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Electron and hole deep levels related to Sb-mediated Ge quantum dots
embedded in n-type Si, studied by deep level transient spectroscopy
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The deep level transient spectroscopy technique is used on a Ti Schottky diode on n-Si with
embedded Ge quantum dots (QDs) obtained by Sb-mediated growth. We discover an electron trap
and two hole traps within the Si band gap at the plane of the Ge QDs. The electron trap has an
activation energy of 87 = 7meV. One hole trap has an activation energy of 304 = 32 meV, The
second hole trap is represented by an energy sub-band between 125 and 250 meV above the top of
the Si valence band. The electron level (87 = 7meV) and the hole energy sub-band (125-250 meV)
are identified as energy levels of the Ge QDs array. The deepest trap level for holes (304 meV) has
not been identified yet. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809595]

Ge quantum dots (QDs) have been a hot research topic
in recent years. As they are easily incorporated into the well
developed SiGe technology, they have been extensively
studied, with respect to their quantum confinement proper-
ties. It is expected that these confinement properties will
open the possibility of new technological and industrial
applications. For example, QDs are expected to be used in
various applications such as mid-infrared spectral photode-
tectors,' Si-compatible spin-based quantum information
processing,” quantum information processing, due to entan-
glement of confined electrons, holes or excitons,3 intermedi-
ate band solar cells,* for use in thermoelectric and energy
saving applications, as they have proven to significantly
reduce the thermal conductivity while keeping high electrical
conductivity.>® This vast spectrum of possibilities has trig-
gered fundamental research on Ge QDs in a Si matrix.”~'>

The formation mechanism known as Stranski-Krastanov
growth mode is used to obtain Ge QDs in Si. According to
this mechanism, after a few monolayers of two-dimensional
growth, the Ge film transforms into an array of Ge islands.
These islands are then capped with Si forming the array of
Ge QDs in Si. The size and shape of the Ge QDs are strongly
affected by the growth conditions.'® In particular, the use of
a surfactant (Sb) improves the shape uniformity and lumines-
cence properties of Ge QDs grown by molecular beam epi-
taxy (MBE).'”"!® Due to their small size, these Sb-mediated
Ge QDs may confine charge carriers in all three dimensions
yielding quantum levels, which act as deep-level traps for
holes and electrons.'*™'*

Two samples were grown on n-type Si(100) substrates
having a resistivity of 5Q-cm. The first sample (S1) was
grown in the following way. After thermally removing the
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SiO, from the substrate surface, a monolayer thick Sb ad-
layer is deposited to the substrate surface. This layer is used
during growth as a reservoir for background doping and to
accommodate the J-doping. Moreover, this Sb ad-layer
mediates the formation of Ge QDs making them smaller and
improving their size homogeneity.'” Next step was the depo-
sition of a 200 nm thick Si buffer layer at 520 °C. Sb segrega-
tion and incorporation in the buffer layer has led to a desired
background doping of approximately 10'” cm™>. This doping
procedure was similar to that one used in Ref. 19. Then, a
Sb-o-doped layer was formed at a substrate temperature of
480°C. The 6-Sb-doping is used to enhance the amount of
electric charges trapped by Ge QDs. On top of this J-layer, a
5 nm thick undoped Si layer is grown. Then, a Ge layer hav-
ing a nominal thickness of 1.1 nm was deposited to form an
array of Ge islands. These Ge islands were capped with a
10nm thick undoped Si layer forming Ge QDs in Si. The
undoped Si layers and Ge QDs were grown at 620 °C. The
growth of this structure is finished with a 20 nm thick n-type
Si layer deposited at 520 °C. The deposition rates of Ge and
Si were 0.02 and 0.05nm/s, respectively. At these growth
conditions the array of Sb-mediated Ge QDs should have a
density of about 1.5x 10''cm™2'® The sequence for the
second sample (S2) was similar to the one done for the sam-
ple S1 up to the 6-Sb-doped layer. On top of the §-Sb-doped
layer in the sample S2, a 5 nm thick Sb-doped n-type Si layer
was deposited followed by the Ge QDs layer capped with a
15 nm thick n-type Si layer. The only QD layer is also grown
at 620°C in this sample. The sequence of as grown layers
and doping details of the samples S1 and S2 are depicted in
Fig. 1(a).

The presence of the Ge QDs in our samples was
confirmed by cross-section dark-field TEM (CSDF-TEM), as
in former studies.!”!® (see Fig. 1(b)). At the same time, our
TEM study reveal a dislocation density smaller than
4x10°cm 2%

An important parameter characterizing electron and hole
traps is their activation energy (E,.), which is required to
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take a charge carrier from the deep level to an energy band
edge. As the Sb-mediated growth technique for Ge QDs has
been introduced only recently, the electrical characteristics
of these Ge QDs have not been established yet. Therefore, in
this study, we applied the standard deep level transient
spectroscopy (DLTS) technique as a proven technique to
determine energy levels within Sb-mediated Ge QDs grown
in n-type Si by MBE."’*'* A DL-82E equipment from
Semilab is used.

The samples S1 and S2 were prepared for electrical
characterization in a similar way as in former studies.'*'*
Briefly, samples were first covered with 200nm SiO, by
plasma enhanced chemical vapor deposition. An alloyed
AuSb ohmic contact was first formed on the back-side of
the substrate. The alloying temperature was 360 °C for 5 min
in N, atmosphere. Afterwards, using standard photolitho-
graphic techniques, such as those described in Ref. 25, a
Ti Schottky contact with an area A = 0.3 mm” was deposited
on the epilayer. The sample was glued to the sample holder
with Fixogum, to ensure good thermal contact.”®

C-V measurements were done at room temperature.
Results are shown in Fig. 2(a). In the inset, the C2vsV
analysis has revealed that the desired background doping
concentration of the Si buffer layer was achieved in both
samples.

The C-V measurements show that the desired back-
ground doping concentration of Si was achieved in both sam-
ples. Therefore, the built-in electric field of the Ti-Si
Schottky diode reaches the Si buffer layer. The Ge QDs are
thus situated inside the depleted region of the Ti-Si Schottky
diode. Fig. 2(b) shows schematically the band diagram of the
sample S2 at 300K, when no external bias is applied. The
gray area represents the depletion region, which is approxi-
mately 57 nm wide at a zero bias. Quantum wells for holes
are formed in the Ge QDs, while for electrons the Ge QDs

(@)
S1

S2

FIG. 1. (a) Cross-section scheme of samples S1 and S2; (b) cross-section
TEM image of sample S2, dark clusters are Ge-rich regions referred to as
Ge QDs.
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are barriers. However, a strain-induced conduction band
bending in Si next to the QDs plane leads to potential wells
for electrons at the QD interface,”” which are depicted in
Fig. 2(b) by two dips in the conduction band. It is important
to note that this strain-induced conduction band bending dips
happen in the Ge QDs plane as well, but for clarity purposes
they are not depicted in Fig. 1(b).

The DLTS investigation was carried out at a constant
frequency of w=1MHz within the temperature range of
50-250K. At the same time, the equivalent series resistance
R, was measured. The quality factor Q = o CgR; was calcu-
lated, and it was found to always be Q < /. Thus, measure-
ments were not distorted by any large value of R,

Several DLTS measurements were done on both sam-
ples, using seven different repetition rates of 2.5, 2.2, 2, 1.8,
1.6, 1.4, and 1.2kHz. The DLTS scans were measured at a
zero bias, and deep levels were populated using a forward
bias pulse of 41V and 5 us duration. This procedure has the
following advantages:
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FIG. 2. (a) CV measurements done on samples S1 and S2. In the inset, the
C2vsV analysis is shown, (b) schematic view of the band structure for
sample S2, and (c) representative DLTS measurements for the samples S1
and S2. The repetition rates were 2.5kHz, the pulse length was 5 us. The
zero of the DLTS signal is shown.
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(1) DLTS scans are not affected by any leakage current.

(i) The detection of both minority and majority carrier
deep levels is possible, since both electrons and holes
are injected with a forward bias.

(iii) No DLTS signal appears from the interface epilayer/
substrate, since the depleted region does not reach this
interface region between the epilayer and the
substrate. 22224

Two representative DLTS plots, taken at a repetition
rate of 2.5kHz, are shown in Fig. 2(c).

As the measurement temperature increases, a first deep
level signal can be seen for both samples at around 75 K.
This signal is a downward peak, which corresponds to a ma-
jority carrier trap, and hence, it is an electron deep level.?'
Two additional DLTS signals are observed at higher temper-
atures. One signal is found between 80 and 180K, and the
other one—between 180K and 250K. Both are upward
peaks, hence, minority carrier DLTS signals, i.e., DLTS
signals of holes.?'** The DLTS signal of the electron level
for sample S2 appears slightly stronger than in the sample
S1, see Fig. 2. We assume that the cause for this effect is
higher n-type doping at the Ge QDs layer in the sample S2
as compared to sample S1. The higher n-type doping allows
more electrons to be trapped in QDs. Therefore, DLTS sig-
nals of hole traps are weaker in sample S2 than in sample
S1. Since, more electrons are available in the vicinity of the
Ge QDs layer in the sample S2, hole capture by Ge QDs is
hindered.

The emission rate (e) of a deep level having the activa-
tion energy E,, is related to the absolute temperature (7) by

Eqe
eNTzexp<— t), (D)

kT

where k is the Boltzmann constant.*'** The value of e equals
the repetition rate where the DLTS reaches a minimum or a
maximum, and thus, e is related with the value of T  at which
the minimum or maximum in the DLTS spectra occurs.?'-*
In this way, the e vs T relation was obtained. Thus, the value
of E,., for a deep-level trap could be extracted from the lin-
ear fitting of the Arrhenius plot of In(7). These plots are
shown in Figs. 3(a) and 3(b) for the downward peak at 70 K
and the upward peak at 220K, respectively. The analysis of
the DLTS signal between 80K and 220K was done by
deconvoluting the signal, as shown in Fig. 3(c). Five DLTS
signals with activation energies of 125, 159, 196, 231,
and 300 meV, respectively, yield the peaks P1-P5 peaks in
Fig. 3(c), respectively.

A value of E,.,~ 88 meV is found for the electron level,
while for the hole DLTS signal around 220K, a value of
E,..~300meV is obtained. This value is used in the decon-
volution process shown in Fig. 3(c), as peak P5.

Usually, DLTS provides activation energies with an ac-
curacy of 5%—10%.%> Hence, the values of E,, obtained via
deconvolution, can be considered as a hole sub-band encom-
passing the peaks P1-P4, spanning an energy interval from
125 to 250 meV.

We assume that the broad energy spectrum of the hole
sub-band is caused by the size dispersion of Ge QDs. This
fact correlates with the results of our recent investigations of

Appl. Phys. Lett. 102, 232106 (2013)
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FIG. 3. Linear fit and Arrhenius plots for DLTS signals located at around
(a) 75K, (b) 220K in samples S1 and S2, and (c) deconvolution process
done on the DLTS signal done for sample S1 shown in Fig. 2, using five
peaks P1, P2, P3, P4, and PS5, with activation energies of 125, 159, 196, 231,
and 300 meV.

photo- and electroluminescence of Sb-mediated Ge QDs.'”'®
At the same time, our CSDF-TEM images reveal a concentra-
tion of dislocations, five orders of magnitude smaller than the
Ge QD density. Thus, dislocations play a negligible role for
the DLTS signal. The size dispersion of QDs is responsible
for the broadening of their luminescence band, which has a
full width at half maximum of about 120—130meV at 300 K.
The latter band width is very close to the value obtained by
DLTS for the hole sub-band. Moreover, the band of photon
energies (E,,) emitted by these QDs is well fitted by the equa-
tion E,, = E§ — E°,, — E" ., whereas the luminescence band
width is given as a sum of electron and hole subbands
obtained by DLTS: AE,, = AE¢,, + AE" ,. The latter param-
eters are obtained from DLTS measurements and simulations.
After the substitution of these parameters into the equation
for E,;, we obtain an energy band at 720-970 meV, which is
well matched by the luminescence band of Sb-mediated Ge
QDs.”’18 Therefore, we identified the electron and the hole
sub-band as the aggregate of energy states at the interface of
Ge QDs and within Ge QDs, respectively. Schematically, the
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in-plane
direction

FIG. 4. Scheme of energy bands of the array of Sb-mediated Ge QDs in Si;
E, and E. are valence and conduction band edges; QDyin, QDjax, and QD,,
represent QDs of minimum, maximum, and mean sizes; E°,., and Ehacl are
electron and hole activation energies, shaded rectangles represent energy
spans for electronic and hole sub-bands caused by QDs size dispersion.

band diagram for this situation is depicted in Fig. 4. The ori-
gin of the second deep level found at the plane of Ge QDs
(Eace ~300meV, PS5 in Fig. 3(c)) is not clear yet. This level
may be related to a specific defect within Sb-mediated QDs,
which does not show up in luminescence experiments. The
nature of this deep hole trap will be the subject of future
investigations.

In summary, the results of a DLTS study on Sb-
mediated Ge QDs embedded in n-type Si, grown by the Sb-
mediated MBE method, have been reported. We found one
electron level having an activation energy of 87 =7 meV
and two hole level signals. One hole level is well fitted by an
activation energy of 304 = 32 meV. However, the other hole
level signal cannot be explained by a single activation
energy. We assume that the second signal is caused by the
broad sub-band or by the convolution of several hole levels
within energies spanning from 125meV to 250meV. The
strongest signal in this hole sub-band comes from a hole
level having an activation energy of 200 meV above the top
of the Si valence band. The comparison of our present results
with our recent luminescence studies on Sb-mediated Ge
QDs leads us to the assumption that the electron level and
the hole sub-band represent aggregate states within Ge QDs
array, while the origin of the deepest hole trap remains
unclear.
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