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Optical Spectroscopy of Polytypic Quantum Wells in SiC G. Samson*, L. Chen*, B.J. Skromme*, R. Wang†, C. Li†, and I. Bhat† *Department of Electrical Engineering and Center for Solid State Electronics Research, Arizona State University, Tempe, AZ, 85287-5706, USA † ECSE Department, Rensselaer Polytechnic Institute, Troy, NY 12180-3590, USA Abstract. Optical characterization is used to study spontaneously formed polytypic quantum well structures in lightly doped epilayers on heavily doped ([N] > 3x1019 cm-3) 4H-SiC substrates. Low temperature (1.8 K) photoluminescence (PL) shows emission from the wells in both epilayer and substrate, the latter occurring at higher energy. A selfconsistent model of the quantum wells including polarization charge is used to explain the results. Raman scattering data provide direct evidence of depletion of the 4H barriers in the substrate due to modulation doping into these wells.



the bulk 3C band gap, are attributed to emission from triangular 3C QWs. The PL spectrum from the substrate, recorded after polishing away the epilayer, reveals a much broader feature (bottom, Fig. 1). Comparing these spectra, we estimate that the substrate peaks are shifted above those of the epilayer by very roughly 52 meV. The spectral broadening in the substrate is attributed to band-filling, band-tailing, and fluctuations in well spacing. Many-body effects are likely to lower the peak position in the substrate. The Raman scattering data in Fig. 2 show an essentially unscreened A1 (LO) (967 cm–1) mode in the transformed regions of the substrate, whereas it is



Device degradation and reliability issues associated with stacking faults have driven the need to understand their formation and the resulting quantum well (QW) structures in SiC. The low stacking fault (SF) energy of 4H-SiC can lead to spontaneous SF formation at typical processing temperatures. Optical and structural studies by ourselves and others revealed the formation of I2 stacking faults (SFs, displacement vector R = 1/3) during thermal processing of heavily ndoped ([N] > 3x1019 cm-3) SiC wafers [1-4]. Liu et al. [3] modified a model originally proposed by Miao et al. [5] for single fault formation and suggested that the energy gain from modulation doping of the 3C quantum well inclusions could drive the motion of the Shockley partials that forms these SFs. Here we present PL and Raman scattering data, which provide evidence of depleted barriers due to modulation doping, and polarization fields in the wells. A selfconsistent model is used to explain the experimental results and to estimate the spontaneous polarization. The 4H-SiC sample used in this study has a heavily n-doped substrate ([N]~3x1019 cm–3) with a 2 µm thick epilayer ([N]~1.3x1017 cm–3). The wafer is oriented 8o off [0001]. Faults were generated by thermal oxidation at 1150 ºC for 90 min. in dry oxygen [2]. The upper spectrum in Fig. 1 is PL data recorded from the epilayer at 1.8 K. In addition to the normal 4H donor-bound exciton peaks and their phonon replicas, it reveals well-defined new peaks at 2.408, 2.433 and 2.464 eV, identified as LO (X) (104 meV), LA (X) (77 meV) and TA (X) (46 meV) momentum conserving phonon replicas of an exciton with an energy of ~ 2.510 eV. (Other spectra resolved the TO (X) mode at 96 meV as well.) These peaks, just above
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FIGURE 1. Low temperature (1.8 K) PL spectra of an oxidized 4H-SiC wafer. Upper spectrum: epilayer (excited at 4.127 eV). Lower spectrum: substrate after removing epilayer (excited at 3.691 eV).
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strongly broadened and exhibits a larger Stokes shift in the untransformed regions. The latter effect is due to phonon-plasmon interaction due to the high electron concentration [6]. Single particle excitations of free carriers also cause a characteristic Fano interference distortion of the E2(TA) mode profile [6]. In regions with a high density of stacking faults, ~all of the free carriers dump into the QWs by modulation doping, leaving depleted 4H barriers. Even though the high carrier density in the wells screens the 3C LO mode at (972 cm–1), the reduced phonon-plasmon interaction in the depleted barriers explains the sharper, much less shifted LO mode characteristic of low-doped 4H-SiC in the transformed regions. The Fano distortion is also eliminated. Therefore, Raman scattering provides direct evidence for the modulation doping process. We performed self-consistent solutions of the Schrödinger and Poisson equations for the QW structures in the epilayer and substrate to interpret the PL and Raman data. We used the experimental doping values of [N]=1.3x1017 cm–3 in the epilayer and [N]=3x1019 cm–3 in the substrate, and well spacings (77 nm in the epilayers and 10 nm in the substrate) based on our structural studies [4]. The spontaneous polarization in 4H-SiC [7] is included as charge sheets at the 3C/4H interfaces. Details of the materials parameters we used are discussed elsewhere [8]. The appropriate width to assume for the 3C QW is not unambiguously clear from the stacking sequence, so its value was varied from 4 to 6 bilayers, using trial spontaneous polarization values of 0.0054, 0.0108, and 0.0216 C/m2. All simulations were performed at 2 K and assumed a type-II band alignment with offsets of ∆Ec = 0.919 eV and ∆Ev = –0.05 eV [7]. Good agreement with the experimental PL emission energy of 2.510 eV in the epilayer is obtained for a QW width
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FIGURE 3. Self-consistent simulation of a 3C inclusion in the epilayer (only the vicinity of one well is shown). The probability density shown is that of electrons.



of 15 Ǻ (6 bilayers) and a spontaneous polarization of 0.0108 C/m2 (half the theoretical value of 0.0216 C/m2 [7]), for which we predict an energy of 2.500 eV (neglecting the type II exciton binding energy). Figure 3 shows the corresponding simulation results. The calculations predict a band-to-band recombination energy of 2.620 eV in the heavier-doped substrate. The shift to higher energy is due to screening by the higher carrier densities in the wells. This value is only in fair agreement with experiment (2.562 eV), but the experimental value is difficult to determine accurately because of broadening and many-body effects. In conclusion, our results are consistent with a spontaneous polarization of ~0.01 C/m2 for 4H-SiC, in agreement with a recent determination by Bai et al. [9]. The simulations predict (1) large polarization fields in the QWs; (2) fully depleted 4H barriers between the wells; and (3) doping-dependent recombination energies, which are verified by spectroscopy. The work at ASU was supported by the National Science Foundation under Grant Nos. ECS0080719 and ECS0324350 and by Motorola. Work at RPI is supported by DARPA Contract #DAAD19-02-1-0246.
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FIGURE 2. Raman scattering data in z(x,x)–z configuration for a thermally oxidized 4H-SiC wafer (excited at 2.409 eV). Upper spectrum: untransformed regions (without SFs, lower substrate doping). Lower spectrum: transformed regions (with SFs, due to locally higher substrate doping).
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