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We report analysis of the carrier distribution during terahertz emission process with carrier—phonon
interaction based on p-doped strained SiGe/Si single quantum-well. The results of this analysis show
that a considerable number of carriers can penetrate the phonon wall to become “hot” carriers on an
approximately picosecond timescale. These hot carriers relax after the removal of the applied

voltage, generating a

“second” emission in the measurement. This investigation provides an

understanding of the carrier dynamics of terahertz emission and has an implication for the design of
semiconductor terahertz emitters. © 2010 American Institute of Physics. [doi:10.1063/1.3432075]

The development of semiconductor light sources in the
energy range of terahertz (THZ) has attracted a great deal of
attention in recent years "In group-IV p-type doped struc-
tures, THz emission has been reported in both bulk Ge and
strained SiGe single quantum well (SQW) structures.'® In
both these cases, the energy band of the valence band is split
into heavy-hole (HH) and light-hole (LH) bands. Emission
has been attributed to the optical transition of electrically
excited carriers between the impurity levels associated with
the HH and LH bands. The dynamics of these carriers has
been characterized by a streaming motion under the consid-
eration that the energy of the excited carriers can only in-
crease up to that of optical phonons before being scattered,
because of the presence of a “hard” phonon wall. A previous
theoretical analysis of the carrier distribution under an ap-
plied electric field indicated the occurrence of population
inversion;>° this led to investigations for obtaining a better
understanding of the emission mechanism and for improving
the emission efficiency.

We report analysis of the carrier dynamics of the THz
emission with carrier—phonon interaction on the p-doped
strained SiGe/Si SQW structure. The results show that the
electrically excited carriers attain the LO-phonon energy
within the timescale of picosecond and a considerable num-
ber of carriers move beyond the LO-phonon energy level to
become “hot” carriers. These hot carriers relax after the re-
moval of the applied voltage, generating a “second” emission
as demonstrated in the measurement.

The sample used in this study was grown by Molecular
Beam Epitaxy (MBE) on n-type Si (100) substrate
(10* Q cm). It comprises (a) a 100-nm-thick undoped Si
buffer layer, (b) a 20-nm-thick SiygsGe 5 layer with boron
S-doped at the center, and (c) a 20-nm-thick Si capping layer
with boron 6-doped at the center. The doping concentrations
for layers (b) and (c) are determined to be 5X 10'' cm™2 by
the technique of secondary ion mass spectrometry. The
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sample was cut into 1 cm? squares with four polished sides.
Aluminum contact electrodes, separated by 6 mm, were de-
posited on top of the sample. This was followed by rapid
thermal annealing to allow Al to diffuse into the SiGe middle
layer to form Ohmic contacts. The resistivity of the sample is
7.5 kQ cm at 4.2 K. The SiGe SQW is under in-plane com-
pressive strain and the HH band lie below the LH band. A
schematic of the flat valence band profile along the growth
direction is plotted in Fig. 1. Quantum confinement results in
the formation of confined subband levels. For the HH and
LH subbands, the ground state is denoted by Eyy and Ej g,
respectively. The associated ground-state acceptor levels for
the two ground states are denoted as Ejjy and E|3, respec-
tively. The energy splitting between Eyy and Ej y is 32 meV,
and the LO-phonon energy is fw; o=59.1 meV? for the
structure described above.

Under an electrical field applied along the SQW plane,
the free carriers located at the bottom of HH subband gain
energy following the in-plane dispersion relationship of the
HH subband. A schematic diagram of the in-plane dispersion

Si SiGe Si HH
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FIG. 1. (Color online) Left: Schematic diagram of SiGe SQW valence band
profile along the growth direction. The confined levels of HH and LH bands
are denoted as Eyy and Ep i and their associated acceptor levels are denoted
as EIEIS]_l and EPH, respectively. Right: in-plane dispersion curve of the two
bands. Carrier dynamics showing the three processes of (1) resonant tunnel-
ing, (dashed arrow line), (2) THz optical transition (dotted arrow line), and
(3) LO-phonon scattering (dashed-dotted arrow line).

© 2010 American Institute of Physics
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curve for both the HH and the LH subbands is plotted in
Fig. 1. As carriers accelerate toward high energy levels, the
following two processes occur: (a) as the carrier energy ap-
proaches that of E|3;, some of the carriers undergo resonant
tunneling to occupy the acceptor level ES{ (indicated by the
dashed arrow line) while the rest continue to accelerate to-
ward higher energy levels. Those carriers that have tunneled
to the Ei{i state can then fall to the lower-energy acceptor
states of E}{SH, yielding THz emission (indicated by the dotted
arrow line). The remaining carriers continue to accelerate,
passing the energy level ESI (b) Upon reaching the energy
level of the LO-phonon, a “hard” phonon wall is imposed
where all the carriers are scattered by the emission of optical
phonons and relax toward the top of the HH subband (indi-
cated by the dashed-dotted arrow line). These relaxed carri-
ers repeatedly undergo the two processes described above;
this process is referred to as “streaming motion.”

The time-dependent carrier distribution function (f;) can
be expressed as follows: >

fi
+ = -
at  h dk, at

ot ’ M

elastic

tunnel

where E:kxf +kyf is the in-plane carrier-momentum vector
and F is the strength of the electric field. The terms on the
right-hand side of Eq. (1) represent the rate of change in f
associated with the tunneling process (first term) and carrier-
impurity elastic scattering (second term). It is observed that
population inversion occurs between the energy level of the
excited state of E{y; and several impurity levels of the HH
subband; this population inversion is attributed to the slow
recombination rate for the E[3; to Ejpy transition as compared
to the timescale of the carriers reaching the energy level of
E][ il 56

Here, we have “softened” the phonon wall by including
the carrier—phonon interaction in the model’n]%. The rate
equation of LO-phonon scattering is given byn’
afi D
g = 2 %&EE_EIZW_ tho)(fE+q—fl?),

LO-phonon

2)

where Dj; is the carrier—LLO-phonon coupling constant and is
defined as [Dg*=[1/&.—1/ggle*hw o/ 2Ad, where &.,(g) is
the dielectric constants at high(zero) frequencies. A is the
sample area and d is the thickness of the SQW. Using the
parameters from references”® for Eq. (1) and a free carrier
concentration of E;=1 meV, f; is calculated for a range of
electric fields from 100 to 1500 V/cm applied along the
x-direction. A color contour profile for an electric field of
1200 V/cm and the spectra recorded at k,=0 are plotted in
Fig. 2. At r=0 [Fig. 2(a)], f; is centered at the zone center of
the HH subband with kf+k§=0. As t increases, fj elongates
along the field direction and the peak amplitude of f; reduces
as the carrier energy increases, as shown in the spectra [Figs.
2(b)-2(d)]. This decrease in the peak amplitude of f} is at-
tributed to various scattering processes. At t=1 ps [Fig.
2(b)], as the energy of the carriers approaches the acceptor
level of Ei‘f{, which is denoted by the red dashed line, the
following two processes occur. First, a few carriers are scat-
tered back to the energy region of the HH zone center, as
shown by the weak feature in the spectrum indicated by the
solid arrow line; this scattering is attributed to the elastic

Appl. Phys. Lett. 96, 213502 (2010)
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FIG. 2. (Color) Contour diagram of time evolution of carrier distribution
function plotted as a function of &, and k,. Spectra for k,=0 are also shown.
Electric field of 1200 V/em is applied along the k,-direction. The colored
mark on the left-hand side indicates the intensity of the distribution function.

scattering described above. Second, carriers undergo reso-
nant tunneling to occupy the ElLf{ state and subsequently fall
to the Ej;; state, leading to THz emission. At around
t=3 ps [Fig. 2(c)], most of the carriers cross the resonant
state of E{f{ and acquire energies that are approximately
equal to the LO-phonon energy (denoted by the green dashed
line). The distribution function broadens because of LO-
phonon scattering. At this point, the energy levels of some
carriers become higher than the LO-phonon energy level,
while very few carriers appear in the energy region of the
HH zone center, as indicated by the weak amplitude in the
spectrum plotted in the inset; this is attributed to the low
coupling strength of the carrier—LO-phonon interaction. At
t=5 ps [Fig. 2(d)], f; broadens further as more carriers are
subjected to phonon scattering. However, a considerable
number of carriers are distributed beyond the LO-phonon
energy level. A similar behavior is also observed under other
electric fields. Under low electric fields, carriers penetrate the
phonon wall with a longer time; the opposite behavior is
observed for large voltages.

The measurement of the THz emission from our sample
was conducted as follows. A voltage pulse generator was
used for electrical excitation; this generator produces a
square pulse voltage with a pulse magnitude up to 1000 V
and a pulse duration of 1-14 us (AVTEC). A resistor with a
resistance of 1 () was placed in series with the sample in
order to measure the current. For THz detection, a Ga-doped
Ge detector was used. The detector was first calibrated by
both electrical and optical measurements at a temperature of
~6 K. Electrical measurement revealed that the detector ex-
hibited an electrical characteristic similar to that of a conven-
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FIG. 3. Measured signal level at different applied voltages with a pulsed
duration of 4 us. Dashed line marks the removal of applied pulsed voltage.
Inset: absorption spectrum of the photodetector.

tional PN junction, wherein at an applied voltage of ~2 V,
the current increases rapidly. Optical characterization was
performed using Fourier transform infrared spectroscopy
equipped with a helium-cooled Si bolometer. The spectrum
showed that the detector responded to an energy range from
~50 to 150 cm™! with two sharp transitions with peak posi-
tions at 68 and 74 cm™! and a reasonably sharp transition
with a peak position at 137 cm™' (The absorption spectrum
of the detector is shown as insert of Fig. 3). THz emission
within this range will induce a photocurrent in the detector
which was biased at the onset of 2 V. Measurements of the
emission from the sample were performed at a low tempera-
ture of 4.2 K, with both the sample and the detector im-
mersed in liquid helium. The detector was placed near the
sample at a distance of about 5 mm.

A family of recorded signals with different pulsed volt-
ages of a duration of 4 us is shown in Fig. 3. Two distinct
signals are clearly resolved; one (labeled S1) appeared within
the pulse duration (1<<4 wus) and another (labeled S2) after
the applied pulsed voltage was switched off. Signal S1 is
associated with the optical transition of E|%— Ejny as dis-
cussed above. For signal S2, the emission is associated with
those carriers that exhibit energies greater than the phonon

Appl. Phys. Lett. 96, 213502 (2010)

energy. These hot carriers relax after the removal of the ap-
plied voltage. As the carriers pass through the energy level in
resonance with the E|3; state, they can once again tunnel to
the E;3}; state and undergo a transition to the Ejy; state, yield-
ing a second THz emission.

In summary, we have presented the analysis of the car-
rier dynamics of THz emission by taking into account the
carrier—phonon interaction. The results show that most of the
carriers cross the LO-phonon energy level. This suggests that
the mechanism of streaming motion employed previously is
not supported. These findings provide a practical understand-
ing of the carrier dynamic during THz emission process and
can assist the design of semiconductor THz emitters.

The authors would like to thank the National Science
Council of the Republic of China for its financial support
under Grant No. 98-2112-M-002-014-MY3.
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