation energy. The screening effect sho
strongly reduce the random potential with increasing c
fined hole concentration at a relatively low hole concent
tion in the regime of nonlinear screening.11,12 In this regime,
the hole density is very nonhomogeneous in the QW pl
for the scale of the orderRA . The characteristic amplitude o
the random potential, which separates local regions occu
by holes, is of the order (e2/4p«0« r)(NB)1/2. Thus, an acti-
vation law~1! for conductivity~isolation regime! takes place
here, and conditions for DLTS study are fulfilled.

IV. SUMMARY

In summary, we have studied acceptor states induced
borond doping in SiGe QW layers using space charge sp
troscopy. We have observed a strong dependence of the
tivation energy for hole emission from the QW on the co
centration of confined holes. The observed transp
properties of the confined holes for hole concentratio
smaller than the Bd doping concentration are typical for
strongly localized two-dimensional disordered hole syste
Finally, we have determined the density of states near the
of the two-dimensional band, when the hole concentration
the SiGe QW layer is smaller than the concentration of
borond doping.
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