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Control of defect densities at insulator/GaxIn1-xAs interfaces is essential for optimal operation 

of various devices like transistors and infrared detectors to suppress for example non-radiative 

recombination, Fermi-level pinning, and leakage currents. We report that a thin InOx interface 

layer is useful to limit the formation of these defects by showing effect of InOx on quantum 

efficiency of Ga0.45In0.55As detector and on photoluminescence of GaAs. A study of the 

Al2O3/GaAs interface via hard x-ray synchrotron photoelectron spectroscopy reveals chemical 

structure changes at the interface induced by this beneficial InOx incorporation: the InOx sheet 

acts as an O diffusion barrier that prevents oxidation of GaAs and concomitant As bond 

rupture. 
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1. Introduction

An oxide/GaxIn1-xAs interface is frequently found as part of various device components (e.g., 

metal-oxide-semiconductor high electron mobility transistor, MOS-HEMT, structure and IR 

detectors)[1-8] currently used in electronics and in the design of many a potential future device 

(e.g., III-V MOS field-effect transistor, MOSFET, and tunnel field-effect transistor, TFET).[9-

12] However, oxide/GaxIn1-xAs interfaces are usually considered as non-optimized, adversely

affecting the device performance: namely, they contain a high density of material defects that 

cause electronic defect states in the band-gap area (gap-states), which further increase the 

leakage current, non-radiative recombination, and Fermi-level pinning for example. With the 

continuous development of wireless communication and intelligent transport systems, 

developing ways to control/reduce defect states concentrations in oxide/GaxIn1-xAs interfaces 

becomes an essential task in order to improve the performance of devices based on III-V 

semiconductors.  

Indeed, the nature of these interface defects as well as the methods to control their formation 

have been the subject of a vast body of investigations [e.g., Refs. 13-23]. In previous studies, 

these defect states have been found to arise, amongst others, from group-V dimers; group-V 

and group-III dangling bonds; and III-Ox or V-Ox phases. Thus, the identification of defect 

origin(s) is an open issue. There appears to be a consensus that the high oxidation state of Ga 

(i.e., Ga2O3 type) increases defect density and is more harmful than the corresponding oxides 

of In.[20-23] However, the mechanism responsible for Ga2O3-related gap states in GaxIn1-xAs 

remains unclear. Methods to decrease the defect concentrations at an oxide/GaxIn1-xAs 

interface should be further developed to match the famous industrial workhorse of SiO2/Si in 

applications where interface defects limit the performance. A potential approach, presented 
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recently,[19,23] includes the deposition of a thin In layer on GaAs, followed by the oxidation of 

such In-terminated GaAs before the growth of an insulator film. This method leads to a 

crystalline oxidized In-containing GaAs surface: GaAs(100)c(4×2)-InOx, which is promising 

to be incorporated into device structures, because it is found to increase photoluminescence 

(PL) intensity of GaAs, ascribed to result from a reduction in defect state density.[23] 

Here we demonstrate the incorporation of this InOx interface layer into an optoelectronic 

device structure, namely GaxIn1-xAs infrared detector. We show how the InOx layer can be 

included in the detector process so that the external quantum efficiency (EQE) increases due 

to InOx. Furthermore, we have investigated the chemical structure of the Al2O3/GaxIn1-xAs 

interface via hard x-ray photoelectron spectroscopy (HAXPES), in connection to the PL 

intensity comparison, to elucidate Ga-O-mediated defect-state formation. High resolution 

HAXPES As 3d spectra reveal a relation in the intensity of a spectral feature associated with 

As dangling bonds to the concentration of defect gap states. A defect-formation path which is 

consistent with recent calculations[24] is suggested. 

2. IR detectors with InOx interface

The layer structure and a cross-sectional view of a processed IR detector device is depicted in 

Figure 1. A thin p+-Ga0.75In0.25As serves as a pseudomorphic window layer to diminish the 

diffusion of minority charge carriers to the surface. A similar structure has been shown[25] to 

have high small-signal compression current along with high optical responsivity. After MBE 

growth, a protective 50 nm As cap layer was deposited on the topmost surface. The cap was 

removed in a separate vacuum system by heating the sample to ca. 400 °C for 15 min before 

indium deposition and crystalline oxide surface preparation, similar to one used for 

GaAs(100)[19] (described below), and atomic layer deposition (ALD) of Al2O3. 
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A standard optical lithography procedure was used to process the sample pieces into IR 

detector devices. Initially, four 3×2.15 mm2 mesas were dry etched with a commercial 

inductively coupled plasma reactive ion etching (ICP-RIE) dry etch system with a Cl2/N2 

plasma on the samples. Large area samples were produced in order to minimize effects from 

the sidewalls, to more reliably characterize the surface related performance. On the mesa 

areas, grid openings to Al2O3 film were etched with (1:10) NH4OH:H2O. Top-side 50/50/200 

nm Ti/Pt/Au grid metal with a lift-off procedure was deposited, resulting in a total area of 

1.84 mm2 on a single mesa. Following the top lift-off metallization, bottom-side 5/5/30/90 nm 

Ni/Au/Ge/Au sheet metal was deposited and thermally annealed at 370 °C for 60 s to form an 

optimal Ohmic contact.  

The EQE from two IR detector mesas, which fitted the experimental EQE setup, from each 

sample were measured to characterize the wavelength dependence on the performance of the 

devices. White light was projected through a monochromator and lenses to produce a spot of 

100×100 µm2 using a 27 Hz frequency chopper with a feedback to filter out the response 

caused by ambient light. The resulting responsivity has a very low noise due to long duration 

of illumination. The light source is calibrated to maintain constant intensity with a photodiode 

feedback, for reproducible measurements. Wavelength range of 1120 - 1800 nm was swept 

and the response of each point was measured. Calibration was done by initially measuring the 

response from a Ge diode, the responsivity of which was known and the data was scaled 

accordingly. 

Responsivities observed for the crystalline oxide detectors (four devices characterized in total) 

and reference devices (two devices characterized in total) are plotted in Figure 2. The 

responsivity of the devices, excluding one clearly off from the trend, is in the range of 0.4 - 

0.5 AW-1 in the 1200 - 1600 nm wavelength range. A peak responsivity value for the 
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crystalline oxidized GaInAs photodetector was 0.52 AW-1 and for the reference sample 0.46 

AW-1. The peak EQE values in this range are 0.49 and 0.42, respectively. A notable 

difference is the increasingly higher responsivity of the crystalline oxide samples towards 

lower wavelengths, which are absorbed closer to the surface, another proof for higher surface 

quality due to a lower degree of non-radiative recombination. This is well illustrated also by 

the higher rise of the low wavelength responsivity with a higher In-content that corresponds 

closer the c(4×2) surface as compared to lower In-content closer to (1×1) discussed in section 

3. These results along with the improved responsivity overall clearly indicate the benefit of

passivation via crystalline oxide InOx-interlayer. 

3. Interface analysis

3.1. Sample preparation 

To investigate the origin of the beneficial effect of the crystalline oxide layer, four GaAs(100) 

samples were prepared in an in-situ ultrahigh vacuum atomic layer deposition (UHV-ALD) 

system. 5×10 mm2 sample pieces were cut from an epi-ready 2.5×1018 cm-3 Si-doped n-GaAs 

wafer. Samples were cleaned using Ar+-sputtering (at 1×10-7 mbar Ar pressure, 10 mA 

emission current, 1 kV acceleration voltage and 350-400 °C sample temperature) and post-

annealing cycles at 400-450 °C until a prominent (6×6) low energy electron diffraction 

(LEED) pattern was observed. This reconstruction is characteristic for a fairly Ga-rich 

surface[26] and could reliably be reproduced to achieve atomically smooth surface. On three of 

the samples, different amounts of In, estimated to be in the range of 0.2 - 2 monolayers, were 

deposited, annealed until a c(8×2) was observed, then simultaneously oxidized and annealed 

in UHV in a way that produced a crystalline oxide terminated GaAs(100)-InOx surface, the 

detailed procedure of which is described elsewhere.[19] One reference sample with no indium 

or oxidation was also included in the following tests. The final reconstruction is observed to 

depend on the amount of In deposited with highest tested amount of In exhibiting (4×3) and 

slightly lower c(4×2). With the lowest tested amount of In, only a (1×1) LEED pattern is 
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detected, which could be interpreted as a thin amorphous oxide that only slightly attenuates 

LEED signal from sub-surface layers and possibly only small areas of crystalline surface. 

However, surprisingly sharp and prominent LEED spots seen in the second inset of Figure 3 

imply an un-reconstructed bulk-like terminated surface. It is worth noting that a LEED 

coherence length is short (about 10 - 20 nm), and therefore, the presence of local amorphous 

defect areas cannot be excluded because of a sharp LEED pattern, while possible amorphous 

areas are expected to broaden the oxide related XPS emission components. Subsequently, the 

samples were transferred in-situ to the ALD chamber and a 12 nm Al2O3 film was deposited. 

H2O and trimethylaluminum (TMA) were used as precursor gases. The sample temperature 

was kept at 180 °C during deposition. 

3.2. PL analysis 

The samples, interfacial areas of which were protected by the Al2O3 film, could be measured 

with an ex-situ PL system to qualitatively characterize the density of defect states. Figure 3 

shows the PL spectra for each of the samples along with the LEED figures of the starting 

surface of GaAs(100)(6×6) and the observed intense (1×1)-InOx as insets. For LEED patterns 

of the other surfaces, we refer to our previous works.[19,23] The least amount of non-radiative 

recombination is observed for the c(4×2) sample, and the most for the (1×1) sample. The PL 

results indicate that there is an optimal amount of In which corresponds to an essentially much 

more passivated interface. 

3.3. HAXPES study and analysis 

To investigate the passivation mechanism, HAXPES measurements of the As 3d and In 3d 

core levels were carried out at the High Kinetic Energy Photoelectron Spectrometer (HIKE) 

endstation located at the BESSY II KMC-1 beamline at Helmholtz-Zentrum Berlin 

(HZB).[27,28] The samples were probed as-is, for the main goal was to probe the effects caused 

by the different interfaces at Al2O3/GaAs. Photon energies, hν, of 2020 eV - 7332 eV were 

used to probe the interface by varying the information depth of the measurements, i.e. largely 
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differing inelastic mean free paths (IMFPs) or attenuation lengths, in the measured signal. 

Figure 4 shows comparison of the As 3d spectra from Al2O3/GaAs(100)(6×6), c(4×2)-InOx 

and (4×3)-InOx measured at hν = 4020 eV. The data in Figure 4 is calibrated to the same 

binding energy (BE) at peak maximum, normalized to equivalent maximum intensity and 

similar background level on the BE side. There are some distinct and consistent features 

separating the spectra. The (6×6) sample has increased emission features (marked by arrows 

in Figure 4) at both the low and high BE sides of the bulk component, as compared to the 

InOx samples. Although all the As 3d spectra are relatively narrow, these marked broadenings 

for the (6x6) sample are clearly distinguished from the noise level. These features are utilized 

along with surface sensitivity and other peak boundary conditions in the peak fitting 

procedure discussed next. Figure 5 a) shows the HAXPES As 3d spectra using different 

excitation energies (i.e., varying information depths) on Al2O3/GaAs(100)(6×6); spectra were 

normalized to their maximum intensity. In Figure 5 b), normalized intensities from the 

samples with an InOx interlayer (hν = 4020 eV) along with the In 3d5/2 with similar intensity 

calibration as insets are shown. 

Fitting of peaks arising from different chemical states or energy levels was done using 

CasaXPS software version 2.3.16.[29] Here, we focus on the curve fit analysis results of the 

high resolution As 3d peaks, since effects on Ga bonding have previously been investigated in 

detail.[20-23] In our study, Ga 3d, that is commonly used for high resolution characterization of 

Ga chemical states[23,30] could not be utilized due to highly intense tail from adjacent O 2s 

peak. However, for similar InOx interface and thin Al2O3, reduced oxidation of Ga has been 

observed.[23] Calibration of the BE scale for each excitation energy was carried out by 

adjusting the BE of Au 4f7/2 peak to 84.0 eV, measured from a clean gold foil that was in 

electrical contact with the sample. For the curve fit analysis of the As 3d spectra, offset 

Shirley background was subtracted. Voigt profile approximation of Gaussian-Lorentzian 
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product [GL(50)] peak profile was used that had a doublet separation of 0.71 eV and a spin-

orbit splitting (SOS) ratio between the 3d3/2 and 3d5/2 of 0.67. Five different peak pairs in total 

were needed to obtain a suitable fit for the As 3d spectra of the sample series. Bulk peak BE 

position was fixed to an interval of 41.3 - 41.57 eV and all of the peak widths to 0.50 - 0.63 

eV and the maximum FWHM variance for a given peak at a given hν to ±0.05 eV. Two of the 

peaks were identified at a higher BE from bulk, one at +0.25 eV and one seen only for the 

Al2O3/GaAs(100)(6×6) sample with hν = 2020 eV at +1.0 eV. Two components were 

observed at lower BE, -0.65 eV and -0.40 eV. 

The -0.65 eV component was seen for most of the peaks on a broad range of IMFPs as well as 

the high intensity +0.25 eV component. The components at -0.40 eV are assigned 

straightforwardly to As-In bonding as they correspond well with the amount of In at each 

interface also roughly confirmed by the relative intensity of In 4d and In 3d peaks. InAs 

chemical states lie at a lower absolute BE than GaAs consistent with the separation of -0.4 

eV.[31] By further comparing the intensities of PL, i.e., relative defect state densities, it is 

observed that for samples that have higher PL also tend to have lower intensity of -0.65 eV 

peak. This observation suggests that this peak consistently characterizes the bonding 

environment of defects. 

The +1.0 eV separation in GaAs is characteristic for sub-oxides[22,32] and in the case of GaAs, 

different kinds of sub-oxide environments are possible. These states are presumed to be 

located at the interface, which is supported by the fact that a small +1.0 eV peak is observed 

only for the non-InOx containing sample with lowest hν, i.e., with highest interface selectivity. 

Only a minor As-O contribution is to be expected due to the Ga-rich starting surface. This 

assumption is supported by many studies which assign midgap defect states to As-bonds that 

have an amphoteric nature, caused by vacancy-antisite and/or dimer-like positioning of As 
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that can correspond to local deficiency in Ga-bonds.[24,33-25] Group III oxides are typically 

more stable than group V oxides, and preferential bonding of O to Ga is commonly observed 

in III-V compounds.[14,36-38] The highest -0.65 eV component intensity for the 

Al2O3/GaAs(100)(6×6) observed with the oxide peak is consistent with the appearance of As 

dangling bonds induced by the Ga-O bond formation. Because for this sample there is a high 

presence of oxygen, oxidation of As also takes place. Indeed, a negative shift due to charge 

accumulation is to be expected in n-type GaAs for defective states in As-bonding due to their 

amphoteric[24] nature. An interesting observation made here is that this As dangling bond 

related component originates from a broad range of depths according to the spectroscopic 

results. 

A surprisingly intense component necessary for fitting an envelope that reproduces the spectra 

is required at a low BE difference of +0.25 eV. There is some correspondence between the 

appearance of As dangling bond peak and this interface related component. Again, this peak 

pair shows high relative intensities in As 3d spectra that was measured with a broad excitation 

energy range, and especially for the Al2O3/GaAs(100)(6×6). In contrast for the 

Al2O3/GaAs(100)-InOx this component is smaller and decays faster. Considering the 

observations above, we assign this peak to band bending, i.e., charge redistribution effects, 

which have been observed with HAXPES for GaAs(100).[39] This is a natural consequence of 

charge accumulation at the interface, causing upward bending in the range of tens of 

nanometers for GaAs. A potential affecting the energy levels in the range of CBM to midgap 

in the vicinity of the interface can easily affect the position and width of the envelope peak in 

the range of 0.1 - 0.2 eV. [39] It is to be noted that fitting two similar peaks (bulk 'flat band' and 

interface 'bent band') to take this effect into account is a rough approximation but accurate 

enough, especially in a non-quantitative estimation. A fitting algorithm for reproducing a 

single bulk peak with bent bands at the interface region is a complicated task because, as is 
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shown above, the defect states are not located abruptly at the interface but also at the 

subsurface region. However, it is easily observed that this interface-induced band bending is 

much smaller in InOx-terminated samples, as the interface related emission has decayed to 

much less than that of the Al2O3/GaAs(100)(6×6) sample. It is to be noted, that in our case the 

electrons accumulate near the defective sites and escape from the subsurface beneath, which 

is consistent with the interpretations about lower and higher BE of core-level electrons in 

these respective areas. 

Taking into account the results presented above, we interpret the beneficial effect of indium to 

be caused by the stabilization of GaxIn1-xAs crystal surface and subsurface region. The 

preferential oxygen incorporation into a well-defined crystalline interlayer sheet can prevent 

the protrusion of O into the subsurface, or the migration of Ga out of the subsurface regions, 

which would give rise to vacancy-antisite and/or dangling bond defects. The amount of 

deposited In is an important parameter in the oxygen termination. Well crystallized surfaces 

can be obtained by employing a wide range of parameters, but not all prevent defect 

generation as efficiently. Residual Ga oxidation can occur in the case of smallest amount of In, 

i.e. (1×1), due to the pre-oxidation treatment. As the upward band bending decreases due to In,

more charge carriers are present close to the surface, increasing non-radiative recombination 

through the same As-related defects, which are much more prominent at (1×1) than at the 

other InOx structures. Thus the amount of charge carriers in the surface region (due to 

bending) and the amount of defects do not balance each other out in terms of carrier 

recombination. An excess of In can also create alternative defects that do not exert such a 

large band bending effect but that cause alternative charge carrier recombination paths. 

4. Conclusion

In summary, it has been reported how a crystalline InOx interface can be included in an

optoelectronic III-V device structure, which resulted in EQE enhancement for the infrared 
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detector with Al2O3/InOx/GaxIn1-xAs. To understand the beneficial effect of InOx, we have 

performed high resolution HAXPES measurements of the Al2O3/GaAs junctions with 

different interfacial InOx and compared the spectral changes to the PL intensity changes. The 

results support a defect formation model in which strong Ga oxidation (i.e., Ga2O3 formation) 

causes the rupture of Ga-As bonds, resulting in As dangling bonds that lead to the formation 

of band-gap states. 
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Figure 1. Cross-sectional schematic view of the IR detector. Thicknesses are shown next to 
the corresponding layer and doping concentrations in parentheses. Figure is not to scale. 
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Figure 2. Responsivity data measured from GaInAs photodetectors with and without 
crystalline oxide InOx interlayer. Reducing evaporated In-content on the surface from 
calibrated c(4×2) parameters results in decreased responsivity. 
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Figure 3. PL (excitation: 14 J, 532 nm at RT) and LEED data measured from the GaAs(100) 
samples. Al2O3/GaAs(100)c(4×2)-InOx exhibits the highest PL intensity, i.e. lowest density of 
defects. 
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Figure 4. As 3d spectra of the Al2O3/GaAs(100)(6×6), c(4×2)-InOx and (4×3)-InOx samples 
showing distinct differences in peak intensities adjacent to the intensity maxima. Separated 
features are shown with arrows that are scaled to show the rough difference from the other 
spectrum. Peaks are calibrated to have same binding energy at maximum intensity to 
emphasize differences in peak shapes.  
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Figure 5. Curve fitted As 3d spectra of the a) Al2O3/GaAs(100)(6×6) sample with different 
photon energies for depth profiling, and b) with hν = 4020 eV of crystalline oxidized 
Al2O3/GaAs(100) samples with different InOx-reconstructions. Fitting residual is plotted in 
scale beneath each spectrum. 
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Novel crystalline oxide structure between GaAs(100) and ALD grown Al2O3 is shown to 
result in improvement of practical IR detectors. Hard x-ray photoelectron spectroscopy 
analysis shows that different InOx structures can give rise to different charge carrier 
recombination mechanisms, but they are straightforwardly suppressed with an optimal amount 
of In in the interfacial layer. 
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