
14

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023 Vol. 16. No. 1.3 
Научно-технические ведомости СПбГПУ. Физико-математические науки. 16 (1.3) 2023

Conference materials
UDC 535.3
DOI: https://doi.org/10.18721/JPM.161.302

Terahertz and stimulated near-infrared 
photoluminescence in bulk n-GaAs layers
A.D. Petruk 1 ✉, N.Yu. Kharin 1, M.Ya. Vinnichenko 1, 

I.A. Norvatov 1, V.V. Fedorov 2, D.A. Firsov 1 
1 Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia;

2 Alferov University, St. Petersburg, Russia
✉ ianton583@gmail.com

Abstract. The work considers the methods for increasing the intensity of low temperature 
terahertz luminescence in semiconductor structures with bulk epitaxial n-GaAs layers doped 
with silicon donors under interband optical pumping. Such an increase can be realized due to 
the accelerated depopulation of the ground impurity level by stimulated near-infrared radiation, 
which is created in the same structure. Stimulated interband emission was induced by a total 
internal reflection optical resonator. Samples were investigated by measuring the near-infrared 
photoluminescence and terahertz photoluminescence at liquid helium temperature. Impuri-
ty-assisted near-infrared spontaneous and stimulated photoluminescence and their depend-
ences on optical pumping power was demonstrated. Impurity-assisted generation of terahertz 
radiation was observed in further intention to investigate the influence of near-infrared stim-
ulated emission on it. Obtained results can be used in the development of new semiconductor 
terahertz emitters.
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Аннотация. Работа посвящена исследованию возможности увеличения интенсивно-
сти низкотемпературной терагерцовой люминесценции в полупроводниковых структу-
рах с объёмными эпитаксиальными слоями n-GaAs, легированными донорной примесью 
кремния, при межзонной оптической накачке. Такое увеличение может быть реализовано 
за счет ускоренного опустошения основного примесного уровня стимулированным из-
лучением ближнего инфракрасного диапазона, которое создается в той же самой струк-
туре. Для организации вынужденного межзонного излучения были изготовлены образ-
цы в геометрии оптического резонатора полного внутреннего отражения. Исследовалась  
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фотолюминесценция в ближнем инфракрасном и терагерцовом диапазонах при темпера-
туре жидкого гелия. Продемонстрирована спонтанная и стимулированная фотолюминес-
ценция с участием примесных состояний в ближнем инфракрасном диапазоне, измерена 
эволюция спектров от мощности оптической накачки. Наличие в структуре излучения 
терагерцового диапазона с участием донорных состояний позволит в дальнейшем иссле-
довать влияние на него стимулированного излучения ближнего инфракрасного диапазо-
на. Полученные результаты могут быть использованы при разработке новых полупрово-
дниковых источников терагерцового излучения.

Ключевые слова: фотолюминесценция, терагерцовая эмиссия, арсенид галлия, приме-
си, стимулированное излучение
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Introduction

Creating compact and efficient sources of radiation in the terahertz (THz) range is one of 
the urgent tasks of modern optoelectronics. Terahertz radiation finds application in systems 
of chemical, medical diagnostics, and security systems [1–2]. Now, the only high-power 
semiconductor sources of THz radiation are quantum-cascade lasers [3]. However, the complexity 
of the production technology greatly limits the usage of such lasers and creates the necessity to 
search for alternative semiconductor sources of THz radiation. One of the approaches to the 
development of such sources is the use of optical transitions of nonequilibrium charge carriers 
with the participation of shallow impurity states in semiconductors.

For the first time, impurity-assisted THz radiation upon optical pumping was observed in bulk 
silicon layers doped with phosphorus [4]. Intraband pumping was performed using CO2 laser, 
whose radiation excites charge carriers from the ground and lower impurity states to the higher 
excited or band states. Terahertz photoluminescence was also observed in bulk semiconductors 
doped with donors (n-GaAs) upon interband optical pumping [5].

The intensity of impurity-assisted THz emission depends on the population of the ground 
state. For the first time, depopulation of the ground state with stimulated near-infrared (NIR) 
radiation was used in diode structures with quantum dots to obtain mid-IR radiation [6]. Further 
studies of the effect of stimulated depopulation of the ground donor state on the intensity of 
terahertz radiation were carried out in structures with quantum wells (QWs) based on GaAs/
AlGaAs under optical interband excitation [7–8]. 

The current work is devoted to further investigation of possibilities to increase the intensity of 
THz photoluminescence in doped semiconductor structures. The use of bulk n-GaAs epitaxial 
layers will make it possible to increase the radiation intensity due to the larger volume of the 
active region compared to QW structures.

Materials and Methods

The structure was grown by molecular beam epitaxy on a semi-insulating GaAs substrate. The 
active region contained a 0.52 µm thick GaAs layer doped with silicon to a concentration of  
1016 cm−3 and embedded into the waveguide. Symmetric waveguide for the NIR radiation was 
formed by AlxGa1−xAs graded layers. Terahertz radiation was observed on samples 5×5 mm2 

in size. To obtain the stimulated NIR radiation, total internal reflection optical resonator was 
formed with dimensions of 0.6×0.6 mm2. To study photoluminescence in the substrate, the 
epitaxial layers were removed from one of the samples.
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For measurements, samples were mounted in a Janis PTCM-4-7 closed-cycle optical cryostat 
and cooled down to about 4.2 K. The optical pumping was performed by Nd:YAG pulsed laser 
(λ = 532 nm, pulse duration 250 ns, repetition rate 8 kHz). The pumping power was varied using 
an attenuator consisted of a half wave plate and a Glan-Taylor prism and measured by Thorlabs 
PM100D optical power and energy meter. The pumping laser radiation was directed and focused 
on the sample surface using a series of mirrors and converging lens. The diameter of the laser 
spot on the surface of the structure was about 0.9 mm, covering the whole area of a sample with 
a resonator. 

The NIR interband photoluminescence spectra were measured by Horiba Jobin Yvon FHR 
640 monochromator with 1200 groves/mm holographic grating and CCD detector. The THz 
photoluminescence spectra were measured by Bruker Vertex 80v vacuum Fourier transform 
spectrometer with Mylar beamsplitter operated in step-scan mode. The pumping laser radiation 
was modulated with optical chopper at 87 Hz. The luminescence collected from the sample passed 
through TPX windows and black polyethylene filter. The intensity of THz radiation was detected 
by liquid helium-cooled silicon bolometer. The detector photoresponse signal was measured by 
the SR830 lock-in amplifier synchronized in phase and frequency with the chopper.

Results and Discussion
Near-infrared photoluminescence spectra of structure and substrate at 4.2 K are presented 

in Fig. 1. At a low pumping power, the spectra of a sample without a resonator and a sample 
with a resonator are similar and are presented by black curve in Fig. 1. The energy of GaAs 
band gap is marked by Eg arrow at 1.519 eV. The binding energy of shallow donors in GaAs is 
5.9 ± 0.1 meV [9], which corresponds to the distance between the D-h arrow (optical transition 
from the ground donor state to the valence band), and Eg value. The X arrow marks donor-
bound exciton recombination energy. Residual acceptors may be contained in the substrate or 
introduced during epitaxial growth. Typical GaAs residual impurity is carbon (the binding energy 
is about 26 meV [10]). Acceptor assisted transition is marked by e-A arrow at 1.492 eV. The 
photoluminescence spectra of sample with a resonator at high pumping power demonstrated the 
same features, but also shown up the peak of stimulated emission (see red curve in Fig. 1). The 
blue curve in Fig. 1 shows the spectrum of the substrate. Impurity-assisted e-A peak and low-
intensity exciton recombination peak are observed in the substrate spectrum.

The evolution of the NIR photoluminescence spectra of the sample with a resonator upon 
increasing pumping power is presented in Fig.2. Relatively narrow and intense emission line on 
the longwave side of the D-h donor peak marked by an arrow Stimulated in Fig. 1 and 2 is the 
line of stimulated emission. This stimulated luminescence line is presented in the spectrum at a 
pumping intensity above 320 W/cm2, which is the near-infrared lasing Threshold (marked with 
an arrow in the inset to Fig.2). The inset in Fig. 2 shows the dependences of the integrated THz 
luminescence intensity on the pumping power. The intensity of the stimulated peak makes a 
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Fig. 1. Near-infrared photoluminescence spectra of the structure and substrate measured at the 
T = 4.2 K for different pumping levels. The spectral resolution is about 0.12 meV 

for structure spectra and 0.8 meV for substrate spectrum
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significant contribution to the total intensity of the interband radiation of the sample (marked as 
Sum) at high pump power. At the level of threshold total intensity has an inflection point. The 
intensity of the spontaneous luminescence peak (marked as D-h spontaneous) saturates that is 
typical for semiconductor lasers.
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Fig. 2. Near-infrared photoluminescence spectra of the structure with a resonator measured at 
T = 4.2 K for different pumping levels. Spectral resolution is about 0.12 meV. The inset shows 
dependence of integrated near-infrared photoluminescence intensity on the optical pumping power

Fig. 3 shows the THz photoluminescence spectra at 4.2 K. The red curve shows the THz 
photoluminescence spectrum of sample without resonator. Binding energy of shallow silicon 
donors in GaAs is marked by e-D arrow at 5.9 meV [9]. The spectrum has a peak at a slightly 
higher photon energy (about 7.75 meV). This corresponds to the fact that the transition at exactly 
the photon energy equal to the binding energy is forbidden and to electron heating effects. The 
emission peak at 11 meV cannot correspond to electron transitions involving a silicon impurity. 
The same peak was observed in the measurements of THz photoluminescence in Ref. [5] where 
it was associated with residual extrinsic defects in GaAs. The emission band at energies of  
15−28 meV replicates the photoluminescence spectrum of the substrate (see black curve in 
Fig. 3). Thus, residual acceptor-assisted radiative transitions both from the substrate and from 
the epitaxial layers may contribute to the THz luminescence. The THz emission band marked as 
Substrate is typical for such experiments and can either be observed [11] or not be observed [8] in 
similar samples, depending on the quality of the substrate and the grown structures. Based on this, 
we can conclude that the THz emission band in the range of 5–12 meV is associated precisely 
with the epitaxial layers, and not with the substrate.
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Fig. 3. Terahertz photoluminescence spectra of a structure without a resonator 
and of a substrate measured at T = 4.2 K
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Conclusion

Impurity-assisted photoluminescence in the near-infrared and terahertz spectral ranges was 
demonstrated for the structure with bulk semiconductor n-GaAs epitaxial layers embedded in 
a waveguide. A narrow and intensive line of stimulated emission in the near-infrared range 
was observed for the samples with four cleaved facets resonator. The appearance of stimulated 
near-infrared radiation and spontaneous terahertz radiation makes it possible to study the effect 
of depopulation of the donor ground state on the characteristics of terahertz radiation in bulk 
n-GaAs layers.
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