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Interfacial defects in Si,_, Ge, /Si quantum wells detected by deep-level transient spectroscopy
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The carrier-emission processes from quantum wells and from deep-level defects have been identified in
deep-level transient spectroscopy (DLTS) measurements. The emissions from quantum wells contribute
to a majority carrier peak, from which the valence-band offset AE, at the heterointerface is derived. For
Sig 67Geg.33/81, our experimental result AE, =0.24 eV is comparable with the theoretical prediction and
previous measurement. The emission of carriers from a high density of interfacial defects gives rise to a
minority carrier signal in DLTS, which can be detected only by using an injection pulse with a relatively
large pulse width. The partial relaxation of the misfit strain or the nucleation of dislocations may be re-

sponsible for the formation of interfacial defects.

I. INTRODUCTION

Deep-level defects in Si;_, Ge, /Si quantum-well struc-
tures play an important role in determining their electri-
cal and optical properties. Si;_,Ge,/Si is a type of lat-
tice mismatched system, the partial or full relief of misfit
strains at the heterointerfaces will cause the formation of
dislocations which will deteriorate the properties of quan-
tum wells. The most effective method in measuring the
deep-level defects is deep-level transient spectroscopy
(DLTS), which has been successfully employed to study
the characteristics of deep-level defects in many semicon-
ductor bulk materials. In recent years, DLTS has been
applied to study quantum-well structures of III-VI semi-
conductor materials,”? and has proved to be a useful
method to determine the band offset at the heterointer-
face.® In a quantum-well structure, the emission and cap-
ture of carriers confined in the well regions behave simi-
larly to the emission and capture of carriers by the deep-
level defects. It is thus in principle possible to observe
these two phenomena by DLTS. However, in many
cases, the interference between the DLTS signals from
defects and that from the quantum well makes the data
analysis and peak identification difficult. The first at-
tempt to detect the deep levels in a Si;_,Ge, /Si system
by DLTS was made by Brighten et al.* They observed
the trap distributions in the Si cap and Si;_,Ge, layer
but not the interfacial defects. In this work, we use
DLTS measurements to distinguish two different thermal
emission processes, i.e., the emission from defects and the
emission from quantum wells, by appropriately setting
the experimental parameters.

II. EXPERIMENTAL METHODS

The samples were grown by molecular-beam epitaxy
(MBE) on p " -type Si(100) substrates. Before the growth
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of heterojunction or quantum well, a Si buffer layer with
the thickness of 300—-500 nm was deposited. The struc-
tures of the samples are shown in Table I. All the
growths were carried out at the substrate temperature of
500°C. The thicknesses and the Ge contents of the layers
were controlled by the beam fluxes of coevaporated Si
and Ge sources, and were monitored by two quartz crys-
tal oscillators. In situ Auger electron spectroscopy and
ex situ x-ray diffraction measurements have been used as
calibration. The unintentional doped films were found to
be p type in their conductance. After the MBE growth,
an Ohmic contact was made at the back side of the wafer
by evaporating the Al film followed by alloying at 500 °C
in N, ambient, and a Schottky contact was formed on the
front side of the sample later by evaporating the Al dot
without alloying.

The C-V measurements were used to determine the dis-
tributions of carrier concentrations in the samples, from
which the different regions could be identified. A
computer-controlled DLTS system was used to measure
the carrier emissions from both the quantum wells and
defects.

Doing the data analysis, the DLTS signals contributed
by the defects were treated by the formula derived for
bulk materials. For the DLTS signals of quantum-well
emissions, the method of Debbar, Biswas, and Bhatta-
charga® was used to derive the band offset at the heteroin-
terface. The emission rate e, of holes in a quantum well
across the barrier region is given by

AE

- (1
kT |’ )

e, =aV'kT exp

where a is a temperature-independent constant, k is the
Boltzmann constant, and AE is the activation energy,
which is the difference in energy between the first hole
subband E,; and the top of the well. The valence-band
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TABLE 1. Structural parameters of samples.

Si buffer Si, Ge,_, well Si barrier Si cap
thickness thickness thickness Number thickness
Sample (nm) x (nm) (nm) of periods (nm)
A 300 0.1 100 1 300
B 500 0.33 15 1 270
C 300 0.25 4 15 10 50
D 300 0.5 4 15 10 50

offset AE, can be given by the following relation:
AE,=AE+E,+eAV , ()

where AV is the potential difference between the two
sides of the well, and e is the charge of the electron.

III. RESULTS AND DISCUSSION

A. Double heterojunction

The thickness of the Si, ¢Ge, ; layer of sample 4 is 100
nm, which is too large to be considered as a quantum
well. The sample is actually a double heterojunction. Its
carrier distribution measured by the C-V technique is
shown in Fig. 1. The charge transfers at the heterointer-
faces lead to the depletion of holes in the Si cap and the
accumulation of holes in the SiGe layer. The points a, b,
and c in Fig. 1 correspond to the reverse bias V3 of 0, 1,
and 3 V, respectively. DLTS signals measured at three
different reverse biases and with different injeetion pulse
amplitudes ¥V, are shown in Fig. 2. The injection pulse
makes the diode less reverse or even forward biased. Ac-
cording to Fig. 1 and the experimental condition, the de-
pletion region of the Schottky diode extends basically
over the Si cap, heterointerface, and the bulk of the SiGe
alloy layer for the spectra a, b, and ¢ in Fig. 2, respec-
tively. In spectra a and ¢, no deep-level defects could be
observed in the Si cap and the SiGe layer. While at the
heterointerface region b, DLTS shows a majority carrier
peak, which may be attributed to the thermal emission of
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FIG. 1. C-V carrier concentration profile of sample 4.

holes accumulated at the SiGe side of the heterointerface.
This has been verified by the admittance spectroscopy
measurement® (not shown here), where a maximum of
conductance appeared near the temperature as that of the
DLTS peak b in Fig. 2. The activation energy derived
from Eq. (1) is 0.06 eV, which is close to the band offset
of 0.07 eV for Si ¢Ge, ;/Si heterojunction by theoretical
prediction.® The capture cross section related to the
scattering rate of carriers into the well is 10722 cm”. Be-
sides the majority carrier peak, no other DLTS signal re-
lated with defects could be observed. The whole sample
may be regarded as a defect-free one. The small Ge com-
position makes the SiGe alloy layer and Si cap layer grow
pseudomorphically without the nucleation of dislocations
by relieving the misfit strain.

B. Single quantum well

Sample B is a single quantum well. Its C-¥ carrier dis-
tribution indicates that the holes are accumulated in the
thin well region and the distribution width (full width at
half maximum) is about the same as that of the well
width (15 nm).” Figure 3 shows the DLTS spectrum tak-
en at the reverse bias of —1 V and pulse amplitude of 2
V. Besides the majority carrier peak, which is attributed
to the hole emission from the well, there also exists a
minority carrier peak which could not be detected unless
the duration of injection pulse is large enough. In our
case, it must be larger than 10 ms.

The activation energy of the majority carrier peak is
determined to be 0.23 eV by using Eq. (1). For well width
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FIG. 2. DLTS spectra of sample A4 at different experimental
conditions: @, Vx=0V, Vp=1.5V; b, Vr=—1V,Vp=15V;
¢, Vg=—3V,Vp=2V.
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of 15 nm and x =0.33, E, is very small (~3 meV) and
could be neglected, the measured band offset is 0.24 eV
by considering the effect of electric field. The band offset
is agreed with its theoretical value 0.24 eV. The band
offset of Sij,Ge, ;/Si measured by Vescan et al.® for a
single quantum well was 0.22 eV, which is comparable
with our result. However, the DLTS peaks in their mea-
surements were broadened due to the thickness variations
of the SiGe layer and the presence of SiGe islands in the
interface.® In our case, we did not see the peak broaden-
ing at all. The Arrhenius curve In(e,/ T'2)—1/T fol-
lows a nice monoexponential relation as shown in Fig.
3(b). It again verifies that the DLTS majority carrier
peak is contributed by the thermal emissions of holes
from quantum well.

The DLTS peak height of the quantum-well emission
varies under different reverse biases. By increasing re-
verse bias, the height of the majority carrier peak in-
creases first and decreases after reaching a maximum.
This result is in qualitative agreement with the bias volt-
age dependence of the peak intensity of an
In,_,Ga,As/Al,_,Ga As single quantum well by Deb-
bar, Biswas, and Bhattacharga® and could only be ex-
plained by the carrier emission from the quantum well
rather than from defects. No defects could be detected
for the Si layer.

In ordinary DLTS measurements, the minority carrier
signal is not visible in the Schottky barrier diode. When
the diode was made on a p-type semiconductor, only
those deep levels located below the midgap can be ob-
served as majority carrier signal in DLTS measurements.
The origin of the minority carrier peak in Fig. 3(a) can be
explained as follows. If high-density donorlike defects,
whose levels are located above the midgap, exist in a very
thin layer near the interfacial region, the Fermi level will
pin near the top of the defect levels and the interfacial re-
gion will be converted into an inversion layer due to the
compensation of the valence-band hole concentration by
the electrons on the defect levels. Under reverse bias, a
unified Fermi level no longer exits in the space-charge re-

1000/T (1/K)

gion, the electron and hole concentrations vary according
to their quasi-Fermi level Ep, and Eg,, respectively.
Crowell and Beguwala® pointed out that the quasi-Fermi
levels are invariant in the space-charge region of a
Schottky diode and Ej, coincides basically with the Fer-
mi level of the contact metal electrode. As the bias in-
creases, Ej, shifts downward slightly. Due to the large
density of interfacial defects, a small variation of Fermi-
level position still induces a significant change of electron
concentration on the defect levels. The emission of elec-
trons from defect levels into the conduction band reduces
the negative charges in the space-charge region. In order
to maintain the electric neutralization, the space-charge
region must extend. The transient capacitance thus de-
creases and a positive DLTS signal is expected. Besides,
the defect levels located near Ej, are not very efficient in
capturing electrons. It is thus necessary to use larger
pulse duration to enhance the emission and capture pro-
cesses in DLTS measurements.

From the above analysis, it can be seen that the minori-
ty carrier peak originates from the emission of interfacial
defects. The depletion-accumulation region of a single
quantum well occurs at the heterointerface region. It is
therefore easier to change the depletion layer into an in-
verse layer if high-density donorlike defects do exist
there. Unlike the deep-level defects in bulk materials in
which we can determine the defect density by DLTS, for
interfacial defects in our case, we cannot determine the
defect density if they distribute spatially in a very narrow
region with unknown thickness. Following the approach

in Ref. 4, the apparent defect concentration in sample B

is about 10" cm ™.

Figure 4 shows the DLTS signal of a minority carrier
under different reverse biases. The peak height passes
through a maximum at a reverse bias of about 1.5 V.
Furthermore, by etching away the Si cap and the SiGe
quantum-well layer, all the DLTS signal of majority car-
riers and minority carriers disappeared. We therefore
conclude that the DLTS peaks can only come from the
quantum well and its interfaces.
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FIG. 4. The minority carrier peak of sample B varies with
the V @OV,(b)0.5V,(c)1.0V,(d)1.5V,()20V,V,=2V.

C. Multiple quantum wells

Figure 5 shows the DLTS spectra of two multiple-
quantum-well samples C and D. Both the majority car-
rier peak and the minority carrier peak of sample C are
not well identified. The majority carrier peak of the
quantum-well emission in sample C is expected to appear
at a temperature below 77 K, i.e., out of the temperature
range in Fig. 5, while for sample D, two majority peaks
and one minority peak are clearly seen. The activation
energy of peak D, is 0.30 eV, which could be attributed
to the hole emission from quantum wells. Another ma-
jority peak D, is rather wide in its peak width and thus
might not be contributed by a single level. The minority
carrier peak D, behaves similar to that in single
quantum-well sample in terms of the peak height versus
bias voltage relation. The same origin of the minority
carrier peak is expected. The peak here seems quite no-
ticeable, which implies the existence of a high density of
interfacial defects for the quantum-well structure with
high Ge composition. Also, the depletion of the barrier
regions makes the minority carrier peak appear more
easily.

By comparing the results of the above four samples, it
could be seen that the minority carrier peak appears in
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FIG. 5. DLTS spectra of samples C and D measured at
Ve=—1V,Vp,=2.5V.
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TABLE II. Critical thicknesses for pseudomorphic growth.

Si, Ge,_, layer Critical thickness (nm)

thickness
Sample x (nm) theory® experiment®
A 0.1 100 25 2000
B 0.33 15 5.5 30
C 0.25 4 8 100
D 0.5 4 3 10

*Matthews-Blakeslee model (Ref. 10).
*Experimental results by Bean et al. (Ref. 11) at a growth tem-
perature of 550°C.

samples with larger Ge contents, that is, sample B
(x =0.33) and sample D (x =0.5). For these two sam-
ples, the thickness of the SiGe alloy layer is larger than
the critical thickness of pseudomorphic growth of SiGe
on Si predicted by the Matthews-Blakeslee equilibrium
theory,10 but smaller than the critical thickness deter-
mined by the experiment under the growth temperature
of 550°C,!! as shown in Table II. The samples are in the
metastable regime, where the large misfit strains (which
are proportional to x) would be partially relaxed. Al-
though the samples are nominally pseudomorphic and
their cross-sectional transmission electron microscopic
pictures did not show threading dislocations across the
samples, the existence of high densities of interfacial
traps might be indicative of the partial relaxation of large
misfit strains in these two samples. For multiple-
quantum-well sample C, the thickness of the SiGe layer is
well below the theoretically predicted critical thickness.
The total thickness of multiple quantum wells is also
smaller than the critical thickness of an equivalent SiGe
alloy layer (with Ge content of ~0.05) grown on Si. So
the sample could be thought of as in thermodynamic
equilibrium. The relaxation of misfit strain could be
neglected. As with sample A4, although the thickness of
the SiGe alloy exceeds the theoretically predicted critical
thickness, it is still one order of magnitude smaller than
the experimental value. The relaxation of misfit strain
seems unlikely. In addition, the small lattice mismatch in
this sample will not give rise to remarkable effect on the
nucleation of dislocations even if the partial relaxation of
misfit strain occurs.

IV. CONCLUSIONS

The carrier emission processes from the quantum wells
and from the deep-level defects have been identified in the
DLTS measurements. The emissions from quantum wells
contribute to a majority carrier peak, from which the
valence-band offset at the heterointerface is derived. For
Sig 67Gep 33/8i, our experimental result AE,=0.24 eV is
comparable with the theoretical prediction and previous
measurement. The emission rate of carriers from quan-
tum wells follows a monoexponential relation with tem-
perature. The emission of carriers from a high density of
interfacial defects gives rise to a minority carrier signal in
DLTS, which could be detected only by using an injec-
tion pulse with relatively large pulse width. The minority
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carrier peak is significant in samples with large Ge com-
positions. The partial relaxation of misfit strains may be
responsible for the formation of interfacial defects. To
clarify the mechanism of interfacial defects, further inves-
tigation is needed.
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