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Abstract

The electrical properties and deep trap spectra were compared for near-UV GaN/InGaN quantum well (QW) structures grown on free-standing GaN substrates. The structures differed by the presence or absence of a thin (110 nm) InGaN layer inserted between the high temperature GaN buffer and the QW region. Capacitance-voltage profiling with monochromatic illumination showed that in the InGaN underlayer (UL), the density of deep traps with optical threshold near 1.5 eV was much higher than in the QW and higher than for structures without InGaN. Irradiation with 5 MeV electrons strongly increased the concentration of these 1.5 eV traps in the QWs, with the increase more pronounced for samples without InGaN ULs. The observations are interpreted using the earlier proposed model explaining the impact of In-containing underlayers by segregation of native defects formed during growth of GaN near the surface and trapping of these surface defects by In atoms of the InGaN UL, thus preventing them from infiltrating the InGaN QW region. Deep level transient spectroscopy (DLTS) also revealed major differences in deep trap spectra in the QWs and underlying layers of the samples with and without InGaN ULs. Specifically, the introduction of the InGaN UL stimulates changing the dominant type of deep traps. Irradiation increases the densities of these traps, with the increase being more pronounced for samples without the InGaN UL. It is argued that light emitting diodes (LEDs) with InGaN UL should demonstrate a higher radiation tolerance than LEDs without InGaN UL.




	
	

Introduction
InGaN/GaN quantum well (QW) structures comprise the active region of GaN-based light-emitting diodes (LEDs) operating in near-UV, blue, green parts of the spectrum and white light emitters for general lighting applications [1,2]. There has been tremendous progress in increasing the efficiency and reliability of such devices [3e5], but a much better understanding of the nature of physical processes limiting the efficiency is still necessary. Initially the main obstacle in achieving high efficiency of GaN-based LEDs was related to poor crystalline quality of the material grown on heavily lattice mismatched sapphire substrates and having a high dislocation density above 109 cm2. Since dislocations in GaN are efficient centers of local non-radiative recombination [6e8] they were naturally held responsible. Rapid progress in growth technology involving various versions of epitaxial lateral overgrowth (ELO) [9,10] or growth on native GaN substrates [11] allowed to decrease the dislocation density below 106 cm2 [12e14] at which point it became clear that dislocations decrease the radiative recombination efficiency only when their density is above ~ 108 cm2. This is a manifestation of a limited radius of the region with enhanced nonradiative recombination activity surrounding dislocations [8]. For lower dislocation densities, the lifetime of non-equilibrium charge carriers and the radiative recombination efficiency are mainly determined by the type and concentration of point defects forming deep levels in the bandgap and serving as lifetime killers [15e17].
The properties and nature of such defects have been extensively studied theoretically and experimentally. Recently developed theory allowed to calculate, ab initio, the electron and hole capture coefficients for various deep centers in n-GaN and in InGaN ternaries, to pinpoint carbon on nitrogen site CN acceptors and gallium vacancy VGa related acceptor complexes as important hole trapping centers that can become effective non-radiative recombination centers in narrow-bandgap high-In-contents InGaN ternaries, and to understand the role of excited states making Fe acceptors effective lifetime killers in n-GaN [18e20]. Experimentally, a series of studies in which positron annihilation spectroscopy (PAS) was combined with lifetime measurements in GaN and AlGaN ternaries, attributes the dominant non-radiative recombination centers in IIINitrides to divacancies VGa-VN [21,22]. Combined studies of deep level transient spectroscopy (DLTS) and diffusion lengths of nonequilibrium charge carriers in variously grown n-GaN films and crystals pointed to a close correlation between the lifetimes of charge carriers and the density of electron traps with levels near Ec0.6 eV or, in electron irradiated material, with traps near Ec-1 eV [15e17]. For LED structures emitting in the near-UV (NUV), blue, green spectral range, some dominant electron and hole traps in the QWs whose levels are aligned in respect to the level of vacuum have been detected [23]. Electron irradiation experiments on such LEDs show that the changes in efficiency often correlate with the increase in concentration of certain deep electron and hole traps in the QWs and in the quantum barriers (QBs) of the structures owing to the changes these traps induce in recombination within the QWs, trapping and recombination in the barriers, and in leakage current [24e26]. Some of these traps have been found responsible for the degradation of NUV LEDs characteristics after electric stress [27,28].
Of particular importance is understanding how variations in the design of the LEDs active region structure affect the type and concentration of non-radiative recombination centers. Deep level optical spectroscopy (DLOS) and capacitance-voltage profiling under monochromatic illumination (LCV) experiments revealed a close link between the decrease in the density of deep traps with optical ionization threshold near 1.8 eV in the QWs as caused by the introduction of InGaN underlayer beneath the QW region of blue LEDs and the increase of LEDs’ efficiency [29]. Among other beneficial effects of InGaN underlayers it has been suggested that they can improve the electron injection efficiency into the QWs, decrease the dislocation density, facilitate the formation of V-defects, alleviate the negative impact of quantum confined Stark effect (see representative references in Ref. [30e35]). The matter still remains very much under debate, but detailed studies performed in our earlier papers [30e32,36,37] clearly indicate that in today’s state-of-the-art GaN-based QW LEDs the main improvements produced by the introduction of In-containing underlayers (InGaN or InAlN) are due to the decrease of the density of point defects in the QW region serving as efficient non-radiative recombination centers. In this series of papers combining structural properties studies, analysis of impurity contamination, quantum efficiency, and recombination lifetimes of NUV QW LEDs with InGaN or InAlN underlayers (ULs) a model explaining the effects of In-containing underlayers has been proposed assuming that native defects in growing GaN barriers are segregated near the growing surface and are inherited by the QW region where interaction with In stabilizes these defects and converts them into effective non-radiative recombination centers. The role of the InGaN or InAlN underlayer is then to trap the surface defects via interaction with In and to prevent them from infiltrating the QW region and compromising the radiative recombination efficiency. It is interesting to trace the changes in deep traps spectra in the QWs to the presence or absence of the In-containing ULs and to the deep trap spectra in the ULs. Such analysis has been performed for NUV LEDs with underlayer of GaN/InAlN superlattice (SL) [33e38].In that work, we showed that the presence of SL ULs suppressed compensation of Mg acceptors by nitrogen vacancy VN related donors and the formation of deep hole traps in the QW region.
In this paper, we present the results of similar studies for NUV GaN/InGaN QW structures grown with and without InGaN ULs. These structures were grown on free-standing (FS) lowdislocation-density n-GaN substrates to minimize possible effects due to dislocations.
Experimental
The samples were grown as discussed in detail in earlier papers [39,40]. The structures were grown on basal plane 2-inch-diameter FS nþ-GaN substrates with dislocation density 106 cm2 by metalorganic chemical vapor deposition (MOCVD) in a vertical Aixtron (Germany) CCS system. For films with InGaN UL the growth started with 1-mm-thick n-GaN buffer deposited at 1000 C and doped with Si to ~1018 cm3. Then followed 110-nm-thick nþ-In0.03Ga0.97N underlayer and nþ-GaN (20 nm), both deposited at 770 C and doped to ~1018 cm3. The QW structure on top consisted of 5 nm unintentionally doped (UID) n-GaN barrier, 2.7 nm In0.12Ga0.88N QW capped by 50 nm of UID n-GaN, all deposited at 755 C.
Control structures without the InGaN UL had the same design but for the lack of the InGaN UL. For characterization, Ni Schottky diodes, 30 nm thick and 1.2 mm in diameter, were prepared on the top surface using e-beam evaporation through a shadow mask. The back Ohmic contact to the FS substrate was prepared by e-beam deposition of Ti/Al/Ti/Au. Preliminary measurements [39,40] showed that the QW photoluminescence (PL) spectra peaked near 2.9 eV, with the PL decay time of 16.8 ns for the samples with the InGaN UL and 170 ps for the samples without the InGaN UL.
Electrical characterizations of the Schottky diodes involved capacitance-versus frequency (C-f), capacitance versus voltage (CeV), current versus voltage (IeV), and DLTS spectra measurements in the temperature range 77Ke400K. CeV profiling was carried out in the dark and under illumination with a set of highpower LEDs with peak wavelength in the range 940e365 nm with optical power of 250 mW. Such measurements were performed before and after irradiation with 5 MeV electrons with fluences 7  1015 cm2 and 3  1016 cm2 using the linear electron accelerator Linac UELV-10-10-C-70 [41,42] at the Center of Collective Use “Physical Measurements Investigations” (CCU PMI) of the Institute of Physical Chemistry and Electrochemistry of the Russian Academy of Sciences. Detailed descriptions of experimental setups can be found elsewhere [36e38,41].
Results
Room temperature IeV characteristics of the Schottky diodes with InGaN UL and without UL are compared in Fig. 1(a). The characteristics were not significantly different for both types of samples and were characterized by a rather high (and strongly dependent on voltage) reverse current and ideality factor in forward direction close to 1.5. This is the result of high concentrations of dopants and considerable impact of tunneling in our Schottky diodes. Electron irradiation had no serious effect on current flow for both types of structures. Fig.1(b) illustrates this for the sample with InGaN UL. For the sample without UL the changes were even less pronounced.

[image: ]
[image: ]
Fig. 1. a) Room temperature current-voltage characteristics for the sample without InGaN UL (red line) and with InGaN UL (blue line); (b) room temperature IeV characteristics measured for the sample with InGaN UL before electron irradiation (blue curve), after irradiation with 7 1015 cm-2 5 MeV electrons (red curve), and after irradiation with the fluence of 3 1016 cm-2 of 5 MeV electrons

Fig. 2 (a) presents the charge concentration dependence on depth as obtained from room temperature profiling of the two types of samples. In the QW region, the peak charge concentration is somewhat higher for the structure with InGaN UL and, in this latter sample, one can also observe the peak in concentration due to the InGaN UL near the depth of 110 nm. Fig. 2(b) shows the charge concentration dependences as a function of applied voltage. This figure provides a guide for setting the bias voltage and pulse amplitude for DLTS spectra measurements discussed below. For probing the QW region, one needs to set the bias near -1 V and pulse the voltage to 0 V to recharge the states in the QW. In order to probe the InGaN UL region in the sample with UL, the bias should be set at -4 V and pulsed to -2 V. To probe the deep traps in the GaN layer in the sample without the InGaN UL, one has to set the voltage to -3 V and pulse it to 2 V.
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Fig. 2. (a) Concentration versus depth profiles calculated from CeV characteristics measured at 100 kHz at room temperature for the sample without InGaN UL (red line) and with InGaN UL (blue line); (b) concentration versus applied voltage profile for the same structures; (c) concentration versus voltage profile measured before irradiation (red line) and after irradiation with 3  1016 cm2 5 MeV electrons (blue line). 

Irradiation with 5 MeV electrons slightly decreased the peak charge concentration in the QWs of both types of structures and the net donor concentration in the GaN layer underlying the QW region in the sample without InGaN UL, as shown in Fig. 2(c). For the sample with InGaN UL, the net donor concentration in the InGaN UL was slightly increased. This could be a consequence of the In presence in the layer. It has been noticed that in InN, electron irradiation actually increases the donor density [43].
We compared the optical thresholds and concentrations of the centers that contribute to charge concentration in the QW region and in the InGaN underlayer by measuring CeV profiles in the sample with InGaN UL under monochromatic illumination. The photoinduced concentration, DNph, at each photon energy was taken as the difference between the concentration under illumination and in the dark. The spectra for the QWs were built using the DNph values in the peak of CeV profile. For the InGaN UL, we also used the peak value in this region. From the results of such light CeV (LCV) measurements, the spectra of photoinduced charge density in the QW and InGaN UL could be built. These spectra are presented in Fig. 3 (a). The light induced charge concentration DNph calculated from these measurements started to grow for photons with energy close to 1.5 eV and reached a plateau for photon energy close to 2 eV, after ionization of another center could be observed. If the concentration of the 1.5 eV centers is estimated from the value at the plateau at photon energy at 2 eV, the concentration of the 1.5 eV defects is found to be much higher in the InGaN UL than in the QW of the sample with InGaN UL. For the sample without the InGaN UL, the LCV spectrum in the QW was qualitatively similar, but the concentration of the 1.5 eV centers was much higher than in the QWof the sample with InGaN and approached that in the InGaN UL (Fig. 3(a)).
After irradiation with 5 MeV electron fluence of 3  1016 cm2, the concentrations of the centers in the QWs of both types of samples strongly increased (Fig. 3(b)). In the irradiated sample without InGaN, we also observed a build-up of the concentration of centers with optical threshold near 2.3 eV in the GaN underlayer in the vicinity of the interface with the InGaN QW (Fig. 3(c)).
DLTS spectra for the InGaN UL and the GaN regions of the two types of structures are compared in Fig. 4(a), while Fig. 4(b) presents the results for the QW regions of respective structures. In the spectra in Fig. 4(a), deep electron traps with levels near Ec-0.3 eV (electron capture cross section sn ¼ 1.6  1020 cm2) and Ec-0.8 eV (sn ¼ 7.6  1015 cm2) in the GaN layer underlying the QW could be clearly seen. In the InGaN UL portion of the sample with InGaN UL, deep electron traps near Ec-0.18 eV (2.4  1020 cm2), Ec-0.65 eV (1016 cm2), and Ec-1 eV (1.5  1013 cm2) were observed. For the QWs, the spectra were dominated by electron traps with level near Ec-0.7 eV for the sample without InGaN UL and Ec-1 eV for the sample with InGaN UL (Fig. 4(b)).
Irradiation with a low electron fluence of 7  1015 cm2 had little effect on the spectra of deep traps. For the high fluence of 3  1016 cm2, we detected a several times increased concentration of the Ec-0.8 eV traps and the emergence of prominent Ec-1.2 eV traps in the GaN layer of the sample with no InGaN UL and a strong increase of concentration of the Ec-0.65 eV traps and the Ec-1 eV traps in the InGaN UL portion of the sample with InGaN UL (Fig. 5(a)). DLTS spectra in the QWs were dominated for both types of samples by the Ec-1 eV electron traps, with the concentration considerably higher for the sample without InGaN UL (Fig. 5(b)).
Discussion
Our results show the deep traps spectra measured in the QWs and in underlying regions of NUV MQW structures differ significantly for structures with and without an InGaN underlayer. 
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Fig. 3. (a) Concentration of charge centers induced by monochromatic illumination minus dark concentration, DNph, calculated from LCV measurements in the QW of the sample with InGaN UL (open blue squares), in the InGaN UL of this sample (solid blue squares), and DNph in the QW of the sample without InGaN UL(red open circles); (b) DNph spectra measured after irradiation with 3  1016 cm2 5 MeV electrons in the QW of the sample with InGaN UL (open blue squares) and in the QW of the sample without InGaN; (c) Concentration profile in the GaN portion of the sample without InGaN irradiated with 3  1016 cm2 5 MeV electrons; black line-dark, olive line-illumination with LED with peak photon energy of 2.3 eV, blue line-illumination with 2.8 eV LED, no signal observed for photon energies below 2.3 eV.
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Fig. 4. (a) DLTS spectra obtained from the GaN underlayer (pulsing from -4 V to -2 V) of the sample without InGaN UL (red line) and from the InGaN UL of the sample with InGaN UL (pulsing from -4 V to -2 V); (b) DLTS probing of the QW regions of the sample without InGaN UL (red line) and with InGaN UL (blue line); (pulsing in both cases from -1 V to 0 V); measurement frequency 100 kHz, time windows 1.5 s/ 15 s, pulse length 3 s.
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[image: ]Fig. 5. (a) DLTS spectra measured before (solid lines) and after (dashed lines) irradiation with 3  1016 cm2 5 MeV electrons for the GaN underlayer region of the sample without InGaN UL (red lines) and for the InGaN UL region for the sample with InGaN UL (blue lines); (b) same for the QW regions of respective structures before and after irradiation; measurements conditions the same as in Fig. 4. 

In the former, the deep electron trap spectra in the UL are dominated by traps with levels near Ec-1 eV, with some contribution from traps near Ec-0.65 eV. In the QW region, the Ec-1 eV traps dominate. For samples without InGaN, the electron traps in the underlying GaN region are mainly centers near Ec-0.8 eV, whereas the QW region is dominated by the Ec-0.7 eV centers. The absolute concentrations of the traps are hard to accurately compare in these systems with very strong spatial variations of charged centers density (Fig. 2). Given the similarity of the charge concentration profiles in respective regions of the samples with and without InGaN UL, the relative magnitudes of DLTS peaks in the QW regions and in the underlayer regions approximately reflect the changes in the density of traps in these regions for the two types of samples studied. Thus, it can be stated that switching to growth with InGaN UL strongly suppresses in the QWs regions, the contribution of the Ec-0.7 eV traps in favor of Ec-1 eV traps. In the underlying regions, switching from GaN to InGaN favors the increased contribution of the Ec-1 eV traps versus the Ec-0.8 eV traps in GaN.
LCV spectra observed in the QW and InGaN UL regions of the sample with InGaN UL are qualitatively similar to those reported previously [29]. The optical thresholds of the centers observed are close to 1.5 eV and 2.3 eV, the concentrations determined from LCV measurements are much higher in the InGaN UL compared to the QW region. The concentration of LCV centers in the QW region of the samples with InGaN UL is much lower than for the samples without the InGaN UL (Fig. 3 (a)). This behavior of the centers observed in LCV spectra is expected for the model proposed in Refs. [39,40,44]. Indeed, the model assumes that native defects in the growing GaN layer segregate towards the surface and are stabilized by interaction with In atoms in InGaN of the QW to form deep defect complexes in InGaN affecting the non-radiative recombination rate. Using InGaN or InAlN underlayers helps to trap the surface defects in these underlayers and prevents them from infiltrating the InGaN QW region [39,40,44,45]. After irradiation with the fluence of 3  1016 cm2 of 5 MeV electrons, we detected in LCV spectra of irradiated QWs a strong increase of the concentration of centers with optical ionization threshold near 1.5 eV and 2.3 eV (Fig. 3(b)). In the irradiated samples without the InGaN UL, there was a strong build-up of the concentration of centers with optical threshold near 2.3 eV towards the interface with the InGaN QW (Fig. 3 (c)). These observations suggest that native defects induced by high-energy electrons can produce similar centers in the QW regions as the ones formed during hightemperature growth. Moreover, for the samples without the InGaN UL, at least some of the defects created in underlying GaN can be segregated near the interface with InGaN QW (Fig. 3 (c)) and such defects have the optical ionization threshold near 2.3 eV.
The irradiation also strongly increased the concentration of the Ec-0.8 eV centers and introduced a high density of new Ec-1.2 eV centers in the GaN underlayer of the sample without InGaN UL. These centers are well known radiation defects in n-GaN, often attributed to respectively interstitial Ga donors, Gai, and interstitial nitrogen acceptors, Ni [43,46]. This attribution is based on comparison of the level positions of such radiation defects with charge transfer level positions calculated for Ga interstitials and N interstitials [47]. Note also that for low-dislocation-density n-GaN crystals, the introduction rate of the Ni acceptors was much higher than for Gai donors [17]. This explains the predominance of the latter in our irradiated GaN underlayers (Fig. 5(a)). For the QW region of irradiated sample without InGaN UL, DLTS spectra were dominated by the Ec-1 eV centers instead of the Ec-0.7 eV centers (Fig. 5(b)). Given that the bandgap of the QW is lower than for GaN and that the levels of the traps in III-Nitrides tend to be aligned in respect to the level of vacuum [23], the Ec-1 eV centers in the QW are most likely the same Ni acceptors as in the GaN underlayer, whilst the Ec-0.7 eV centers dominant in DLTS of pristine samples are due to the Gai donors.
The Ec-1 eV traps also dominate the spectra of deep centers in the InGaN UL and in the QW of the sample with InGaN UL (Fig. 5(a and b)). It seems reasonable to assume that these are the same Ni defects as in the sample with InGaN UL.
The nature of the centers observed in LCV requires further study. In earlier work on effects of InGaN, InAlN ULs [39,40,44] it has been demonstrated that these centers are most likely complexes of native defects. A series of recent papers [21,22] present evidence in favor of such centers being due to VGa-VN divacancies. The centers with optical threshold near 2e2.3 eV in LCV spectra in Fig. 3(a and b) have been associated with Ga vacancy, VGa, complexes and were held responsible for the yellow luminescence band and the dominant Evþ(1e1.2) eV hole traps in DLTS with optical excitation [17]. Such defects are clearly being formed in GaN underlayers under electron irradiation and are accumulated in the vicinity of the GaN/ InGaN interface in our irradiated structures without InGaN (Fig. 3(c)). However, such defects, whilst they are very prominent hole traps, are not expected to be effective recombination centers [19]. The centers with optical threshold near 1.5 eV in LCV spectra look more promising as candidates for the role of lifetime killers and they could be the divacancy complexes reported in Refs. [21,22]. Such defects are likely candidates for the role of lifetime killers in NUV QW LEDs with InAlN underlayer [33]. However, the Ni Ec-1 eV centers have also been shown to be effective nonradiative recombination defects [17] and the question remains which of the centers detected are more detrimental to the performance of GaN/InGaN QW LEDs. For GaN/InGaN NUV QW LEDs with InAlN UL, before and after irradiation with low fluence of 5 MeV electrons of 7  1015 cm2, the electroluminescence efficiency is determined by the changes in the density of the 1.5 eV centers [45]. For structures with InGaN UL, determination of lifetimes or diffusion lengths of nonequilibrium charge carriers and with measurements of electroluminescence efficiency of true LED structures for pristine and irradiated samples are required. The introduction rates of the centers that are expected to adversely affect the radiative recombination efficiency in the structures in the present work are considerably lower for the samples with the InGaN UL which suggests that, as for the NUV LEDs with InAlN UL [45], the radiation tolerance of the LEDs with InGaN UL will be higher than for those without such an underlayer.

Conclusions
The introduction of an InGaN underlayer in GaN/InGaN QW NUV structures leads to a marked increase of the density of deep states with optical ionization threshold near 1.5 eV in the InGaN UL while strongly decreasing the concentration of these centers in the InGaN QWs. This correlates with the increase of QW photoluminescence efficiency in such LEDs and supports a model [39,40,44] which explains the phenomenon by trapping of the native surface defects formed in GaN buffer by complexing with In atoms in the InGaN UL, thus preventing their further penetration into the QW region. 5 MeV electron irradiation further promotes this process and in addition, enhances the density of Ec-1 eV traps ascribed to nitrogen interstitial acceptors both in the QWs and InGaN ULs. In the samples without InGaN, electron irradiation leads to switching of the dominant electron traps from Ga interstitial donors near Ec-0.7 eV to Ni-related Ec-1 eV centers. The amount of change in the density of deep traps is much higher for samples without the InGaN UL which suggests that the radiation tolerance of NUV GaN/InGaN LEDs can be significantly improved by the introduction of InGaN UL, as already demonstrated for the case of NUV with GaN/InAlN superlattice underlayers [45].
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