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Terahertz emission in GaAs/AlGaAs quantum well structures doped with shallow impurities was studied in conditions of
interband optical excitation for n-doped structures and impurity breakdown in the lateral electric field for p-doped structures.
Emission spectra were obtained. It was shown that the observed emission is related to optical transitions of charge carriers be-
tween impurity levels and to impurity-band transitions. The depopulation of the final states under interband optical pumping was
realized with recombination of non-equilibrium holes and electrons localized at neutral donors.
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1. Introduction

The energies of intracentre carrier transitions in
doped semiconductors and semiconductor nano-
structures correspond to terahertz spectral ranges.
That is why the optical studies of impurity-related
carrier transitions attract particular interest with re-
spect to the development of the new types of terahertz
radiation sources. In order to get terahertz radiation
one should depopulate the final states. There are some
ways for such depopulation. In Ref. [III] spontaneous
emission in the THz range was observed from elec-
trically pumped phosphorus-doped bulk silicon.
Another way to create non-equilibrium carriers and
depopulate final states of intracentre transitions can
be realized with the impurity-band optical excitation
by the radiation of the CO, laser (see for example [E]
where THz lasing was observed in bulk Si:P).

A convenient way to depopulate final states is the
interband optical pumping. In Ref. [E] terahertz lumi-
nescence under the interband photoexcitation of bulk
n-GaAs and p-Ge semiconductors at low tempera-
tures was reported. The terahertz photoluminescence
was caused by intraband radiative carrier transitions
which accompany the capture of non-equilibrium
carriers by impurity centres. The depopulation of im-
purity ground states was achieved due to the impuri-
ty-assisted electron-hole recombination.

Investigation of impurity-related THz emission in
nanostructures with quantum wells (QW) is also of
considerable interest because in this case the energy
distances between levels can be easily changed with
changing the structure parameters. In Ref. [H] tera-
hertz emission was observed in the n-GaAs/AlGaAs
quantum well structure under impurity breakdown
in a strong electric field. This emission was related to
electron intraband optical transitions from the con-
duction band to donor levels, transitions between
bound donor states, and transitions between resonant
and bound donor states.

In this work, we present the results of the observa-
tions of terahertz emission in GaAs/AlGaAs-doped
quantum well structures. We used two ways of the
excitation of non-equilibrium charge carriers: inter-
band optical pumping and lateral electric field. We
connect the observed emission with optical transitions
of charge carriers between impurity levels and with
impurity-band transitions.

2. THz emission under interband optical pumping

In conditions of low-temperature interband optical
excitation of n-doped QW nanostructures, the recom-
bination of non-equilibrium holes and electrons lo-
calized at neutral donors can exist along with exciton
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recombination. We studied the terahertz radiation
related to impurity-band and intracentre electron
transitions accompanying the process of the capture
of non-equilibrium electrons by charged donors.

Samples for THz studies were grown by molecular
beam epitaxy (MBE) on a GaAs semi-insulating sub-
strate and consisted of 50 layers of 30 nm GaAs quan-
tum wells separated with 7 nm Al ,Ga  As barriers.
Quantum wells were doped in the 4 nm central region
with the surface donor concentration of 3 - 10" cm™.

Emission spectra were measured with the fourier
transform infrared (FTIR) spectrometer Bruker Ver-
tex 80v equipped with a liquid He cooled Si bolometer
operating in a step-scan mode and lock-in amplifier
SR830. The sample was mounted in a closed-cycle He
cryostat Janis PTCM-4-7. Its temperature can be var-
ied from 4.2 to 300 K. A solid state CW laser with di-
ode pumping (A = 532 nm, P = 8 mW) was used for
interband optical excitation. Laser current was modu-
lated with the frequency of 87 Hz.

The experimental spectrum obtained at T'= 4.4 K is
shown in Fig. E] It should be noted that the real emission
spectra can slightly differ from spectra presented in the
present paper because of spectral dependence of photo-
detector sensitivity and beamsplitter transmission.

The emission spectrum consists of two discernible
regions of 5-12 and 15-28 meV. Ionization energy of
Si impurity in the investigated structure as it was cal-
culated in Ref [E] is about 8.8 meV. It follows that the
emission in the range of 15-28 meV cannot be con-
nected with Si-related electron transitions. We sug-
gest the following explanation of the emission in this
spectral range. It is based on the emission spectrum
obtained in similar experimental conditions from the
GaAs substrate without any QW layers. This spectrum
does not contain features in the range of 5-12 meV but
essentially copies the spectrum shown in Fig. E] in the

Fig. 1. Terahertz emission spectrum of the optically ex-
cited GaAs/GaAs QW structure at T=4.4 K.

range of 15-28 meV. It is well known that the energies
of intracentre hole transitions in Be-doped bulk GaAs
lie in this spectral range [E]. We believe that the emis-
sion of the GaAs/AlGaAs QW structure in this spectral
range is connected with Be impurity contained in the
semi-insulating GaAs substrate. The thickness of QW
layers is not too high, so the exciting laser radiation
can penetrate in the substrate and produce intracen-
tre optical transitions in Be impurities according to the
mechanism described for donors in the QW.

The part of the QW emission spectrum correspond-
ing to low photon energies is shown more elaborately
in Fig. |

Fig. 2. Long wavelength part of the QW emission spec-
trum measured at two temperatures. Energies of some
allowed electron transitions are shown with arrows.

We used energies of electron transitions calculated
in [E] for the structure with the same parameters. Ener-
gies of electron transitions between the first subband and
impurity ground state el->1s and between excited and
impurity ground states 2p _->1s are 8.8 and 6.5 meV, re-
spectively, and are shown by arrows in Fig. @ So, we can
conclude that the spectrum shown in Fig. 2 is connected
to electron transitions involving the impurity states.

In support of the suggested mechanism of terahertz
radiation one can compare obtained emission spectra
and spectra of photoconductivity measured in this
structure before [E]. Both these spectra are shown in
Fig. E They have only slight differences. The photocon-
ductivity spectrum has a short wavelength tail related
to absorption due to transitions of electrons with high
momentum to the states of the first subband. A high
wavelength tail of emission spectrum can be related to
electron transitions from el subband to the highest ex-
cited states of impurity.

Our datacorrelate well with the emission spectrameas-
ured in a similar structure under impurity breakdown
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Fig. 3. Comparison between emission spectra (solid
line) and spectra of photoconductivity (dashed line)
measured in the same QW structure.

in the lateral electric field [H]. Emission spectra measured
at these conditions also contain features in the 5-9 meV
spectral range.

3. THz emission at electrical excitation

The second part of this work is devoted to the study
of THz emission from doped QW nanostructures un-
der electrical impurity breakdown in the lateral electric
field. Our interest was concentrated on QW nanostruc-
tures doped with the Be acceptor. Beryllium has a high
ionization energy of 28 meV in bulk GaAs; therefore,
in quantum wells ionization energy can exceed the en-
ergy of the optical phonon. As a result, intensity of the
capture of non-equilibrium holes on the ground im-
purity level will be reduced and this level will remain
comparatively empty. This situation will facilitate the
optical hole transitions from the excited levels to the
ground one.

We used MBE grown GaAs/AlGaAs structures con-
sisting of 200 periods of 3.8 nm GaAs quantum wells
separated with 7 nm Al ,Ga As barriers. Quantum
wells were doped in the 0.8 nm central region with the
surface Be concentration of 3.2 - 10" cm™.

Emission spectra were obtained using the tech-
nique described in the previous section. The electric
field was applied in the form of a series of pulse trains.
Train repetition was 87 Hz, each train consisted of four
20 ps pulses.

The energy spectrum of Be acceptors in the GaAs/
AlGaAs QW structure was calculated in the envelope
function approximation. Details of calculations are de-
scribed in [E]. The acceptor Hamiltonian used was a
4 x 4 matrix operator including the Luttinger Hamilto-
nian, the QW confinement potential due to the valence
band discontinuity, and the Coulomb potential. Re-
sults of the calculations are presented in Fig. @

Fig. 4. The calculated acceptor levels bound to hhl
subband in the Be-doped GaAs/AlGaAs QW. Arrows
31-41.8 meV indicate allowed optical transitions (solid
lines indicate s-polarization, dashed line indicates z-po-
larization). Wide arrows correspond to high value of the
optical matrix element.

The current-voltage characteristic of the QW
structure revealed a strong rise of the current start-
ing with the electric field of approximately 500 V/cm
corresponding to impurity breakdown. Starting with
this electric field depopulating the ground state of
impurity we were able to observe terahertz emission.
Experimentally observed terahertz emission spectra
at the lateral electric field are shown in Fig. H

The observed spectra agree satisfactorily with re-
sults of the calculations shown in Fig. H We assume
that the part of emission spectra in the range of 20-
28 meV is related to optical transitions of hot holes
from hh1 subband to acceptor states and to intracentre

Fig. 5. Experimental emission spectra of Be-doped
GaAs/AlGaAs QWs measured at T = 15 K under elec-
trical excitation at different lateral electric field. Arrow
marks show photon energies corresponding to Fig. 4.
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optical transitions between states of the acceptor.
Emission peaks corresponding to hole transitions at
40 and 41.8 meV are comparatively weak despite high
values of the optical matrix elements because these
energies belong to the restrahlen band.
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