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Abstract

:

Transient spectroscopies are sensitive to charge carriers released from trapping centres in semiconducting devices. Even though these spectroscopies are mostly applied to reveal defects causing states that are localised in the energy gap, these methods also sense-charge from quantum wells in heterostructures. However, proper evaluation of material response to external stimuli requires knowledge of material properties such as electron effective mass in complex structures. Here we propose a method for precise evaluation of effective mass in quantum well heterostructures. The infinite well model is successfully applied to the InGaAsN/GaAs quantum well structure and used to evaluate electron effective mass in the conduction and valence bands. The effective mass m/m0 of charges from the conduction band was 0.093 ± 0.006, while the charges from the conduction band exhibited an effective mass of 0.122 ± 0.018.
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1. Introduction


The effort to decarbonise energy production and the recent energy crisis caused by the natural gas shortage are driving forces to implement renewable energy sources such as photovoltaic (PV) systems. However, even though silicon-based PV systems are the most common on the market today, the implementation of advanced semiconducting materials and structures is needed to achieve higher power conversion efficiency. Several semiconducting material families have been investigated for PV applications [1,2]; unfortunately, the single-junction solar cell cannot easily cover the whole solar spectrum. The introduction of quantum wells into PV semiconducting material is one of the envisioned approaches for improving its power conversion efficiency by expanding the absorption spectrum [3,4].



High-performance PV devices require novel materials, advanced device design, and optimised fabrication technology that provides almost defectless semiconducting materials. The semiconductor structural defects can be represented by energy states localised in the energy gap and cause photogenerated charge carrier trapping and recombination. There are two fundamental approaches to studying charge carrier nature. The photogenerated carrier lifetime before trapping and recombination is investigated by lifetime spectroscopy [5], whereas deep-level transient spectroscopy studies the charge released from traps [6]. Here should be noted that the spectroscopies characterise defects only in bulk semiconductors; the study of heterostructures always reveals the material properties of each layer as well as the influence of mutual interfaces. The application of transient spectroscopies to observe charge carriers released from the quantum well was already reported [7,8,9]; however, the analysis did not go beyond the observation of the charge release phenomenon. A more detailed analysis requires an estimation of the electron’s effective mass. Despite great progress in developing novel materials and advanced heterostructure devices, many fundamental material parameters remain not fully understood or unknown. Furthermore, ternary or quaternary semiconductors or complex heterostructures are still a great challenge for experimental methods. There are two fundamental approaches for effective mass estimation in quantum well heterostructures. The first group of methods uses optical phenomena such as angle-resolved photoemission spectroscopy (ARPES) [10], optically detected cyclotron resonance (ODCR) [11], or room-temperature optoelectronic properties (RTOP) such as reflectivity, photoluminescence or photovoltaic properties [12]. The second group of experimental techniques is based on the application of the magnetic field such as de Haas–van Alphen effect (dHvA) [13], Shubnikov-de Haas (SdH) oscillations [14], or optical quantum Hall effect (QHE) [15]. There are also other experimental techniques, such as electron energy-loss spectroscopy (EELS) using scanning electron microscopy [16]; however, their application is rare. The disadvantage of these experimental techniques is that they cannot be applied directly on an electronic device such as a diode or solar cell; hence, the results may not be fully applicable due to differences in investigated materials and/or structures. Interestingly, the pure electrical method for the evaluation of effective mass at electronic devices is still missing. As a result, the lifetime or deep-level transient spectroscopies have no other option but to apply effective mass estimated on different subjects of study.



The GaAs-based heterostructures are used as a benchmark for quantum well devices since they can be fabricated at very high reliability, and the GaAs materials are still very promising in photovoltaic applications [4,17]. Even though there are several reports on effective mass InGaAsN/GaAs or GaAsN/GaAs quantum wells, the analysis is based mostly on computer simulations [18,19] or analysis of optical properties using band anticrossing model [20,21]. As a result, there is a need for effective mass experimental estimation using an electronic device structure.



Here we report the method for evaluating the effective mass in InGaAsN/GaAs quantum wells structures using a deep-level transient spectroscopy technique. The infinite potential well model was applied to analyse the activation energies of charge carriers released from quantum wells, and the effective mass is estimated across a large number of structures.




2. Materials and Methods


The quantum well heterostructures were grown by atmospheric pressure metalorganic vapour phase epitaxy (APMOVPE) using a horizontal reactor (model AIX200 R&D by AIXTRON, Germany) on (100)-oriented semi-insulating GaAs or Si-doped n-type GaAs substrates. Trimethylgallium, trimethylindium, tertiarybutylhydrazine and arsine (10% AsH3:H2 mixture) were employed as the precursors, while the high-purity hydrogen was used as a carrier gas. The heterostructures consisted of 450 nm thick GaAs buffer layer, followed by triple InyGa1−yAs1−xNx/GaAs quantum wells region, and capped by 40–50 nm thick GaAs, as depicted in Figure 1 [22]. A family of 15 heterostructures of various InGaAsN thicknesses and indium/nitrogen ratios was fabricated for this study. The InGAsN layer thicknesses  d  varied from 6 to 19.8 nm. The nitrogen content x ranged from 0 to 1.2%, whereas the indium content y ranged from 0 to 16%. The concentric ring geometry was applied for electrode topology. Here, the voltage pulse was applied at the Pt/Ti/Pt/Au electrode, while the AuGe/Ni/Au provided the ground.



High-resolution X-ray diffractometry (HRXRD) was applied to study the structural properties of the fabricated heterostructures. The diffractograms were recorded by MRD X’Pert diffractometer (Philips, The Netherlands), using a four-crystals Bartels (220) monochromator and CuKα1 radiation (1.5406 Å). The diffractograms of the (004) symmetrical reflection were evaluated using dynamical diffraction analysis. X’Pert Epitaxy v.4.1 (PANalytical B.V., The Netherlands) software tool was employed for diffractogram modelling.



The transient spectroscopy was done by recording the capacity response on external voltage stimulus using DL800 system (BIO-RAD Micromeasurement, Mountain View, CA, USA). The temperature varied from 80 to 450 K to observe shallow states related to quantum well structures as well as the deep states representing structural defects. The excitation voltage was 0.05 V, while the charge release was observed at the reverse voltage of -0.5 V. The filling pulses of at least 3 ms were long enough to fill all states, while the transients were recorded for the period    T w    up to 1 s to observe released charge carriers. The Fourier transform analysis was employed to analyse the multiexponential transients and evaluate the Arrhenius plots [23].




3. Results and Discussion


All fabricated devices exhibited diode-like rectifying nature with a low leakage current in the negative voltage region, as depicted in Figure 2a, which is required for the capacitance-based transient spectroscopy. Hence, the unoccupied states were filled at 0.05 V, and capacitance transients representing the charge release were investigated at the negative voltage of −0.5 V. Note that the discrete Fourier coefficients    a n   ,    b n    can be estimated from each transient since the time constant  τ  follows the relation


  τ =    (  n ω  )    − 1    b n  /  a n  ,  



(1)




where    a n   ,    b n    stand for the cosine and sine coefficients of n-th order, and the angular frequency  ω  is defined by the measurement period   ω = 2 π /  T w    [23,24]. Figure 2b illustrates the typical spectrum of    b 1    coefficient, which denotes the first sine coefficient. The Fourier coefficient spectrum reveals the high concentration of charge released that is usually assigned to deep states of structural defects and the small concentration of charge released from quantum well states or interface charging. The deep insight can provide the Arrhenius relation for emission rate    e n  =  τ  − 1     as


   e n  =  N c  〈  v n  〉  σ n  exp  (  −  (   E c  −  E t   )  / k T  )  ,  



(2)




where is    N c    effective density of states at the conduction band edge,   〈  v n  〉   is the average thermal velocity of electrons,    σ n    is the capture cross-section,   k T   is the thermal energy ( k  is the Boltzmann constant, and  T  is the thermodynamic temperature) and    E c  −  E t    is the energy difference between the conduction band edge and the trap level localised in the energy gap. It should be mentioned here that the density of states and average thermal velocity depend on electron effective mass    m n *    that can be recognised as a material parameter. As a result, the energy difference    E c  −  E t    (also denoted as the activation energy) can be estimated precisely, whereas the capture cross-section can be evaluated only if the effective mass is known. Figure 2c depicts a typical Arrhenius plot of InGaAsN/GaAs heterostructure. Since the effective mass in InGaAsN/GaAs heterostructure is not known, we assume    m n *  /  m 0  = 1  . Interestingly, the charge released from the trap states can be easily assigned to the structural defects with activation energies of 0.694 ± 0.004 and 0.411 ± 0.001 eV. Both 0.4 and 0.7 eV trap states are well known and belong to the defects denoted as EL2 and EL5, respectively. The trap state with the activation energy of 0.411 eV is assigned to the complex defect involving the arsenic antisite, usually denoted as EL2 [25]. The trap state with the activation energy of 0.694 eV belongs to the Ga vacancy or Ga-As divacancy, known as EL5 [26].



On the other hand, the charge released from quantum wells exhibits lower activation energies and extremely low capture cross-section that points out different physical phenomena. Since the quantum well in InGaAsN/GaAs heterostructure is due to energy band offsets, as shown in Figure 1a, the slight differences in In/N ratios affect the quantum well depth. Hence, the depth was estimated assuming linear superposition of indium and nitrogen dependences of conduction (valence) band edges as illustrated in Supplementary Material Section S1 [27]. The quality of this estimation can be verified by quantum well states occupancy analysis. For energies higher than   3 k T   above the Fermi energy    E F    (i.e.,   E ≫  E F  + 3 k T  ), the distribution function  f  can be approximated by the Boltzmann distribution


  f = 1 / exp  (   (  E − μ  )  / k T  )  ,  



(3)




where  μ  is the chemical potential that represents the quantum well depth. Since the energy level separation in quantum well always satisfy this requirement, the approximation should be valid. Furthermore, the capture cross-section estimated by the Arrhenius plot is proportional to the occupancy probability; hence, it can be used for chemical potential analysis. Figure 3 illustrates the heterostructure with   x = 0.32 %  ,   y = 13.3 %  , and   d = 16.6   nm   (evaluated in Figure 2). Interestingly, the chemical potential reaches a value of 281 ± 43 meV that is close to the value of 289 meV estimated on reported energy band offsets.



The potential distribution of InGaAsN/GaAs quantum well can be approximated as being of rectangular shape; hence, the infinity potential well can be used as a simple model [28]. Here, the electrons can occupy states with specific energy eigenvalues    E n    of the  n -th quantum number that follow


   E n  =    ℏ 2   π 2    2  m n *     (   n 2  /  d 2   )  ,  



(4)




where is  ℏ  is reduced Planck constant. It should be mentioned here that the InGaAsN layer thickness  d  representing the quantum well width was estimated by HRXRD as shown in Supplementary Material Section S2. The GaAs thermal expansion coefficient has thermal dependence; however, its average value in the examined temperature range reaches a value of about 5 × 10−6 K−1 [29]. As a result, the quantum well with a width of 14 nm in a temperature difference of 300 K changes by 0.15% (i.e., 0.02 nm). This difference can be neglected since it is in the range of the experimental error. Furthermore, it is interesting to note that the quantum well eigenvalue energies in Equation (4) are linearly proportional to the square of the quantum number and quantum well width ratio,    n 2  /  d 2   .



As a result, it can be applied to estimate the effective mass of electrons or holes, as depicted in Figure 4. Interestingly, we can identify eigenvalues energies up to the quantum number of 4.



The conduction band effective mass of InGaAsN/GaAs quantum well was    m n *  /  m 0  =  0.093 ± 0.006, while the valence band effective mass reached a value of    m p *  /  m 0  =  0.122 ± 0.018. These values agree with already reported effective masses in InGaAsN/GaAs quantum well heterostructures, as it is summarised in Table 1. Note that the transient capacitance spectroscopy is capable of estimating both electron and hole effective masses in a single device, whereas commonly used experimental techniques are capable of evaluating only effective mass of major charge carriers.




4. Conclusions


The InGaAsN/GaAs quantum well structure was investigated using transient spectroscopy. The detailed evaluation of transients revealed the presence of charges released from deep energy states of structural defects as well as shallow states of quantum wells. The capture cross-section analysis confirmed the quantum well depth estimated by the energy band offsets. The infinite potential well model was employed to analyse the activation energies of released charges, and the effective masses of electrons in conduction and valence bands were estimated. The proposed methodology illustrates a novel approach to the evaluation of effective masses in quantum well heterostructures and offers a new roadmap for advanced device analysis.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma15217621/s1.





Author Contributions


Conceptualisation and methodology, M.W.; supervision, L.S. and M.W. investigation L.S., B.S., A.K., M.M., P.B., J.M., M.D., W.D. and D.R.; writing, M.W. funding acquisition, L.S., M.D. and J.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was co-financed by the Polish National Agency for Academic Exchange under contract number BPN/BSK/2021/1/00035/U/00001, by the Slovak Research and Development Agency under the contract number SK-PL-21-0041 and by the Scientific Grant Agency of the Slovak Republic, Grant No. 1/0727/19 and 1/0758/19, and by Wrocław University of Science and Technology subsidy.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in Supplementary Material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Green, M.A.; Dunlop, E.D.; Hohl-Ebinger, J.; Yoshita, M.; Kopidakis, N.; Bothe, K.; Hinken, D.; Rauer, M.; Hao, X. Solar cell efficiency tables (Version 60). Prog. Photovolt. Res. Appl. 2022, 30, 687–701. [Google Scholar] [CrossRef]

	



Pastuszak, J.; Węgierek, P. Photovoltaic Cell Generations and Current Research Directions for Their Development. Materials 2022, 15, 5542. [Google Scholar] [CrossRef] [PubMed]

	



Barnham, K.; Ballard, I.; Barnes, J.; Connolly, J.; Griffin, P.; Kluftinger, B.; Nelson, J.; Tsui, E.; Zachariou, A. Quantum well solar cells. Appl. Surf. Sci. 1997, 113, 722–733. [Google Scholar] [CrossRef]

	



Klemmer, P.S.; Mityagin, Y.A.; Telenkov, M.P.; Nagaraja, K.K.; Elantsev, D.A.; Amiri, S. Resonant tunneling in GaAs/AlGaAs quantum well system for solar photovoltaics. Superlattices Microstruct. 2020, 140, 106472. [Google Scholar] [CrossRef]

	



Rein, S. Lifetime Spectroscopy: A Method of Defect Characterisation in Silicon for Photovoltaic Applications; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2006. [Google Scholar]

	



Balcioglu, A.; Ahrenkiel, R.K.; Hasoon, F. Deep-level impurities in CdTe/CdS thin-film solar cells. J. Appl. Phys. 2000, 88, 7175–7178. [Google Scholar]

	



Kim, J.W.; Song, G.H.; Lee, J.W. Observation of minority-carrier traps in In Ga N/Ga N multiple-quantum-well light-emitting diodes during deep-level transient spectroscopy measurements. Appl. Phys. Lett. 2006, 88, 182103. [Google Scholar] [CrossRef]

	



Letartre, X.; Stievenard, D.; Lannoo, M.; Barbier, E. Tunnel deep level transient spectroscopy on a single quantum well. J. Appl. Phys. 1991, 69, 7336–7338. [Google Scholar] [CrossRef]

	



Letartre, X.; Stievenard, D.; Barbier, E. Accurate determination of the conduction-band offset of a single quantum well using deep level transient spectroscopy. Appl. Phys. Lett. 1991, 58, 1047–1049. [Google Scholar] [CrossRef]

	



Colakerol, L.; Veal, T.D.; Jeong, H.K.; Plucinski, L.; DeMasi, A.; Learmonth, T.; Glans, P.A.; Wang, S.; Zhang, Y.; Piper, L.F.; et al. Quantized electron accumulation states in indium nitride studied by angle-resolved photoemission spectroscopy. Phys. Rev. Lett. 2006, 97, 237601. [Google Scholar] [CrossRef]

	



Warburton, R.J.; Michels, J.G.; Nicholas, R.J.; Harris, J.J.; Foxon, C.T. Optically detected cyclotron resonance of GaAs quantum wells: Effective-mass measurements and offset effects. Phys. Rev. B 1992, 46, 13394. [Google Scholar] [CrossRef]

	



Pan, Z.; Li, L.H.; Lin, Y.W.; Sun, B.Q.; Jiang, D.S.; Ge, W.K. Conduction band offset and electron effective mass in GaInNAs/GaAs quantum-well structures with low nitrogen concentration. Appl. Phys. Lett. 2001, 78, 2217–2219. [Google Scholar] [CrossRef]

	



Knolle, J.; Cooper, N.R. Anomalous de Haas–van Alphen effect in InAs/GaSb quantum wells. Phys. Rev. Lett. 2017, 118, 176801. [Google Scholar] [CrossRef] [PubMed]

	



Hatke, A.T.; Zudov, M.A.; Pfeiffer, L.N.; West, K.W. Shubnikov–de Haas oscillations in GaAs quantum wells in tilted magnetic fields. Phys. Rev. B. 2012, 85, 241305. [Google Scholar] [CrossRef]

	



Failla, M.; Keller, J.; Scalari, G.; Maissen, C.; Faist, J.; Reichl, C.; Wegscheider, W.; Newell, O.J.; Leadley, D.R.; Myronov, M.; et al. Terahertz quantum Hall effect for spin-split heavy-hole gases in strained Ge quantum wells. New J. Phys. 2016, 18, 113036. [Google Scholar] [CrossRef]

	



Gass, M.H.; Papworth, A.J.; Joyce, T.B.; Bullough, T.J.; Chalker, P.R. Measurement of the effective electron mass in GaInNAs by energy-loss spectroscopy. Appl. Phys. Lett. 2004, 84, 1453–1455. [Google Scholar] [CrossRef]

	



Papež, N.; Dallaev, R.; Ţălu, Ş.; Kaštyl, J. Overview of the Current State of Gallium Arsenide-Based Solar Cells. Materials 2021, 14, 3075. [Google Scholar] [CrossRef]

	



Wartak, M.S.; Weetman, P. Numerical analysis of the effective masses in InGaAsN quantum-well structures with self-consistent effects. J. Phys Cond. Matter 2005, 17, 6539. [Google Scholar] [CrossRef]

	



Wartak, M.S.; Weetman, P. Characterisation of effective masses in InGaAsN quantum well structures by computer simulations. J. Appl. Phys. 2005, 98, 113705. [Google Scholar] [CrossRef]

	



Skierbiszewski, C.; Łepkowski, S.P.; Perlin, P.; Suski, T.; Jantsch, W.; Geisz, J. Effective mass and conduction band dispersion of GaAsN/GaAs quantum wells. Phys. E 2002, 13, 1078–1081. [Google Scholar] [CrossRef]

	



Shan, W.; Walukiewicz, W.; Yu, K.M.; Ager Iii, J.W.; Haller, E.E.; Geisz, J.F.; Friedman, D.J.; Olson, J.M.; Kurtz, S.R.; Xin, H.P.; et al. Band anticrossing in III–N–V alloys. Phys. Status Solidi B 2001, 223, 75–85. [Google Scholar] [CrossRef]

	



Ściana, B.; Radziewicz, D.; Pucicki, D.; Serafińczuk, J.; Dawidowski, W.; Bielak, K.; Badura, M.; Gelczuk, Ł.; Tłaczała, M.; Latkowska, M.; et al. Influence of the AP MOVPE process parameters on properties of (In, Ga)(As, N)/GaAs heterostructures for photovoltaic applications. Electron Technol. Conf. 2013 2013, 8902, 136–143. [Google Scholar]

	



Weiss, S.; Kassing, R. Deep Level Transient Fourier Spectroscopy (DLTFS)—A technique for the analysis of deep level properties. Solid-State Electron. 1988, 31, 1733–1742. [Google Scholar] [CrossRef]

	



Yakimova, R.; Paskova, T.; Hardalov, C. Behavior of an EL5-like defect in metalorganic vapor-phase epitaxial GaAs: Sb. J. Appl. Phys. 1993, 74, 6170–6173. [Google Scholar] [CrossRef]

	



Shiraki, H.; Tokuda, Y.; Sassa, K. Bistable behavior of a medium-deep center related to EL5 and EL6 in n-type bulk GaAs. J. Appl. Phys. 1998, 84, 3167–3174. [Google Scholar] [CrossRef]

	



Weiss, S.; Beckmann, R.; Kassing, R. The Electrical Properties of Zinc in Silicon. Appl. Phys. A 1990, 50, 151–156. [Google Scholar] [CrossRef]

	



Galluppi, M.; Geelhaar, L.; Riechert, H. Nitrogen and indium dependence of the band offsets in InGaAsN quantum wells. Appl. Phys. Lett. 2005, 86, 131925. [Google Scholar] [CrossRef]

	



Nag, B.R. Physics of Quantum Well Devices; Springer Science & Business Media: Berlin/Heidelberg, Germany, 2001. [Google Scholar]

	



Soma, T.; Satoh, J.; Matsuo, H. Thermal expansion coefficient of GaAs and InP. Solid State Commun. 1982, 42, 889–892. [Google Scholar] [CrossRef]

	



Héroux, J.B.; Yang, X.; Wang, W.I. Optical characterization of strained InGaAsN/GaAs multiple quantum wells. Vac. Sci. Technol. B 2002, 20, 1154–1157. [Google Scholar] [CrossRef]

	



Ardali, S.; Tiras, E.; Erol, A. Integer quantum Hall effect measurement analysis in Ga0. 68In0. 32N0. 017As/GaAs quantum wells with various annealing time. Phys. B Condens. Matter 2021, 621, 413305. [Google Scholar] [CrossRef]

	



Sarcan, F.; Donmez, O.; Erol, A.; Gunes, M.; Arikan, M.C.; Puustinen, J.; Guina, M. Influence of nitrogen on hole effective mass and hole mobility in p-type modulation doped GaInNAs/GaAs quantum well structures. Appl. Phys. Lett. 2013, 103, 082121. [Google Scholar] [CrossRef]

	



Baranov, P.G.; Romanov, N.G.; Preobrazhenski, V.L.; Egorova, A.Y.; Ustinov, V.M.; Sobolev, M.M. Optically-detected microwave resonance in InGaAsN/GaAs quantum wells and InAs/GaAs quantum dots emitting around 1.3 μm. Int. J. Nanosci. 2003, 2, 469–478. [Google Scholar] [CrossRef]








[image: Materials 15 07621 g001 550] 





Figure 1. (a) Sketch of the energy band diagram of InGaAsN/GaAs quantum well structure. (b) A simplified view of the triple quantum well structure and (c) micrograph (transmission electron microscopy in the bright field) of fabricated heterostructure. 
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Figure 2. (a) Steady-state current-voltage characteristic of heterostructure with   x = 0.32 %  ,   y = 13.3 %  , and   d = 16.6   nm  . (b) The spectrum of the Fourier coefficient    b 1    together with simulations of various energy states. (c) The Arrhenius plot. 
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Figure 3. Normalised capture cross-section dependence on energy eigenvalues for heterostructure with   x = 0.32 %  ,   y = 13.3 %  , and   d = 16.6   nm   (shown in Figure 2) with the quantum well depth of 289 meV as estimated by energy band offset reports. 
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Figure 4. Eigenvalue energy dependence on    n 2  /  d 2    ratio for conduction and valence bands. The effective mass is evaluated according to Equation (3). 
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Table 1. Electron effective masses of InGaAsN/GaAs quantum well heterostructures estimated by various techniques.






Table 1. Electron effective masses of InGaAsN/GaAs quantum well heterostructures estimated by various techniques.





	    Effective   Mass    m  n , p  *  /  m 0     
	Technique
	Reference





	0.05 ~ 0.09 (n)
	RTOP
	[12]



	0.06 ~ 0.08 (n)
	RTOP
	[30]



	0.077 ~ 0.078 (n)
	QHE, SdH
	[31]



	0.07 ~ 0.12 (p)
	SdH
	[32]



	0.07 (n)
	ODCR
	[33]



	0.093 ± 0.006 (n)
	Transient spectroscopy
	This work



	0.122 ± 0.018 (p)
	Transient spectroscopy
	This work







RTOP—room-temperature optical properties, QHE—optical quantum Hall effect, SdH—Shubnikov-de Haas oscillations, ODCR—optically detected cyclotron resonance.
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