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Abstract We report here on the bonding of a thin InP(001) layer onto a Si host substrate via silicon dioxide, to be used as a substrate for heteroepitaxy. With this end in mind, these new InP/SiO 2 /Si substrates were compared to standard InP substrates through the growth by Solid Source Molecular Beam Epitaxy of (lattice-matched) InP thick layers and (-0.8% lattice-mismatched) InAs0.25 P0.75 and In0.65Ga0.35 As thick layers. The layer thus obtained was characterized by in-situ Reflection High-Energy Electron Diffraction (RHEED), and ex-situ Atomic Force Microscopy (AFM), double crystal x-ray diffraction (DXRD) and photoluminescence (PL). Finally, the quality of the InP/SiO 2 /InP heterostructure is assessed as a substrate for optoelectronics by the photoluminescence spectrum of a 60Å thick InAs0.65P0.35 strained quantum well confined by 0.2µm thick InP barriers. We conclude that all the characteristics required for optoelectronic purposes are fulfilled. I. Introduction Because of large lattice-mismatches and great differences in thermal expansion coefficients between III-V materials and silicon, the integration of high-quality III-V based optical devices with low-cost Si based electronic devices is still a difficult technological challenge. As a matter of fact, even if GaAs or InP can actually be grown by epitaxy techniques on Si, threading dislocations cannot be completely avoided, deteriorating the electrical and optical performances of the optoelectronic devices [1-3]. Many ideas have been proposed in order to solve the problem and the use of “compliant” substrates is one of them. A "compliant substrate" is a substrate which, in addition to acting as a usual seed layer, can either sustain all the plastic damage (plastic compliance) or elastically conform itself (elastic compliance) to the requirements of a stressed epitaxial overgrowth. In fact, such a substrate is usually an ultra thin film bonded onto a host substrate using a thick amorphous layer. [4,5] With a view to using ultra thin films as compliant substrate, we report here on the bonding of a thin III-V layer onto a Si host substrate via silicon dioxide (SiO2 ) with the hope of obtaining a real compliant substrate [6]. In the first part, we describe how to optimize all the technological steps important for transferring thin III-V semiconductor layers on silicon. In the second part, we evaluate the effectiveness of the so-obtained InP/SiO2 /Si substrates as seed layers for both lattice-matched (InP) and lattice-mismatched (InAsP and



InGaAs) growth. Finally, we use the photoluminescence spectrum of a 60Å thick InAs0.65 P0.35 strained quantum well confined into 0.2µm thick InP barriers as an ultimate test to compare from an optoelectronical point of view these new InP/SiO2 /Si substrates with standard ones.



(a) InP substrate InP (2000 Å) In0.53Ga 0.47As (3000 Å) InP (100 - 150 Å) SiO2 Silicon substrate (b) SiO2 Silicon host substrate Fig. 1. Key technological steps for obtaining thin InP seed layer on Si host substrate. (a) MBE growth of III-V structure on InP substrate and upside down bonding on silicon substrate via SiO2 (b) Back-etching of the sacrificial layers and substrate.
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II. Transferring InP thin film onto Si substrate The initial heterostructure is shown in Fig.1. It was grown on epi-ready semi-insulating InP(001) 2-inch substrates from InPact SA using a Riber 2300 Solid Source Molecular Beam Epitaxy (SSMBE) reactor equipped with high capacity P and As cracking cells. Prior to growth, InP substrates were deoxidized under a P2 flux with a beam equivalent pressure of 10-5 Torr at 530°C. Next, a 200nm thick InP layer was made both to smooth the surface and to achieve perfect growth conditions. After that, a 300nm thick In 0.53 Ga 0.47As layer was grown lattice-matched on the InP substrate and finally the relevant 15nm thick InP layer. Note that the 300nm thick In 0.53 Ga 0.47As layer was designed for acting as an etch stoplayer to protect the underlying 15nm thick InP layer The next step is to stick the so-prepared structure onto a 100 mm silicon host substrate via 200nm thick silicon dioxide layer. Before bonding, a 5-10nm thick SiO2 layer is deposited on the III-V epitaxial structure using Electron Cyclotron Resonance plasmas (ECR) in order to passivate and above all to reinforce the adhesion between the III-V semiconductor and silicon dioxide deposited on a host substrate. Thermal treatment at 200°C for 24 hours guarantees a high bonding quality. The bonding quality was checked using infrared transmission images. A typical optical plane view of 50 mm InP layer bonded on 100 mm silicon wafer at this preparation stage is presented in Fig. 2.



Santa Barbara 12-16 May 2003 using X-ray photoelectron spectroscopy (XPS) analysis: its chemical surface composition reveals no differences with that of an epi-ready InP substrate. In the two following sections, the so obtained InP/SiO2 /Si substrate will be compared with a standard substrate growing the same material simultaneously.



III. Growing InP on InP/SiO2 /Si substrate The InP/SiO2 /Si substrate was outgased at 200°C for 20 minutes to remove water or carbohydrate contamination. The thermal oxide desorption and the epitaxial layer deposition were monitored by Reflection High Energy Electron Diffraction (RHEED). Using our standard procedure (see above) we observed a nice [2x4] reconstruction pattern confirming the decomposition of the oxide and the good quality of the starting surface. High-quality dislocation-free InP layers have been grown on these InP/SiO2 /Si substrates up to 1.5µm thickness. The excellent quality of the surface morphology was confirmed by Atomic Force Microscopy (AFM). As can be seen from Fig.3, the surface is smooth, with a root mean square (rms) of 0.13nm for 25µm² area, close to the 0.275nm found for the initial InP seed layer surface and to the 0.2nm found for a standard epi-ready InP substrate. Moreover, the AFM analysis did not reveal any plastic defects as cracks or dislocations on the surface even for the 1.5µm thick epitaxial layer.



a)



Fig. 2. Optical image of 50 mm and 15nm thick InP layer bonded on 100 mm silicon wafer. In order to get the InP thin layer from the heterostructure, the InP initial substrate plus the InP buffer layer were etched with HCl:H2 O (3:1). Then, the remaining In 0.53Ga 0.47As surface was cleaned using 100W oxygen RF Plasma. This surface treatment prevents the relevant InP thin layer from being contaminated with impurities when the In 0.53Ga 0.47As layer in turn is selectively etched using citric acid:H2 O2 :H2 O (1:1:10) solution. The etching rate was about 100nm/s and the structure was dipped longer in the solution than required in order to obtain a perfectly clean InP surface exempt of any remaining In 0.53Ga 0.47 As residue. The final step was to clean the thin substrate and then treated it with UV/O3 light for 1 minute in order to grow a thin (~5Å) protecting oxide layer [7]. The sample surface was finally chemically characterized



b)



Fig. 3. AFM morphology for 25µm² area of a) 10nm seed layer bonded on silicon substrate (initial surface) and b) 1µm thick InP layer grown on InP/SiO2/Si substrate. The electrical properties of a 1µm thick, unintentionally doped InP layer were assessed by Hall measurement. The room temperature Hall mobility was 2036 cm²/Vs with a corresponding electron concentration of 2.97x1016 cm-3. The mobility at 77K was 6400 cm²/Vs for an electron concentration of 1.0x1016 cm-3. This value is slightly lower than those we usually obtain for InP grown on an epi-ready substrate [8]. This might be attributed to defects or impurities localized at the interface. However the photoluminescence (PL) spectra at 77K (Fig. 4) and 300K of this layer were comparable to those of a 2µm thick InP layer grown on InP epi-ready substrate.
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IV. Growing mismatched III-V materials on InP/SiO2 /Si substrate
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Fig. 4 Comparison of Photoluminescence (PL) spectra at 77K of 2µm thick InP layer grown on InP epi-ready substrate (dotted line) with 1µm thick InP layer grown on InP/SiO2/Si substrate (plain line) Finally, the epitaxial layer crystal quality was evaluated using double crystal x-ray diffraction (DXRD). Typical DXRD (004) rocking curves are reported in Fig.5. The separation of the InP and Si (004) peaks is 2.86° and thus close to the theoretical 2.895°. However we found that the InP (004) peak has a full width at half maximum (FWHM) of 100 arcsec (InP/SiO2 /Si) to be compared with the typical 1520 arcsec we generally obtain for standard InP substrates with our apparatus. This peak broadening could to a certain extent be attributed to what remains from the slight convex bending of the whole heterostructure during growth due to the different thermal expansion coefficients of Si (2.6*10-6/K) and SiO2 (0.5*10-6/K) [9].
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Fig. 6. AFM images (40x40µm²) of 250nm thick InAs0.25P0.75 layer grown a) on InP bulk substrate and b) on a thin InP/SiO2/Si substrate. a) b)
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An other way to validate InP/SiO2 /Si substrate as an actual seed layer is to compare strained materials grown on it with those grown on a standard bulk substrate. We have performed the growth of InAs0.25 P0.75 (lattice-mismatch ∆a/a = 0.81%) and In 0.65 Ga 0.35As (lattice-mismatch ∆a/a = 0.81%) layers with thickness from 70nm up to 600nm. Note, that a 40nm thick InAs0.25 P0.75 buffer layer is grown just before the In 0.65Ga 0.35 As layer. This InAsP buffer layer smoothes the initial surface and makes it easier to start the InGaAs growth. When comparing as in Fig. 6 AFM images of 250nm thick InAs0.25 P0.75 layer grown on InP bulk substrate and on a thin InP/SiO2 /Si substrate no clear difference appears either on the dislocation netting or in the critical dislocation appearance threshold. On the contrary, when comparing as in Fig.7, In 0.65 Ga 0.35As/InAs 0.25P0.75 (210nm/40nm) grown on an InP bulk substrate and on a thin InP/SiO2 /Si substrate, the surface
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Fig. 5. DXRD (004) rocking curve of 1µm thick InP grown on 150Å thick InP/SiO2 /Si substrate. In the insert, the (004) rocking curve of 1µm thick InP (solid line) on InP/SiO2 /Si substrate is compared with 2µm thick InP grown on standard bulk substrate (dashed line).



Fig. 7. AFM images (40x40µm²) of (210nm/40nm) layers grown a) on InP bulk substrate and b) on a thin InP/SiO2 /Si substrate.
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morphology clearly looks different. Superimposed onto the regular dislocation netting (typical of the classical plastic stress relaxation), a surface roughness (typical of elastic stress relaxation) is observed. Several explanations can be proposed to understand this phenomenon but the most certain in our



IPRM 2003 opinion, is to attribute it (as already outlined above) to the extra stress arising from a slight convex bending. As a matter of fact, In 0.65 Ga 0.35As and InAs0.25 P0.75 are both pseudobinary alloys similarly stressed on InP, but the former involves different cations while the latter different anions and during the growth, cations (In, Ga) and anions (As, P) do not incorporate in the same manner. On the one hand, the cation sticking coefficient being close to one, every cation from the input fluxes have to incorporate. For In 0.65 Ga 0.35As, a convex bending means a non-uniform extra stress field. Besides, GaInAs could develop surface spinodal decomposition. A good way for the system to release both internal and external stress, is to develop surface roughness. On the other hand, the anions incorporate the crystal only by chemical bonding if adequate sites exist. This additional freedom can be used to deal with the extra stress due to convex bending by just slightly changing the anion's relative incorporation rate. In this case, we just expected a slightly lower As incorporation than expected for InAs0.65P0.35 [10]. This behavior was confirmed by a PL shift of 13.14meV to a higher energy that we observed for a 250nm thick InAs0.25P0.75 layer grown on the InP/SiO2 /Si substrate compare to the bulk substrate. a)



b)



Fig. 8. Plan-view TEM images (660x850 nm2 ) of InAsP (40nm) / InGaAs (210nm) layers grown on a) standard (weak beam) and b) InP/SiO2 /Si substrate (bright field).



Santa Barbara 12-16 May 2003 InAsP/InGaAs strained layers as detailed above. (2 2 0) planes are the diffracting planes in both cases but Weak Beam (g,3g) condition is used in Fig 8(a) whereas the conventional Bright Field condition is used for Fig 8(b). The dark line density that we observe in Fig. 8(b) is comparable to the bright line density in Fig. 8(a). As both dark and bright lines are the images of misfit dislocations, these results indicate that the misfit dislocation density is almost the same in both cases. The potential of InP/SiO2 /Si substrates for optoelectronics was also checked by measuring the luminescence properties of a 60Å thick InAs0.65P0.35 strained quantum well confined in 0.2µm thick InP barriers. Its photoluminescence (PL) spectra at 77K (Fig. 9) and 300K are similar to those grown on a classical epiready substrate confirming the excellent quality of our new substrate. Note that the small shift toward higher energy of the PL peak also confirms less arsenic incorporation when using InP/SiO2 /Si substrate.



V. Concluding remarks We have established the potential of a thin InP film stuck onto a host Si wafer via silicon dioxide as a seed layer for the growth of both lattice-matched (InP) and lattice-mismatched materials (InAsP and InGaAs). Thick layers grown on this new kind of substrate InP(001)/SiO2 /Si have almost the same structural and optical properties as those grown on epiready InP(001) substrates. The noticeable differences concern the development of an unusual surface roughness for the In 0.65 Ga 0.35As growth and a slightly lower As incorporation rate for the InAs 0.25 P0.75 growth. However, good PL results on a 60Å thick InAs0.65P0.35 strained quantum well, convinced us that InP(001)/SiO2 /Si substrates can be used as reliable substrates for optoelectronic applications.
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Fig. 9. PL spectra of 60Å thick InAs0.65 P0.35 quantum well grown on InP/SiO2 /Si substrate (peak energy at 897.08meV) and bulk substrate (893.61meV) at 77K. Plan-view TEM (Transmission Electron Microscopy) was also used to image the misfit dislocation lines in
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