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Post deposition in-situ annealing effect on the interfacial and electrical properties of Au/Al2 O3 /n-InP junctions were investigated. With increasing the annealing time, both the barrier height and ideality factor changed slightly but the series resistance decreased significantly. Photoluminescence (PL) measurements showed that the intensities of both the near band edge (NBE) emission from InP and defectrelated bands (DBs) from Al2 O3 decreased with 30 min annealing. With increasing the annealing time, the diffusion of oxygen (indium) atoms into Al2 O3 /InP interface (into Al2 O3 layer) occurred more significantly, giving rise to the increase of the interface state density. Therefore, the out-diffusion of oxygen atoms from Al2 O3 during the annealing process should be controlled carefully to optimize the Al2 O3 /InP based devices. © 2018 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5019856 I. INTRODUCTION



III-V compound semiconductors have been considered as alternative materials in metal-insulatorsemiconductor field effect transistors (MISFETs) due to their higher electron mobility than Si.1 However, a high defect density between III-V semiconductor and the high-k dielectric layer has limited the development of III-V based devices.2 Much research has been carried out to understand the characteristics of dielectric/semiconductor interface with various interface passivation techniques. For example, Hinkle et al. reported the metalorganic precursor activated self-cleaning effect during the atomic layer deposition (ALD) of HfO2 and Al2 O3 .3 Tallarida et al. showed that removing the native oxide of GaAs by trimethyl-aluminum (TMA) is insufficient to create interfaces between GaAs and Al2 O3 with defects densities below the 1012 cm2 range.4 Suri et al. found during the HfO2 deposition on GaAs that interfacial oxide reduction is insignificant for ALD at 200 ◦ C, while nearly complete for growth at 300 ◦ C, indicating that the ALD temperature is one of the important factors in self-cleaning process.5 Among III-V semiconductors, InP is also a good candidate, due to its high mobility, relatively high band gap, and good insulating properties. Several works have been reported on the self-cleaning effect during the ALD high-k process on InP. Kang et al. reported the HfO2 thickness dependent self-cleaning effect from the fact that an interfacial layer detected from the HfO2 (2 nm)/InP was not detected from the HfO2 (>6 nm)/InP.6 It was observed for Al2 O3 ALD on InP that most of the In-oxide concentration decrease (due to self-cleaning) and complete P-oxide chemical state transformation into more P-rich oxide state took place during the first pulse of TMA.7 The electrical characteristics of ALD TiO2 /Al2 O3 /(NH4 )2 S-treated InP showed the removal of native oxides by the (NH4 )2 S treatment and ALD–Al2 O3 self-cleaning.8 On the basis of the reported self-cleaning data, it was suggested that the native oxide in the 2 nm thick HfO2 /InP would be removed entirely during the ALD process. a b
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However, reoxidation by inter-diffused oxygen occurred immediately upon air exposure, resulting in the formation of an ∼1 nm thick interfacial layer.9 Meanwhile, Jackson et al. characterized that the interface properties of ALD grown Al2 O3 /GaN capacitors increase with increasing the Al2 O3 thickness due to the reduction in the interface state density through an in-situ annealing process.10 In our previous work, we reported in Au/Al2 O3 /InP diodes with different Al2 O3 thicknesses that the interface defect density will decrease due to the in-situ annealing effect, reducing the series resistance for Al2 O3 thickness of 8.3 nm.11 However, the effect of the in-situ annealing effect at the same thickness was not covered. In addition, the dielectric layer should be kept thin (


Undoped (unintentionally n-type doped) InP (100) substrate (thickness: 350 µm, carrier concentration: 5 × 1015 cm–3 ) was used as a starting material in this work. Initially, the wafer was cut into small pieces (about 5 × 10 mm2 ) and some of them were cleaned in acetone and methanol, followed by the removal of native oxide in a HCl:H2 O (1:1) solution. Before depositing Al2 O3 using ALD process, the deposition temperature ramped up to 250o C for 5 min in an N2 ambient. Then about 2.8 nm thick Al2 O3 was deposited at 250o C by varying the number of ALD cycles. The thicknesses of Al2 O3 film on the Si witness samples were measured using a FS-1 multiwavelength ellipsometers, acquiring ellipsometric Ψ (amplitude ratio) and ∆ (phase angle) data at 4 wavelengths across the visible spectrum: 465 nm (blue), 525 nm (green), 580 nm (yellow), and 635 nm (red). Measured data were fitted using a least-squares algorithm, namely, the agreement between the experimentally measured and calculated ellipsometric data was quantified by the Fit Difference, summed over all 4 measurement wavelengths. Trimethylaluminum (TMA) and deionized water (H2 O) were used as the precursors with a purging gas of nitrogen (N2 ). After depositing Al2 O3 , in-situ annealing in an N2 ambient was performed with different annealing times (10, 20 and 30 min). To examine the electrical characteristics of the films, a metal-insulator-semiconductor (MIS) diodes were fabricated with an Au Schottky electrode (diameter: 300, 500 µm, thickness: 50 nm) and an Al back contact (thickness: 100 nm). Current–voltage (I–V ) and capacitance–voltage (C–V ) measurements were carried out with a Keithley 238 current source and a HP 4284A LCR meter. Photoluminescence (PL) measurements were performed to investigate the optical properties of Al2 O3 /InP films using a diode pumped solid state (DPSS) laser with a wavelength of 325 nm. III. RESULTS AND DISCUSSION



The typical semilogarithmic current density-voltage (J–V ) curves are shown in Fig. 1. The forward bias current transport of a Schottky diode based on the thermionic emission (TE) is given by13 I = I0 [exp(q(V − IRS )/nkT ) − 1] I0 = AA∗∗ T 2 exp(−qφB /kT )



(1) (2)



where I 0 is the reverse-bias saturation current, n is the ideality factor, A is the contact area, A∗∗ is the effective Richardson constant (A∗∗ = 9.4 Acm–2 K–2 for n-type InP), φB is the zero-bias effective Schottky barrier height (SBH), and RS is the series resistance. Both the ideality factor and the SBH were extracted at forward biases in the range of 0.1–0.2 V, corresponding to the linear region of the ln(I)–V curves. The obtained the barrier heights, ideality factors and series resistances, which are shown in Fig. 2. The barrier heights were calculated to be 0.63 (±0.06), 0.70 (±0.03) eV and 0.66 (±0.07) eV for 10 min, 20 min, and 30 min annealing, respectively. The ideality factors were found to be 2.89 (±0.88), 2.39 (±0.50) and 2.25 (±0.46) for 10 min, 20 min, and 30 min annealing,
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FIG. 1. Typical semilogarithmic I–V characteristics for all the samples.



respectively. In the case of series resistance, it decreased significantly for 20 and 30 min annealed samples. Fig. 3 shows the near band edge (NBE) PL spectra measured at 10 K. The dominant peak at 1.41 eV as well as another peak at 1.38 eV are observed, attributed to the free exciton and donor-acceptor pair transitions, respectively.14 The emission intensity decreased with increasing the annealing time, indicating the degraded surface quality of InP. This observation may also indicate the presence of defects in Al2 O3 /InP interface involving non-radiative recombination. Together with the main peak at 1.41 eV, the PL spectra at room temperature shown in the inset of Fig. 3 revealed the broad emission from 1.8–3 eV. Such defect-related band (DB) emission was not observed at 10 K. When the defects are present in the InP band gap, it should be observed at lower energy than the main peak at ∼1.4 eV. This indicates that the defects are present in the Al2 O3 layer. From porous crystalline alumina fabricated by iodization of an aluminum foil in 0.3 M oxalic acid, a broad PL band in the



FIG. 2. (a) Ideality factors and barrier heights vs. annealing time and (b) series resistance vs. annealing time.
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FIG. 3. Near band edge (NBE) photoluminescence (PL) spectra at 10 K. The inset presents PL spectra at room temperature.



400 ∼ 600 nm range has been obtained with a maximum at about 450 nm.15 Itou et al. reported that PL emission bands centered at 330, 413 and 503 nm originate from F+ (an oxygen vacancy occupied by one electron), F (an oxygen vacancy occupied by two electrons) and F2 (an oxygen divacancy with four electrons) centers, respectively, in α-Al2 O3 nanostructures.16 PL spectra from anodic alumina membranes exhibited two emission bands at around 405 and 455 nm, associated with F and F+ centers, respectively.17 The DB emission, thus, can be related to the oxygen vacancy-related defects in the Al2 O3 layer. The NBE intensity decreased with increasing the annealing time, meaning the degraded film quality of InP. Probably larger amount of P or In atoms diffused into Al2 O3 layer with increasing the annealing time. In addition, the DB emission intensity for 30 min annealing decreased compared to that for 20 min annealing. The oxygen vacancy-related defects were passivated more significantly due to the P or In atoms from InP substrates, suppressed the DB emission for 30 min annealing. Fig. 4(a) shows the comparison between the ideal curve and the experimental C–V curves measured at 100 kHz. Compared to the ideal case, the experimental data show the positive flatband (V FB ) shift, indicating the presence of negative fixed oxide charge. Weber et al. have recently analyzed the defects in Al2 O3 in the context of III–V electronics and found that Al interstitials and oxygen vacancies are positively charged.18 According to hybrid functional calculations, Choi et al. reported that oxygen vacancies (donor levels), oxygen interstitials (deep acceptors), Al interstitials (deep donors), and Al vacancies (deep acceptors) are unlikely to act as charge traps at Al2 O3 /III-V interfaces, but they will act as fixed-charge centers.19 Similarly, Al vacancies and O interstitials were suggested to form oxygen dangling bonds, contributing negative fixed oxide charges.20 PL spectra in Fig. 3 showed that oxygen vacancy-related defects were present more for 20 min annealing, increasing the amount of positive fixed charges. Hence, the positive V FB shift for 20 min annealing was less significant. The interface state density (Dit ) at the Al2 O3 /InP interface were obtained from C–V curves using Terman method.21 In this method, the surface potential (ψ S ) from the ideal C–V curve is compared with gate voltage of the experimental C–V curve corresponding to the same capacitance (shown in Fig. 4(a)) to quantify the stretch out (dψS /dVG ). Dit were calculated through the following equation21 ! −1   CS (ψS ) COX  dψS Dit = − 1 − (3)  q  dV q    where C OX is the oxide capacitance and C S is the semiconductor capacitance. The obtained Dit vs. E C -E t (location of the interface state) is presented in Fig. 4(b). The interface state density for 10 min annealing was observed to be lower than those for other annealing times. To make it more clearly, we measured C–V curves at 10 kHz as shown in the inset in Fig. 4(b). Unlike other annealing times, 30 min annealing showed the gradual increase of capacitance values (stretch out to the positive
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FIG. 4. (a) comparison of experimental capacitance–voltage (C–V ) data measured at 100 kHz and ideal C–V data and (b) interface state density (Dit) distributions determined by applying the Terman method to 100 kHz C–V characteristics, and (c) voltage dependent series resistance. The inset in (b) shows the C–V data measured at 10 kHz.



direction) with increasing the gate bias, resulted from the higher interface state density. Cheng et al. investigated the effect of interface processing on the distribution of interfacial states in Al2 O3 /GaAs metal-oxide-semiconductor field effect transistors (MOSFETs) and suggested that when the acceptorlike defects are present in the gap, frequency dependent C–V profiles in n-type GaAs are much dispersed in the accumulation and depletion regions.22 Hence, our C–V data indicate the presence of acceptor-like defects at the Al2 O3 /InP interface. According to the annealing process on Al2 O3 /InP interface, Dong et al. has shown that annealing may lead to indium atoms diffusion into Al2 O3 and enhance the phosphorus-oxide richness at the interface.23 This newly formed oxide layer formed extra interface defects, which provided more chances for the electrons to be injected from the substrate.24 The series resistance can also be subtracted from the measured capacitance (C m ) and conductance (Gm ) at sufficiently high frequencies and in strong accumulation region, given by25 RS =



Gm G2m



+ (ωCm )2



(4)



where ω (=2πf ) is the angular frequency. Using Eq. (4), the voltage dependent series resistance at 100 kHz was calculated, which is shown in Fig. 4(c). Above -1 V, the series resistance first increased up to a peak point and then decreased for 20 and 30 min annealed samples. Such voltage dependence of series resistance was attributed to the particular distribution of localized interface states,26 indicating that the contribution of interface states to series resistance is more significant. As shown in Fig. 3, these samples also showed the stronger defect-related emission. The presence of interface states at Al2 O3 /InP interface and the defects in Al2 O3 layer may reduce the series resistance. Resultantly, it is suggested that the positively charged defects in Al2 O3 layer and the InP surface was oxidized for longer annealing time, degrading the Al2 O3 /InP interface.
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IV. CONCLUSION



We have investigated the interfacial properties of Au/Al2 O3 /n-InP junctions with different post deposition in-situ annealing times of 10, 20 and 30 min. With increasing the annealing time, barrier height and ideality factor found to remain similar but series resistance decreased significantly. PL spectra showed that both the NBE and DB emission intensities decreased with 30 min annealing. The diffusion of oxygen atoms into the Al2 O3 /InP interface (thus, forming oxygen vacancy in the Al2 O3 layer) as well as the diffusion of indium atoms into Al2 O3 layer became significant with increasing the annealing time. These led to the creation of oxygen-related defects at the Al2 O3 /InP interface, increasing the interface state density. ACKNOWLEDGMENTS
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