Quantum wire lasers with high uniformity formed by cleaved-edge overgrowth with growth-interrupt anneal
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High-quality T-shaped quantum wire lasers are fabricated by cleaved-edge overgrowth with the molecular beam epitaxy on the interface improved by a growth-interrupt high-temperature anneal. Micro-photoluminescence (PL) and PL excitation spectroscopy reveals unprecedented high quality of the wires, and structures of one-dimensional (1D) free excitons and 1D continuum states. At high pumping levels, PL evolves from a sharp free exciton peak via a biexciton peak to a red-shifted broad band. Lasing has been achieved with low lasing threshold. The lasing energy is on the red-shifted broad band and is about 5 meV below the free exciton. The observed shift excludes free excitons in lasing, and suggests contribution of highly Coulomb-correlate electron-hole plasma. 

1.   Introduction

Superior performance of 2D quantum-well lasers to 3D double-hetero lasers has directed our interests to 1D quantum-wire lasers. A quantum-wire laser was first achieved by Kapon and coworkers1 in 1989, though lasing occurred only at higher subbands in multi-mode wires. In 1993, Wegscheider and coworkers2 demonstrated ground-state lasing in quantum wires. They found that the lasing energy was exactly at the peak of excitonic spontaneous emission, and was nearly independent of pump levels. This suggested absence of band-gap renormalization and an enhanced stability of 1D excitons. Therefore, the origin of gain was ascribed to excitons, and this claim has stimulated wide interests in the fields of basic and applied physics for about 10 years3-9. 

2.   T-shaped Quantum Wires10-12
To investigate these problems, we fabricated high quality T-shaped quantum wire lasers by the cleaved-edge overgrowth method and growth-interrupt annealing technique with MBE, and performed photoluminescence (PL), PL excitation (PLE), and optically pumped lasing measurements. 

Figure 1 shows a schematic structure10 of a T-shaped quantum wire (T-wire) used in the present work. A quantum-wire state is formed quantum-mechanically at a T-intersection of two quantum wells, denoted as a stem well and an arm well. Here, the stem well is 14 nm 7%AlGaAs well with 35%AlGaAs barriers, whereas the arm well is 6 nm GaAs well with a 50% upper barrier. The contour curves in the figure show wavefunctions of an electron and a hole in a ground-state exciton. 
T-wire structures are fabricated by the cleaved-edge-overgrowth method11 by MBE, in which two-step growth processes are separated by an in situ wafer cleavage process. However, a difficulty lies in the second MBE growth of an arm well on a (110) cleaved surface, which requires low substrate temperature of 490 oC under high As4 overpressure.  In fact, an as-grown surface of an arm well shows large roughness shown in an AFM image of Fig. 2 (a). 

We solved12 this problem by developing an in situ annealing technique, in which growth interruption is made at elevated temperatures for surface annealing. As shown in AFM images in Fig. 2 (b-d), this technique dramatically improves surface morphology of arm well surface. In particular, annealing at 600 oC for 10 minutes results in atomically flat surface without roughness over 100 m region in lateral extent. 

Figure 3 shows a structure of a quantum-wire laser sample consisting of 20 wires of a 14 nm by 6 nm size separated by 42 nm 35%AlGaAs barriers, which are embedded in an optical waveguide of T-shaped core layers and 50%AlGaAs cladding layers. The wafer was cleaved into laser bars with cavity length of 500 m with uncoated facet mirrors. 

3.   Micro-PL and PLE measurements13-16
Figure 4 shows micro-PL spectra13 scanned along the wires at 5 K, measured in the configuration shown in Fig. 3, (a) by 1 m steps for 30 m region and (b) by 10 m steps for the whole cavity length of 500 m. The high-energy peaks show PL of the stem wells, and the low energy peaks show PL of T-wires. PL of the arm well is not observed because carriers generated in the arm well quickly flow into adjacent low energy wire states. The PL of T-wires has a main exciton peak and lower energy small peaks. The small PL peaks show fluctuation against positions, and are ascribed to localized excitons due to monolayer islands in the arm well. Strong and uniform intensities of the main peak and small intensities of the localized exciton peak show high uniformity of the sample. 

Figure 5 shows (a) PL and (b) PLE spectra13 of the quantum wires at a central position of Fig. 4 (a). The sharp PL width of 1.5 meV was observed for the T-wires as shown in Fig. 5 (a), which is about an order of magnitude narrower than that of previous wires formed without anneal. In the PLE spectrum of Fig. 5 (b), we found exciton absorption peaks of the T-wires, the arm well, and the stem wells. The Stokes shift of T-wire exciton peak is 0.5meV, much smaller than the PL and PLE width, which suggests that the wire PL are mostly coming form free excitons. 

Note that a small continuous absorption band is observed with an onset at 11 meV above the ground state exciton peak of T-wires. This is ascribed to 1D ionized continuum states. Note that 1/
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 singularity due to 1D density of states is absent at the onset of the continuum absorption band. This effect was theoretically predicted more than 10 years ago14. More detailed experimental and theoretical study is now in progress15. 

Figure 6 (a) shows PL spectra of T-wires at various pumping levels16. At low pumping levels, free excitons dominate the PL spectra. As the pumping level is increased, a new emission band grows at 3.2 meV below the free-exciton peak. With increasing pump power this new emission band becomes broader but undergoes no further red-shift. At the higher pump levels the low-energy emission band dominates the spectrum and the free exciton peak is quenched.

Figure 6 (b) shows log plots of low energy broad PL band intensities I2 as function of free exciton PL intensities I1. We find that I2 
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I1at the lowest pump powers due to contribution of localized excitons in I2. For higher excitation levels we find that I2 
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I12. With increasing pump levels we first find larger exponents followed by saturation. In the region of I2 
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I12, biexcitons are expected to contribute to the red-shifted PL band. For intense photo-excitation the free exciton peak is quenched and is not fully differentiated from the broadened lower energy PL band. 

In this high excitation regime, the intense optical emission should be ascribed to a 1D electron-hole plasma confined to the quantum wires. Here densities should be high enough so that there are no long-lived excitons or exciton complexes. Nevertheless, the low energetic position of the emission, and the absence of further red-shift with photoexcitation at high pump levels shown in Fig. 6 (a) suggests that the instantaneous electron-hole correlations are strong. The state is unlike a free electron-hole plasma, and is better described as a neutral electron-hole plasma in which Coulomb correlations fix the peak emission energy to a value that is close to that of the biexciton energy16. 

3.   Lasing measurements16-17
For stimulated emission measurements16-17, two cylindrical lenses and a 0.4 numerical-aperture objective lens were used to focus the incident beam into a filament shape with about 1 m width to pump the whole 500 m-long laser cavity through the arm well surface (the top surface in Fig. 3), and the cw output of the excitation laser was mechanically chopped into 0.25 ms rectangular pulses of 1% duty ratio to minimize sample heating. The peak input power per pulse was varied from 0 to 210 mW. 

The stimulated emission was collected in the direction of the waveguide through one of the cavity-mirror surfaces (the front and rear surfaces in Fig. 3) and spontaneous emission was simultaneously measured in the direction perpendicular to the waveguide through the top surface of the arm well.

Figure 7 shows (a) total intensity and (b) spectra of stimulated emission from the T-wire laser for various input powers16. The plot (a) shows the lasing threshold is low, 5 mW, at 5 K. Though the spectral linewidth is limited by our spectrometer, the spectra (b) shows that lasing just above threshold is in multi-mode. It becomes single mode at input power of about 30 mW, and then shows mode hopping toward lower energy. Note, however, that the amount of shift is only 2meV for input power variation of 5 to 210 mW. 

Figure 8 shows (a) spectra in a wide energy range and (b) intensity plots of three stimulated emission lines (L1, L2, and L3) from the T-wire laser for various input powers. The bottom arrows indicate the energies of free exciton absorption in T-wire, arm well, and stem well. The lines L2 and L3 are related to the arm and stem wells via microscopic imaging experiment on near-field emission patterns17. Note that wire lasing L1 starts at 5meV below the free exciton absorption energy of the wires. 

To understand this 5meV shift of wire lasing from the wire free exciton energy, we show, in Fig. 9, simultaneously measured stimulated and spontaneous emission spectra of the T-wire laser at 5K for input powers of (a) 5.3 mW, (b) 13.3 mW, and (c) 42 mW. In these measurements we employed the geometry shown in the inset to Fig. 9 (a). The dashed traces show the spontaneous emission spectrum for very weak excitation of 0.42 mW. These spectra identify the location of the free exciton emission peak. The spontaneous emission spectra at high excitation levels in Figs. 9 (a) - 9 (c) are very similar to the PL results of Fig. 6 measured with point excitation.

The results shown in Fig. 9 reveal that T-wire lasing is observed about 5 meV below the free exciton energy. Since there is no overlap between the lasing energy and the free exciton peak, gain for lasing cannot be due to free exciton recombination. Instead, the lasing photon energy overlaps the red-shifted broad PL band. Therefore, we conclude that, gain for lasing is ascribed to the electron-hole plasma with strong Coulomb interactions16. The lasing energy is on the low energy side of the plasma emission band, presumably because some absorption may reduce gain near the peak of spontaneous emission. 

4.   Conclusions
The present experiment shows that the origin of gain in our high quality quantum wire laser is not caused by free or localized excitons, but by an electron-hole plasma with strong Coulomb correlation. 

Besides the present 20-wire laser structures, more elaborate experiments on single quantum wires are also in progress, which are the ground-state lasing in a single-quantum-wire laser18 and PL spectroscopy of a modulation-doped single quantum wire with a gate to tune 1D electron density19. These experiments support our present conclusion on the gain in quantum-wire laser. Furthermore, these experiments clarify the importance of biexcitons and charged excitons in quantum wires, and intriguing contrast between absence and appearance of red-shift in PL from neutral electron-hole plasma and charged electron plasma, respectively. 
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FIGURE CAPTIONS

Fig. 1

Exciton in a T-shaped quantum wire structure calculated by Szymanska et al.3

Fig. 2 

AFM images of top surface of 5nm thick arm well grown at 490 Co on a (110) cleaved edge by the cleaved edge overgrowth method, and then in situ annealed at elevated temperatures for 10 minutes. 
Fig. 3 

A schematic structure of a T-shaped quantum wire laser sample with 20 wires of 14 nm by 6 nm size.

Fig. 4 

Micro-PL spectra at 5 K scanned along the quantum wires (a) by 1 m steps for 30 m and (b) by 10 m steps for 500 m.

Fig. 5 

(a) PL and (b) PLE spectra of quantum wires.

Fig. 6 

(a) PL spectra of T-wires at various pumping levels and (b) log plots of low energy broad PL band intensities I2 as function of free exciton PL intensities I1.

Fig. 7 

(a) Intensity plots and (b) spectra of stimulated emission from the ground state in the T-wire laser for various input powers.

Fig. 8 

(a) Spectra in a wide energy range and (b) intensity plots of stimulated emission (L1, L2, and L3) from the T-wire laser for various input powers. The bottom arrows indicate the energies of free exciton absorption in T-wire, arm well, and stem well.

Fig. 9 

Simultaneously measured stimulated and spontaneous emission spectra of the T-wire laser at 5 K for input powers of (a) 5.3 mW, (b) 13.3 mW, and (c) 42 mW.
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FIG. 1 
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FIG. 2 
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FIG. 3 
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FIG. 4 
[image: image8.jpg]PL Intensity (arb. unit)

(b)10 um step svtglrln
T-wire armvwell J&m/\

1.56

1.58 16 1.62
Photon Energy (eV)

1.56 1.58 1.6 1.62

Photon Energy(eV)




FIG. 5 
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FIG. 6 
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FIG. 7 
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FIG. 8 
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