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Abstract The thermionic hole emissions from a p-type
Si0:67Ge0:33 quantum well with a width of 7 nm and a
point defect were investigated using deep level transient
spectroscopy. An activation energy of 0.22 eV from the
quantum well is consistent with the heavy hole level
from the bottom of the well. The defect-related band
with an energy of 0.30 eV originated from the space
charge related to the point defect in the vicinity of the
quantum well heterostructure. The origin of the point-
defect-related band was con®rmed by photolumines-
cence and the deep level was further clari®ed by using
capacitance-voltage measurements and simulation by
introducing a simple model of an interfacial hole trap
center. The deep hole trap center apparently disappeared
by an annealing e�ect, indicating that point defects are
subject to thermal annealing. The microscopic mea-
surement provides evidence on point defects in the
quantum well structure and the thermal annealing also
enhances the thermionic hole emission from the quan-
tum well structure.
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Introduction

The band edge discontinuity in the heterostructures of
semiconductor materials is an essential parameter de-

termining device performance in band gap engineering.
Most of the energy di�erence of band gaps in the Si/
Si1ÿxGex/Si quantum well (QW) structures appears as a
valence-band o�set, which can be useful for quantum
well infrared photodetectors (QWIP) [1±6] based on hole
excitation across the QW barrier. The band o�set is
often determined by means of various optical and elec-
trical measurements [7±10]. Photoluminescence (PL) is
widely used to study electronic states in QWs [9]. The
capacitance-voltage (C-V) measurement also provides
useful information on carrier concentrations within the
space-charge region of heterojunctions [7, 8]. Deep-level
transient spectroscopy (DLTS) is a useful dynamic
technique for the investigation of carrier capture and
emission [7, 10]. DLTS usually can be utilized to detect
defects in bulk states. When the technique is used to
study heterostructures, the data analysis needs careful
interpretation of the signals from the well or a trap.

The thermionic hole emission from the QW formed
by the valence band o�set has been analyzed under the
assumption of a negligible number of trap centers at the
interface so that no perturbation by the thermal emis-
sion of carriers from the traps occurred [8, 11, 12]. Ve-
scan et al. [9] showed that the DLTS signal from the
single QW around 90 K is broadened due to the pres-
ence of SiGe islands of 5±10 nm height, and a relatively
small and broad band around 230 K is similar to the
sample without the QW structure in crystalline bulk Si.
However, Wang et al. [13] suggested that the intensive
peak of a minority carrier at 210 K is comparable to the
signal from the QW at 100 K and is correlated with the
formation of interfacial defects from the partial relax-
ation of mis®t strains. Schmalz et al. [7] also reported
that the extra band of the majority carrier with an ac-
tivation energy of 0.42 eV is related to growth fault. In
spite of these extensive studies, the origin of the mea-
sured DLTS signal as being due to the interface state is
still uncertain and systematic investigation is required.

In this work, the band o�set was determined by an-
alyzing DLTS spectra originating from the ground state
of the bound hole in the QW, and the hole trap center at
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the heterointerface also was investigated with thermal
annealing treatment. The PL and C-V measurements
provide evidence on the energy level of the hole trap
state and trap density. By introducing a trap level,
simulations also clarify the in¯uence of the trap density
on the concentration pro®le at various temperatures.
The quality of the samples was evaluated by high-reso-
lution transmission electron microscopy (HRTEM).

Experimental

The samples were prepared by solid-source molecular beam epitaxy
(MBE) on p-type Si(100) substrates. The chemical cleaning pro-
cesses used H2SO4 solution for organic materials and
HF:H2O2 � 1:4 for the native oxide layer; to remove the remaining
native oxide layer, a baking process at 900 �C for 5 min was carried
out, prior to the growth of the homoepitaxial bu�er layer of Si on a
Si surface at 500 �C. The growth of QW structures was carried out
at a substrate temperature of 500 �C in order to obtain the abrupt
interface by suppressing the formation of interfacial SiGe islands.
The Si0:67Ge0:33 QW layer with a width of 7 nm was sandwiched
between a Si bu�er layer (1 lm) on the substrate and a Si cap layer
(0.4 lm). The QW width is smaller than the critical thickness of
pseudomorphic growth of SiGe on Si predicted by Kim and Lee
[14]. All these layers were uniformly doped with boron to a hole
concentration of 3±5 � 1016 cmÿ3 in order to obtain the p-type
QW structure. The annealing treatment was carried out at a tem-
perature of 800 �C for 5 min in a N2 atmosphere.

For the C-V and the DLTS measurements, junctions were
formed by depositing Schottky diodes on the Si caps by evapo-
rating 1-mm diameter Al dots without alloying. Ohmic contacts
were fabricated on the back side of the wafers by evaporating the Al
®lm followed by alloying at 480 �C in a N2 atmosphere. The C-V
measurements were used to determine the distribution of the carrier
concentrations and the corresponding temperature-dependent be-
havior. A computer-aided DLTS was also used to measure the
carrier emission from both the QW and defect centers. The low-
temperature PL spectra were observed in backscattering geometry
using 514.5 nm line excitation from an Ar� ion laser with a power
of 100 mW at a temperature of 7 K. The morphology of the
samples was investigated by an HRTEM (H9000-NAR) at 300 kV
with a point resolution of 1.8 AÊ .

Results and discussion

Figure 1 shows the DLTS spectra of an as-grown QW
structure for various ®lling voltages (Vf) with a rate
window of 1000/s. During the measurements, a reverse
bias was applied with a ®xed value of ÿ2:5 V, which was
large enough to deplete the QW region at low temper-
ature. Two signals of thermionic hole emissions were
observed in two di�erent temperature regions. Under
the ®lling voltage of ÿ2:0 V, the reduced rate window
causes the DLTS signal to peak at the lower tempera-
ture, as shown in the inset of Fig. 1. For the DLTS
signals from the QW emissions, the band o�set at the
heterointerface can be derived from the emission rate ep
of holes in a QW across the barrier region [15]:

ep � m�Si
m�SiGe

kT
h
exp ÿ Ea

kT

� �
�1�

where m�Si and m�SiGe are the e�ective hole masses of Si
and SiGe for a given Ge composition of x � 0:33, re-
spectively; h is the Planck constant, k is the Boltzmann
constant, and Ea is the activation energy, which is the
di�erence in energy between the ®rst hole subband E1

and the top of the well at the valence band edge. The
valence-band o�set DEv can be given by the following
relation:

DEv � E1 � Ea � eDV �2�
where DV is the potential di�erence between the two
sides of the well, and e is the charge of the electron.

The activation energies for thermionic hole emissions
from a quantum state and a defect state to the valence
band were obtained from the Arrhenius plot with values
of 220 and 300 meV for bands A and B, respectively.
According to People and Bean [16] and Tagaki et al.
[17], the valence band o�set value is estimated to be
DEv � 240 meV for the Si0:67Ge0:33/Si single QW struc-
ture and the highest level of the hole states is 18 meV
below the bottom of the QW for the hole. This quantum
state of the holes is comparable with the activation en-
ergy of band A to thermally excite holes in the QW.
Note that a small band lowering caused by thermally
assisted tunneling across the barrier at the junction
boundary is attributed to an electric ®eld e�ect [8, 13].

Band A was broadened with decreasing ®lling voltage
and showed a shift of the DLTS peaks. The band
broadening e�ect was correlated with interfacial states
and with the presence of mis®t dislocations [15, 18, 19].
Chretien et al. [20] have observed a broad signal in the
high-temperature grown samples and they suggested

Fig. 1 DLTS spectra on the as-grown sample of the single Si/
Si0:67Ge0:33/Si quantum well structure. The two bands A and B are
related to the hole emission from the quantum well and the deep-level
defect center, respectively. The inset shows the activation energies
from A (0.22 eV) and B (0.30 eV) bands under the ®lling voltage of
ÿ2:0 V. As the rate window for the data is decreased to 1000, 400,
200, 80, and 50/s, the temperature of the peak position is lowered
correspondingly
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that it was caused by the thickness variation of the SiGe
layer due to island formation near the heterointerfaces.
Although the higher growth temperature leads to a
better quality of crystal, the high-temperature growth
results in a rough and smeared interface and a dopant
segregation. Therefore, in practice, epitaxial growth is
usually carried out at a temperature range of 450±
600 �C. However, this leads to introducing a high den-
sity of interfacial states and so the generation of band B.

Band B is activated with an energy of 0.3 eV, which
indicates correlation with the hole state of deep levels.
Several authors [7, 18, 19, 21] provide activation energies
of deep levels for various Ge compositions, as shown in
Fig. 2. The activation energy decreased with increasing
Ge mole fraction. This implies that the deep level hole
emission originates from the defect states correlated with
the QW structure. The decrease of the band gap energy
in pseudomorphic Si1ÿxGex/Si heterostructures is pro-
portional to the Ge mole composition and mainly in-
¯uences the increase of the valence band o�set,
providing the enhanced electrical mobility and the re-
duced optical band gap in the Si layer [17, 22]. The ac-
tivation energy for the point-defect-associated hole
emission is also correlated with the valence band o�set
of the intrinsic band gap of SiGe as follows:

Ea�x� � Ea�0� ÿ 0:75x �eV� �3�
where Ea�0� is the activation energy in the Si deep level
and x is the Ge composition. This indicates that the
point defect resides in the QW or in the vicinity of the
heterointerface.

The origin of band B was further clari®ed by a
thermal annealing e�ect, which can reduce defect states
in both interface and bulk structures. The samples were
annealed at 800 �C for 5 min in a nitrogen atmosphere
and the DLTS results are shown in Fig. 3. Only one
peak was observed at the same temperature as band A
and an activation energy of 230 meV was obtained,
which is similar to the as-grown sample, indicating
thermionic hole emission from the QW structure. Fur-
thermore, the broad and small DLTS signals became
very intensive and band B apparently disappeared. This

indicates that the deep level is related to space charges of
the point defect which can be annealed out so that the
corresponding hole emission from the hole trap center to
the valence band ceases in the annealed sample. Fur-
thermore, in QWIP devices, the photo-excited hole can
be related to the enhanced quantum e�ciency by the
annealing e�ect. Further evidence of the origin of the
deep state was provided by PL measurements.

Figure 4 shows the low-temperature PL spectra of the
as-grown sample with the SiGe layer (a) and the corre-
sponding sample annealed at 800 �C for 5 min (b). Both
samples show the clear transverse optical phonon replica
of the bound exciton (BE) of c-Si at 1.08 eV and the
annealed sample shows the free exciton (FE) level just
above the BE from the c-Si layer. The contribution of

Fig. 2 The activation energy of defect-related hole emission in terms
of the Ge mole composition. The valence band o�set in¯uences the
activation energy for the deep level hole emission

Fig. 3 DLTS spectra on the annealed sample at a temperature of
800 �C for 5 min. Band B is dramatically annealed out and band A
becomes more intense. The activation energy is slightly increased to a
value of 0.23 eV, indicating a slight deformation of the shape of the
quantum well structure

Fig. 4 PL spectra of an as-grown sample (a) containing a Si0:67Ge0:33
layer and the correspondingly annealed sample (b). The defect-related
PL band at the peak energy of 0.82 eV with a large full width at half
maximum of 60 meV disappeared under thermal annealing
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defect-related electronic states to the PL band in SiGe/Si
heterostructures has been reported [9, 23, 24]. The de-
fect-related peak in PL spectra appears with no band-to-
band peaks at a low deposition temperature of 600 �C.
On increasing the deposition temperature, the defect-
related peak disappears and the band-to-band peaks
occur. The dislocation-related PL bands are located at
0.81 (D1) and 0.87 eV (D2) [24±26]. Our broad band
around 0.70±0.85 eV peaked at 0.82 eV and is similar to
the dislocation-related band of D1 except for the
broadness, and it disappeared in the thermally annealed
sample. This disappearence indicates that the broad PL
band does not originate from mis®t dislocations, which
can not disappear by annealing, but to point defects.
However, the annealed sample shows a broad peak at
0.95 eV from a QW structure and a small peak at
1.02 eV which seems to correspond to the TO-C phonon
replica of an electron-hole droplet in the Si substrate.
Also a strong TO phonon replica of the droplet is ob-
served at about 1.08 eV.

The point-defect-associated PL band may be related
to the hole emission band of the DLTS peak B in Fig. 1,
because the defect-related PL band peak with an energy
of 0.82 eV is consistent with the localized hole state B
above the valence band with an activation energy of
0.3 eV. The positive space charge around the heteroin-
terfaces of the SiGe/Si structure plays an important role
in a hole trap center where electrons excited by optical
energy can recombine with the holes at the defect center.
The defect center may in¯uence the electrical behavior of
the hole carrier in the QW structure, so a detailed C-V
pro®le was studied.

Shown in Fig. 5 are the hole carrier spikes resulting
from the valence-band o�set of the strained SiGe/Si
heterojunction. At room temperature, hole carriers are

con®ned in the partially depleted QW region. The con-
centration of the hole carrier decreases with decreasing
temperature and the QW region is completely depleted
below a temperature of 200 K. This anomalous behavior
is correlated with the defect states owing to the low-
temperature growth. In the normal situation, the quan-
tum well should con®ne more carriers at the lower
temperature [27]. It is valuable to note that the C-V
pro®les were normal for as-grown samples at tempera-
tures higher than 650 �C and/or those at temperatures
less than 500 �C with low Ge compositions. Since the
defect states localized in the band gap strongly attract
holes to be trapped in the center, it can be expected that
hole states in¯uence the C-V results. This can be quan-
titatively analyzed by simulation, including the hole
capture mechanism.

To simulate the apparent pro®le of carriers, an en-
hanced version of the technique introduced by Missous
and Rhoderick and others [27±29] was implemented to
numerically solve Poisson's equation. The e�ect of gap
states was taken into account with information about
the quantized energy level in the QW structure. The
electric ®eld can be perturbed by defect states at the
interface as follows:

�i�1
d/
dx

����
i�1
� �i

d/
dx

����
i
� qDit �4�

where �; /; q, and Dit are the dielectric constant, the
electric potential, the electric charge, and the deep trap
density, respectively. The temperature-dependent trap
density of hole states is written as

Dit�T � � D0
it

1� e�EpFÿEt�=kT
�5�

where D0
it represents the unactivated trap density of hole

states at 0 K and EpF and Et �� EpF � Ea� denote the
hole quasi-Fermi level for the QW and the trap energy of
the hole states from the Si valence band, respectively; Ea

is the activation energy of the trap center from the quasi-
Fermi level. For an unactivated hole density of
D0

it � 3:5� 1011 cmÿ2 and an activation energy of
Ea � 0:1 eV, the carrier concentration of the pro®le de-
creases as the temperature decreases and the QW region
is fully depleted below a temperature of 200 K. This is in
relatively good agreement with the experimental results.

The signal broadening in the DLTS measurement and
the anomalous C-V characteristics in the as-grown QW
structure are attributed to gap states originating from
hole trap centers. The trap centers are positively charged
with captured holes. The hole captured in the center
needs an activation energy of 0.3 eV to be emitted. On
the other hand, the quasi-Fermi level is located near the
bottom of the QW with an estimated energy of
EpF � 0:2 eV above the valence band of Si for the boron
doping level of 3±5 � 1016 cmÿ3. The C-V simulation
indicates that the deep level distributed above the quasi-
Fermi level is located with an energy of Et � 0:3 eV
from the valence band edge. This is consistent with the

Fig. 5 Apparent carrier concentration pro®les obtained from 1-MHz
C-V measurements for the as-grown QW at various temperatures. The
simulations (solid/dashed lines) were performed under the conditions
of hole traps: D0

it � 3:5� 1011 cmÿ2 and Ea � 0:1 eV
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PL result for the defect-related band around 0.3 eV
above the valence band.

The schematic energy diagram of the hole emission
transient process under reverse bias is illustrated in
Fig. 6. By applying the ®lling pulse with a reverse bias of
ÿ2:5 V in DLTS measurements, the holes occupy both
the ground heavy hole state of the QW and the hole trap
center in the vicinity of the QW. When the ®lling pulse
completely disappears, the holes are emitted from both
the QW and the defect state into the Si barrier, pro-
viding the bands A and B. Figure 7 shows that the
simulated carrier pro®le is strongly dependent on the
activation energy of the defect level. The carrier con-
centration is severely suppressed by increasing the acti-
vation energy. When the trap level is activated with an
energy of Ea � 0:2 eV, the QW region is almost depleted
for the trap density of D0

it � 3:5� 1011 cmÿ2.

The thermal annealing process is very e�ective at
reducing the density of the gap states. Figure 8 shows
normal C-V pro®les for the annealed sample at 800 �C
for 5 min. The peaks of the hole carriers are very sharp
even at low temperature, indicating that the gap states
are no longer the dominant source of hole capture in the
annealed sample. The defect-free nature of the annealed
sample is demonstrated by the simulation without any
gap state, providing the normal aspect of the enhanced
carrier concentration of the QW structure at a low
temperature.

In order to understand the quality of the as-grown
and the annealed samples of the Si/Si0:67Ge0:33/Si epi-
layer, transmission electron microscopy (TEM) images
were obtained. Figure 9 shows the cross-sectional bright
®eld micrographs. The as-grown sample in Fig. 9a
shows the inclusion of the dislocation line with the
smeared QW layer. However, the annealed sample in
Fig. 9b provides the defect-free structure with the well-
de®ned line of the QW layer. Furthermore, the high
resolution TEM images in Fig. 10 show the di�erent
structural quality of the crystalline phase in the vicinity
of the QW layer. In the as-grown sample of Fig. 10a the
randomly oriented contrasts (arrows) show as point
defects distributed in the cap layer and the QW region
rather than behaving as localized interfacial defects. The
point-defect sites are positively charged and provide
deep levels for radiative recombination centers in PL.
These delocalized defect sites also provide hole emission
centers in DLTS measurements.

Usually, in the lattice mismatched heterointerface,
the mis®t dislocations, once formed, are hard to remove
by thermal annealing. In contrast, the thermal annealing
may cause the release of the mis®t strain, resulting in an
increasing density of dislocations. The defect-free QW
structure with well-de®ned heterointerfaces indicates

Fig. 6 Schematic band structure of the single quantum well formed
by p-type Si1ÿxGex with a Ge mole fraction of x � 0:33 under reverse
bias. The defect-related PL center at 0.82 eV from the conduction
band shows the hole trap level, which is activated with an energy of
0.3 eV. The QW-related heavy hole state provides the hole emission
with an activation energy of 0.22 eV

Fig. 7 Simulated carrier pro®les from the QW structure for various
activation energies at room temperature. The spike of the carrier
concentration is strongly decreased with increasing the activation
energy

Fig. 8 Apparent carrier concentration pro®les for the annealed
sample at di�erent temperatures. The concentration is increased with
lowering the temperature without the carrier capture. The simulation
was performed without the interfacial defect center
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that the defect-related peak B of the hole emission in
Fig. 1 was annealed. The SiGe QW layer is subjected to
a strain ®eld between the Si bu�er and the cap layers by
showing di�raction contrast without any mis®t disloca-
tion. Note that for the SiGe heterointerfaces with a Ge
composition of x � 0:33 the thermal annealing induces
Ge di�usion in the SiGe alloy [30]. The reconstructed
heterointerfaces by the annealing e�ect enhance therm-
ionic hole emission from the quantized hole state of the
valence band o�set and the point defect-related hole
emission is terminated.

Conclusions

In summary, the thermionic hole emission processes
from both the QW and the defect structures were in-
vestigated by means of the DLTS measurement and C-V
characteristics. The thermionic emission of holes bound

in the QW structure is activated with an energy of
0.22 eV. The hole emission is activated with an energy of
0.3 eV from the point defects randomly distributed in

Fig. 9 The cross-sectional bright ®eld TEM images on a the as-grown
Si/Si0:67Ge0:33/Si layer and b the corresponding thermally annealed
sample at a temperature of 900 �C for 5 min. In the image of the as-
grown sample, there exists a dislocation line with a smeared line of the
QW layer. The annealed sample shows a clear straight-line image for
the QW layer

Fig. 10 HRTEM images on a the as-grown Si/Si0:67Ge0:33/Si layer
and b the corresponding thermally annealed sample at a temperature
of 900 �C for 5 min. In the image of the as-grown sample there are
many delocalized point defects (arrows) in the vicinity of the
heterointerfaces. The point defects were annealed out and the mis®t
strain was released for the interfacial reconstruction
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the cap layer and QW region. The annealing e�ect
strongly reduces the concentration of the hole trap
center of the point defects compared with that of the
QW signal. The defect-related bands in both the DLTS
and PL measurements disappeared after thermal an-
nealing. Furthermore, in the C-V measurement, the
anomalous decreasing trend of the carrier concentration
on lowering the temperature is changed to an increase
by the annealing e�ect. As a concluding remark, the
relatively low temperature growth of the Si1ÿxGex QW
structure with a Ge mole fraction of x � 0:33 provides
randomly distributed spots of point defects. The crystal
point-defects-associated hole emission is perturbed by
the mis®t strain, which in¯uences the distribution of the
electronic structure in the vicinity of the QW structure.
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