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We investigate nanostructural properties of GaAs//indium tin oxide 

(ITO)/Si junctions fabricated by surface-activated bonding with 

emphasis on impacts of thermal process. Both of the Ga 2p3/2 and 

As 2p3/2 core-level spectra obtained by hard X-ray photoemission 

spectroscopy show that the GaAs layers are oxidized by annealing 

at 400 ℃. This finding is consistent with the formation of 
amorphous-like layers at 400 ℃ annealed GaAs//ITO interfaces. 

Concentration depth profiles of O, Ga, and As suggest that the 

oxidation markedly occurs at GaAs//ITO interfaces annealed at 

temperatures higher than 200 ℃, which is consistent with the 
dependence of resistance in GaAs//ITO/Si junctions on annealing 

temperature. These results suggest that annealing brings about the 

reaction between GaAs and ITO layers and causes the degradation 

of the electrical properties of GaAs//ITO interfaces. Low-

temperature process technologies are essential so as to make a full 

use of ITO as intermediate layers in III-V-on-Si multijunction cells. 

 

 

Introduction 

 

III-V-on-Si multijunction (MJ) solar cells are attractive as low-cost and high-efficiency 

next-generation solar cells (1–3). Given that a high density of dislocations (4) and cracks 

(5) are reportedly apparent in GaAs layers epitaxially grown on Si substrates due to a 

large mismatch in the lattice constants and thermal expansion coefficients between GaAs 

and Si, several bonding technologies such as conventional direct bonding (6), smart stack 

approach (7) and surface activated bonding (SAB) (8–11) have been applied for 

fabricating III-V-on-Si MJ cells. 

 

In the SAB process (12), surfaces of substrates to be bonded are irradiated by the fast 

atom beam (FAB) of Ar. Then the surfaces are activated so that dissimilar materials with 

different lattice constants and thermal expansion coefficients are directly bonded. It was 

found by using cross-sectional transmission electron microscopy (XTEM) that 

amorphous-like intermediate layers were formed at as-bonded Si//Si (13) and GaAs//Si 

(14) interfaces and the amorphous-like layers were recrystallized by annealing. Hard X-

ray photoemission spectroscopy (HAXPES) (15, 16) was applied for examining impacts 

of annealing on chemical bonds at GaAs//Si interfaces (17). As for the electrical 

properties, it was found that interface states were introduced to bonding interfaces by Ar 

10.1149/09804.0125ecst ©The Electrochemical Society
ECS Transactions, 98 (4) 125-133 (2020)

125



FAB irradiation during the SAB process, which caused depletion in the vicinity of 

interfaces and an increase in the interface resistance (18).  

 

We proposed the application of indium tin oxide (ITO) intermediate layers so as to 

reduce the influence of the interface states. We obtained a lower series resistance in 

InGaP/GaAs//ITO/Si triple-junction cells in comparison with triple-junction cells without 

ITO layers (19). We observed, however, larger interface resistances for GaAs//ITO/Si 

junctions when we annealed them at higher temperatures (20). Given that the change in 

the resistivity of ITO films due to the annealing is not enough to explain the increase of 

interface resistance, the nano-scale properties of GaAs//ITO interfaces should be 

examined so as to clarify the mechanism. In this work, we investigate impacts of thermal 

process on nanoscale structures in GaAs//ITO/Si junctions by HAXPES. We also 

examine the concentration depth profiles (CDPs) of elements in the vicinity of 

GaAs//ITO interfaces using X-ray photoelectron spectroscopy (XPS) and Ar+ sputter. 

 

 

Experimental method 

 

We deposited a 100-nm ITO film on a Si (100) substrate. We bonded a GaAs/InGaP 

epitaxial substrate, which was composed of a 150-nm InGaP etch stopper and an 800-nm 

GaAs layer grown on a GaAs (100) substrate, to the ITO film using SAB. The substrates 

were not heated during the bonding process. After annealing at 400 ℃ for 1 min in N2 

ambient, the GaAs substrate and InGaP etch stopper were eliminated by using selective 

wet etching. By subsequently etching the GaAs layer, we prepared ~30-nm GaAs//ITO/Si 

junctions for HAXPES measurements, which were carried out using BL47XU at SPring-

8 (21) with a take-off angle of 40°. The X-ray beam used for HAXPES was 

monochromatized with Si (111) double-crystal and Si (444) channel-cut monochromators, 

which provides a 7940-eV X-ray with a bandwidth of ≈40 meV, a focal spot size of 30 

μm (horizontal) by 40 μm (vertical), and a flux of 2.8×1011 photons/s. AVG Scienta 

R4000 hemisphere electron analyzer was used. The binding energy of the HAXPES 

spectra was calibrated using the Fermi energy of an Au reference. Photoelectron signals 

due to Ga 2p3/2 and As 2p3/2 core levels were examined. For XPS measurements we 

prepared 100-nm ITO//GaAs junctions by bonding ITO films deposited on Si (100) 

substrates to GaAs (100) substrates, annealing at different temperatures (100, 200, 300, 

and 400 ℃) for 1 min in N2 ambient, and dissolving the Si substrates using a 30% KOH 

solution heated to 80 ℃. Shimadzu ESCA-3400HSE model in combination with 1.0-keV 

and 20-mA Ar+ sputter was used so as to examine the CDPs of the respective elements. 

 

 

Results 

 

The Ga 2p3/2 core-level spectra of GaAs//ITO interfaces without and with annealing at 

400 ℃ are shown in Fig. 1(a). The background was subtracted using the Shirley method 

(22). By fitting to the Voigt function, we found that the spectra were dissolved into three 

peaks. Curves obtained by fitting were in good agreement with the experimental results 

as is shown in this figure. The extracted binding energies, ≈1117.4, ≈1118.1, and ≈1118.8 

eV, were attributed to Ga-As (1117.4 eV), Ga-O in Ga2O (1118.1 eV) and Ga-O in Ga2O3 

bonds (1118.8 eV), respectively, by comparing with literatures (23–25). The ratio of Ga-

O intensities to Ga-As ones (Ga-O/Ga-As) was estimated to be 0.24 and 2.79 for 
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interfaces without and with annealing, respectively. The As 2p3/2 core-level spectra of 

GaAs//ITO interfaces are shown in Fig. 1(b). Using the same fitting process for the Ga 

2p3/2 spectra, the respective As 2p3/2 spectra were separated into two peaks with binding 

energies of ≈1323.0 and ≈1326.0 eV. Curves obtained by fitting are also shown in the 

figure. The binding energies were attributed to As-Ga (1323.0 eV) and As-O bonds 

(1326.0 eV) (23, 24, 26–28), respectively. The As-O/As-Ga ratio was 0.11 and 0.53 for 

interfaces without and with annealing, respectively. The binding energies and full widths 

at half maximum of the respective peaks as well as the Ga-O/Ga-As and As-O/As-Ga 

ratios are summarized in Table I. The intensity ratios observed for GaAs//Si interfaces 

without and with 400-℃ annealing (17) are also shown for comparison. Notably both of 

the Ga-O/Ga-As and As-O/As-Ga ratios increased for GaAs//ITO interfaces by annealing 

at 400 ℃, while the ratios decreased by annealing GaAs//Si interfaces. 

 

 

 

Figure 1. (a) Ga 2p3/2 core-level spectra and (b) As 2p3/2 core-level spectra of 

GaAs//ITO interfaces without and with annealing at 400 ℃. 

 

 
Table I. Binding energy and intensity ratio of peaks in Ga 2p3/2 and As 2p3/2 core-level spectra of 

GaAs//ITO interfaces. Intensity ratio measured for GaAs//Si junctions (ref. 17) is also shown.  

Interfaces 

(annealing 

condition) 

Binding energy (eV)/FWHM (eV) Intensity ratio 

Ga-O 

(Ga2O3) 

Ga-O 

(Ga2O) 
Ga-As As-O As-Ga Ga-O/Ga-As As-O/As-Ga 

GaAs//ITO 

(w/o annealing) 
1118.8/1.0 1118.1/1.3 1117.4/0.9 1326.0/2.3 1323.0/1.1 0.24 0.11 

GaAs//ITO 

(400 ℃/1 min.) 
1118.8/1.3 1118.1/1.2 1117.4/1.0 1326.1/2.6 1323.0/1.3 2.79 0.53 

GaAs//Si 

(w/o annealing) 
− 3.94 0.83 

GaAs//Si 

(400 ℃/1 min.) 
− 0.75 0.09 
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XTEM images of the GaAs//ITO interfaces without annealing and with 400-◦C 

annealing are shown in Figs. 2(a) and 2(b), respectively. A ≈1-nm thick amorphous-like 

intermediate layer was observed at the interface with the 400-℃ annealing, while such an 

intermediate layer was not apparent at the interface without annealing. 

 

 

 
Figure 2. Cross-sectional TEM images of GaAs//ITO interfaces (a) without annealing and 

(b) annealed at 400 ℃. 

 

 

 
Figure 3. A wide-range XPS spectrum of an ITO//GaAs interface without annealing at a 

sputter time of 840 s. 

 

 

Figure 3 shows a wide-range XPS spectrum of ITO//GaAs interfaces obtained at the 

sputter time t of 840 s. Signals due to In 3d, Sn 3d, O 1s, Ga 2p3/2, and As 3d orbits were 

apparent. Their contributions were quantified by subtracting a linear background from the 

obtained signals so that the atomic concentrations of In, Sn, O, Ga, and As were extracted. 

Their CDPs, or the relationships between the atomic concentrations and t for the 

respective elements, are shown in Figs. 4(a)-4(e) for ITO//GaAs interfaces without and 

with annealing at 100, 200, 300, and 400 ℃, respectively. CDPs of O, Ga, and As of 

surfaces of unprocessed GaAs (100) substrates are shown in Fig. 4(f). 
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Figure 4. Concentration depth profiles (CDPs) of In, Sn, O, Ga, and As for ITO//GaAs 

interfaces (a) without annealing and with annealing at (b) 100, (c) 200, (d) 300, and (e) 

400 ℃, and (f) CDPs for unprocessed surfaces of GaAs (100) substrates. 

 

 

The experimental CDP data were fit to the Boltzmann sigmoid function, which is 

given by 
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f (t) = (A1- A2)/(1 + exp(a(t-t0))) + A2    [1] 

 

 

where A1, A2, a, and t0 are parameters to fit. The results of fitting are also shown in the 

respective figures. The estimated t0, the time for the halfway between the minimum and 

maximum for each CDP curve, is summarized in Table II. Results for unprocessed 

surfaces of GaAs (100) substrates are also shown. We find that ∆t0,O-Ga (≡ t0,O-t0,In, the 

difference in t0 between O and In), ∆t0,O-Ga (≡ t0,O-t0,Ga), and ∆t0,O-As (≡ t0,O-t0,As) roughly 

increase as the annealing temperature increases. 

 

 
Table II. t0 and ∆t0 of In, Ga, As, O of GaAs//ITO interfaces and unprocessed surfaces of GaAs 

(100) substrates. 

 t0 (s) ∆t0 (s) 

 In Ga As O O-In O-Ga O-As 

GaAs//ITO interfaces  

without annealing 867.0 855.9 855.9 867.0 0.0 11.1 11.1 

100 ℃ annealed 1210.4 1210.4 1186.0 1210.4 0.0 0.0 24.4 

200 ℃ annealed 1038.6 1023.1 1056.2 1083.6 45.0 60.5 27.4 

300 ℃ annealed 1035.6 1021.2 1050.3 1065.7 30.1 44.5 15.4 

400 ℃ annealed 876.2 873.3 885.8 910.9 34.7 37.6 25.1 

surface of GaAs sub.* − 11.7 15.2 18.1 − 6.4 2.9 

* Time corresponding to halfway of atomic concentrations at t=0 and ∞. 

 

 

Discussions 

 

The decrease in the Ga-O/Ga-As and As-O/As-Ga ratios observed for annealed GaAs//Si 

interfaces [Table I] was attributed to the reduction of oxide layers formed during the 

surface activation process (17). The results of the present work, the increase in Ga-O/Ga-

As and As-O/As-Ga ratios due to the annealing, suggest that the reaction between GaAs 

and ITO occurred and transition layers, which were assumed to be composed of partly-

oxidized GaAs, were formed at the interfaces. This view is supported by the result that 

amorphous-like layers were observed at the 400 ℃ annealed GaAs//ITO interfaces by 

XTEM characterization. 

 

We rudely assume that t0 of CDP curves corresponds to the edge of distribution of the 

respective elements although the observed curves are likely to be influenced by surface 

roughness, atomic mixing, or preferential sputtering during the Ar+ sputter (18). On this 

assumption, ∆t0,O-Ga, ∆t0,O-As, and ∆t0,O-In give a measure of the reaction between GaAs 

and ITO at the bonding interfaces. We estimated the thickness of transition layers with 

reference to the etching rate of GaAs due to the Ar+ sputter, which was found to be 0.19 

nm/s in a preparatory study. The relationship between the transition layer thickness and t 

is shown in Fig. 5. The thickness of native oxides on surfaces of GaAs substrates, which 

was estimated using the same method, is also shown. We find that the transition layer is 

formed when the junctions are annealed at temperatures higher than 200 ℃. The 

observed behavior is consistent with our previous finding that the electrical resistance of 

GaAs//ITO junctions drastically increased irrespective of the polarities of GaAs layers 

when they were annealed at such temperatures. The difference in the thickness of 

transition layers obtained by analyzing CDPs (≈6 nm at 400 ℃) and the thickness of 
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amorphous-like layers in XTEM image (≈1 nm) might be due to the parasitic effects 

caused by the Ar+ sputter and the uncertainty in etching rate of partly-oxidized GaAs 

layers. The obtained results imply that III-V-on-Si junctions for hybrid MJ cells should 

be processed in low-temperature (< 200 ℃) environments for fully utilizing ITO as 

intermediate layers in hybrid MJ cells.  

 
Figure 5. The estimated thickness of transition layers for ITO//GaAs interfaces as 

function of annealing temperature. The thickness of native oxides on unprocessed GaAs 

substrates is also shown. 

 

 

Conclusion 

 

We examined effects of thermal process on nanostructural properties of GaAs//ITO 

interfaces that were fabricated by using the surface activated bonding technologies. Hard 

X-ray photoemission spectroscopy analyses indicated that the contribution of chemical 

bonds to O in the Ga 2p3/2 and As 2p3/2 core-level spectra was enhanced in the 400 ℃ 

annealed junctions, which implied that the GaAs layers were oxidized in the vicinity of 

GaAs//ITO interfaces. The concentration depth profiles obtained by X-ray photoelectron 

spectroscopy in combination with Ar+ sputter suggested that the oxidation of GaAs layers 

markedly occurred when the annealing temperature was higher than 200 ℃, which 

agreed with the increase of resistance across GaAs//ITO junctions due to the annealing. 

The results of the present work imply that the low-temperature process is needed so as to 

apply ITO films for intermediate layers in III-V-on-Si multijunction solar cells. 
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