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U3NTYYEHUE BJTUOKHEITO U AAJIBHETO UHOPAKPACHOIO ANAINA3OHA
U3 KBAHTOBbIX AM GaAs/AlGaAs NMPU MEXX30HHOM ONTUYECKOM
BO3bY)XXAEHUU

The results of experimental studies of low-temperature impurity-assisted photoluminescence of n-doped
GaAs/AlGaAs quantum well structures both in near- and far-infrared (terahertz) spectral ranges under
interband optical excitation are presented. In the near-infrared photoluminescence spectra the optical
electron transitions from the donor ground state to the hole subband are revealed. The depopulation of the
impurity ground states due to these transitions allowed us to observe photoluminescence in terahertz spectral
range related to electron transitions from the first electron subband to the donor state as well as to intracenter
optical transitions. Experimental results in near- and far-infrared spectral ranges are well-consistent with the
results on terahertz photoconductivity and theoretical calculations.

IMPURITIES, QUANTUM WELLS, TERAHERTZ RADIATION, PHOTOLUMINESCENCE.

B HacTog1eil paboTe mpeacTaBieHbl pe3ybTaThl 9KCIIEPUMEHTATBbHBIX UCCAEI0BAaHUI HU3KOTEMITEpa-
TYpHOI IpuMecHOi doTtomomuHecueHunu (DJI) u3 crpykryp ¢ kBantoBeiMu ssmamu (KSI) GaAs/AlGaAs
n-TANa B OMmkHEeN n manbHed madpakpacHoii (MK) obmacTsax cnekrpa. B ciekrpax dJI B 6mmkaem MK
IHAATa30He MPOSIBIISIIOTCS ONTUYSCKUE TIePEeX0Ibl N3 OCHOBHOTO COCTOSIHUSA AoHOpa B K B HIXHIOIO MOI-
30HY abIpoK B Kf. OrmycTolleHrue OCHOBHOIO COCTOSIHMS TOHOpPa Ojarogapsi 3TUM MepexoaaM MO3BOJIWIO
HaM HaOmomaTh (GOTOTIOMUHECIICHIIMIO B TEPareplioBOM AHAIla30HE, CBSI3aHHYIO C MEePeXomaMM DIIEKTPO-
HOB U3 TIEPBOW 3JIEKTPOHHOM IMOA30HBI HAa COCTOSIHMS IOHOPA, a TaKXKe C BHYTPULIEHTPOBBIMU ONTUYE-
ckuMHM nepexofamu. Pesynabratel ncciaenoBanus @JI B OamxkHeM u ganbHeM MK auama3oHax IOIMOIHSIOT
JIPYT Apyra M XOpOIIO COMIACYIOTCS C pe3yJbTaTaMy MCCAeAOBaHUS TepareploBoil (hOTONMPOBOAUMOCTU U
TEOPETUICCKUMU pacyeTaMU.

IMPUMECH, KBAHTOBBIE MBI, TEPATEPLIOBOE U3JIYYEHUE, ®OTOJIOMWHECHEHLI M.

I. Introduction in doped semiconductors and semiconductor
nanostructures correspond to terahertz spec-
tral ranges. Development of lasers using shal-
low impurity levels in the lasing scheme is a
promising alternative to the well-known quan-

tum cascade lasers [2] of a very complicated

Development of effective emitters operating
in terahertz (far-infrared) spectral range is con-
sidered as an important and urgent task because
of the wide range of potential applications of

various terahertz devices in information tech-
nologies, medicine, chemistry, physics, nano-
technology and other demanding areas [1].
The energies of intracenter carrier transitions

technology. That is why the optical studies of
impurity related carrier transitions attract par-
ticular interest with respect to developing new
types of terahertz radiation sources.
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There are some mechanisms suggested for
obtaining the impurity related terahertz emis-
sion. In Ref. [3] spontaneous emission in the
THz range was observed from electrically
pumped bulk silicon doped with phosphorus.
Another way to create nonequilibrium carriers
and to use intracenter carrier transitions can
be realized with the impurity-band optical ex-
citation by the radiation of CO, laser (see, for
example, [4] where THz lasing was observed in
bulk silicon doped with phosphorus).

Low-temperature interband photolumines-
cence in doped semiconductors can be used for
the depopulation of the ground impurity states
due to processes of impurity-band recombina-
tion. In Ref. [5] terahertz luminescence under
the interband photoexcitation of bulk #-GaAs
and p-Ge semiconductors at low temperatures
was reported. The terahertz photoluminescence
was caused by intraband radiative carrier transi-
tions, which accompanied the capture of non-
equilibrium carriers by impurity centers. The
depopulation of impurity ground states was
achieved due to the impurity-assisted electron-
hole recombination.

In this work we present the investigation of
impurity-related THz emission in nanostructures
with quantum wells (QW). QW structures are
of considerable interest because the energy
differences between impurity levels can be
changed easily with changing the QW structure
parameters. Previously, terahertz emission in
n-GaAs/AlGaAs quantum well structure was
observed under impurity breakdown in strong
electric field [6]. This emission was related
mainly to electron intracenter optical transitions
between resonant and bound donor states. In
the present work we used optical interband
excitation of nonequilibrium carriers in donor-
doped GaAs/AlGaAs QW structures to initiate
THz emission. After optical excitation, the
electrons on the ground donor state radiatively
recombine  with  nonequilibrium  holes.
Nonequilibrium electrons can be captured
on the ground states of positively charged
donors with the emission of terahertz photons.
Nonequilibrium electrons can also be captured
on excited states of donors and then fall on
donor ground states with emission of photons.

In this work we present spectra of both in-
traband terahertz (far-infrared) radiation and
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interband near-infrared emission (photolumi-
nescence). It is shown that the features in the
measured spectra are related to impurity-assist-
ed electron transitions in quantum wells.

I1. Samples and Experimental Techniques

The samples for optical studies were MBE
grown on GaAs semi-insulating substrate
placed on a 0.2 um GaAs buffer layer and they
consisted of 50 layers of 30 nm GaAs quantum
wells separated with 7 nm Al ,Ga . As barri-
ers. Quantum wells were doped in the 4 nm
layer with surface donor (Si) concentration of
3.10' cm™2. Doped region was shifted by 6 nm
from the QW center. The samples had a 20
nm GaAs cap layer doped up to the level of
5-10"7 ¢cm™3 with a silicon.

The sample was mounted in a low vibration
closed cycle cryostat Janis PTCM-4-7 based on
the pulse tube thermodynamic cycle. Its tem-
perature could be varied from ~4 to 320 K.
Interband optical excitation of the sample was
attained with solid state CW laser with diode
pumping (A = 532 nm, P = 8§ mW). We used
fused silica window, mirrors and lens to direct
the laser beam to the sample inside the cryostat
with an incidence angle of approximately 45 °
to the growth axis. Far-infrared (IR) emis-
sion as well as near-IR one was collected from
the surface of the QW structure in the growth
axis direction. Near-IR emission was studied
through the fused silica cryostat window, far-
IR emission was studied through the polymeth-
ylpentene (TPX) window.

Far-IR photoluminescence spectra were
studied with Fourier transform technique us-
ing vacuum Fourier transform infrared (FTIR)
spectrometer Bruker Vertex 80v operating in
step-scan mode. FTIR spectrometer had a
polyethylene (PE) entrance window and a kit
of exchangeable terahertz beamsplitters. There
was a distance about 2 cm between the cryostat
TPX window and the spectrometer PE win-
dow. Here we put ~100 um black PE filter to
block the pumping light. The intensity of the
far-IR emission was measured with Si bolom-
eter system (made by Infrared Laboratories,
Inc.) cooled with liquid helium. The bolometer
cryostat had a vacuum optical coupling with
the FTIR spectrometer. Bolometer had a PE
window and two internal interchangeable fil-
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ters, namely, 0.5 mm thin PE filter and 1 mm
thick crystalline quartz filter. Pre-amplified and
filtered bolometer photoresponse was measured
by a lock-in amplifier SR-830 on a pump laser
driven frequency (laser current was modulated
with the frequency of 87 Hz, 50% duty cycle).
Lock-in output signal was digitized by a 14-bit
ADC. Bruker software OPUS triggered mea-
surement cycle for each FTIR spectrometer
mirror position and performed Fourier trans-
form of the resulting interferogram.

We have used two optical configurations of
the FTIR setup with different spectral through-
puts. The combination of 6 um multilayer Mylar
beamsplitter with 0.5 mm PE bolometer filter
allowed us to investigate as wide spectral range
as 4 — 85 meV. The combination of 25 pm
Mylar beamsplitter with a crystalline quartz
bolometer filter significantly increased setup
transmission in 2 — 14 meV spectral range but
blocked higher frequencies.

Near-IR photoluminescence spectra were
studied with grating monochromator Horiba
Jobin Yvon FHR-640 operating in a spectro-
graph mode with a holographic grating of 1200
groves per mm and a liquid nitrogen cooled
CCD camera.

II1. Experimental Results and Discussion

In the conditions of low temperature
(about 4 K) and interband optical excitation of
n-doped QW nanostructures, the recombina-
tion of nonequilibrium holes and electrons ini-
tially localized at non-ionized donors can exist
along with exciton recombination. That is why
in the present work we had a pleasure to ob-
serve both near-IR emission and terahertz radi-
ation. Near-IR emission was related to exciton
recombination and electron transitions from
donor states to the valence band. The tera-
hertz radiation was related to electron transi-
tions from the conduction band to donor states
and probably to intracenter electron transitions
accompanying the process of nonequilibrium
electron capture by ionized donors.

The results of photoluminescence (PL) in-
vestigations in the n-doped QW nanostructure
in the far-IR spectral range are shown in Fig.
1. PL spectrum of the substrate is also shown
there. It should be noted that the real emission
spectra can slightly differ from the spectra pre-
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Fig. 1. Terahertz emission spectrum of optically
excited GaAs/AlGaAs QW structure — solid line.
Dashed line corresponds to substrate emission spectrum.
T=44K

sented in our paper because of spectral depen-
dency of photodetector sensitivity and windows
and beamsplitter transmission. Anyway, Fig. 1
allows one to distinguish the difference in pho-
toluminescence spectra of QW structure and
its substrate. Really, the wide emission band
13 — 30 meV is presented in both spectra. This
fact probably means, that in this spectral range
we deal with some impurity related emission
from the bulk layers of the sample such as semi-
insulated (probably compensated) substrate and
the cap or barrier layers. It is well known that
the energies of intracenter hole transitions, for
example, in Be-doped bulk GaAs, lie in this
spectral range [7]. The thickness of QW layers
is not too high, so the exciting laser radiation
can reach the substrate and produce impurity
involved optical transitions according to the
mechanism described for donors in QW.

It should be noted that the weaker emis-
sion band near 4 — 13 meV is a feature of the
QW spectrum only. Some changes of the opti-
cal path allow us to improve the throughput of
our experimental setup in 2 — 14 meV spec-
tral range and to study QW emission spectral
features more elaborately at two temperatures
(see Fig. 2). Beyond the above-mentioned
spectral range, the throughput of the experi-
mental setup is equal to zero.

In accordance with the results of elec-
tron energy spectrum calculations for our QW
structure (see Ref. [6]), the energies of electron
transitions between the first electron subband
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Fig. 2. Long wavelength part of QW emission
spectrum measured at two temperatures.
Energies of some allowed electron optical transitions are
shown with arrows

and the impurity ground state el—1s, and be-
tween the excited and ground impurity states
2p. —>1s are 8.8 and 6.5 meV, respectively.
Note that these calculated values agree well
with experimental photoconductivity spectra
also presented in Ref. [6]. Energies of these
transitions are shown by arrows in Fig. 2. One
should not wonder that in our spectra different
impurity related transitions are broadened and
cannot be resolved clearly. It is well known that
narrow impurity lines could only be observed
in «pure» samples, with doping level signifi-
cantly less then in our QW structure (see, for
example, Ref. [7]). Thus, we can conclude that
our 4 — 13 meV emission band can be connect-
ed exactly with band-impurity and intracenter
transition in the QW. The observed decrease of
photoluminescence intensity by 1.5 times with
temperature increase from 4.4 K to 10 K can
be explained with a variety of factors, such as
ionized donor capture probability decrease or
the increase of the carrier ejection from the
neutral donor with temperature increase. Ear-
lier, the similar temperature quenching of tera-
hertz luminescence was observed in Ref. [5] in
bulk semiconductors.

The results of photoluminescence investiga-
tions of the n-doped QW nanostructure, as well
as of its substrate, in the near-IR spectral range
are substantially supporting our conception pro-
nounced above about the origin of the observed
terahertz emission. As a rule, at low temperature,
in the interband photoluminescence spectra of
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the doped semiconductor or nanostructures, one
can observe series of emission lines associated
with radiative recombination of the free heavy
and light excitons (the latter can be observed
in QW structures at higher temperatures), ra-
diative recombination of the impurity-bound
excitons and radiative electron-hole recombi-
nation via impurity states (see, for example,
Ref. [8 — 10]).

The results of investigations of the inter-
band excitonic and impurity assisted near-IR
radiation under interband optical pumping in
our QW structure are shown in Fig. 3.

According to the calculation of electron
(e) and heavy hole (hh) energy states in our
QW, we expect the interband energy separation
between the first electron and hole QW levels
el — hhl to be of about 1.526 eV. Direct opti-
cal transitions between the electron and hole
states are not observed in our spectra because
of excitonic formation effects. The exciton
binding energy in bulk GaAs is about 4.2 meV
[11]. For such a wide QW as our one, the exci-
ton binding energy value should not be signifi-
cantly more. Thus, the emission line marked in
Fig. 3 with the arrow Xel-hhl could be con-
nected with free heavy exciton for the first QW
subbands.

The emission line marked with the arrow
Si-X in Fig. 3 could be connected with the
donor bound exciton.
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Fig. 3. Near-IR luminescence spectra
of the GaAs/AlGaAs QW structure under interband
optical excitation; 7= 4 K.
Arrows show the main emission lines (see discussion
in the text). Spectral resolution is shown in the plot
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Finally, as we expected for interband re-
combination via 1s donor state, we have ob-
served optical transition marked as Si, -hhl for
the photon energy about 1.5183 eV.

As we have pointed above, that transition
foregoes the el — 1s transition observed in far-
IR PL spectra.

The low frequency part of near-IR spectrum
with the main power concentrated between 1.49
eV and 1.50 eV (marked «matrix» in Fig. 3) lies
at the distance of about 20 — 30 meV from GaAs
energy gap (1.519 eV) and could be connected
with some impurity transitions in the sample
substrate which as well could give their impact
on far-IR spectra described above.

IV. Summary

Finally, in the present paper, the emission
of terahertz radiation related to band-impurity
and intracenter optical transition under optical
interband excitation in silicon-doped n-GaAs/
AlGaAs quantum well structures has been ob-
served and investigated.
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