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Abstract

The move toward terahertz (THz) wireless systems and advanced optoelectronic applications demands
devices with exceptional performance. InP-based technologies, combining high-frequency capability with
high power, are increasingly used in electronics and photonics. For these devices, excellent metal—
semiconductor contacts are critical. InP optoelectronic devices mostly rely on N-doped InP for N-type
contacts. In contrast, N-type InGaAs contacts pioneered in the InP electronics industry offer orders of
magnitude lower resistance due to their lower bandgap and higher dopant solubility. However, achieving
reproducible ultra-low-resistance ohmic contacts to InGaAs remains a major challenge. We apply a full
factorial Design of Experiments (DoE) to study the effects and interactions of indium concentration,
surface-cleaning method, and rapid thermal annealing (RTA). Electrical performance was measured via
the Circular Transfer Length Method (CTLM), while Transmission Electron Microscopy (TEM) with
Energy-Dispersive X-ray Spectroscopy (EDX) examined the metal-semiconductor interface. The optimal
process, 85% indium, O: plasma plus dilute H:PO; clean, and 360 °C RTA, achieved a specific contact
resistivity of (2.20 £0.04) x 1078 Q-cm? on par with the best reported for n-InGaAs and orders of magnitude
lower than typical n-InP values. All work was performed in a photonics fabrication facility, demonstrating
the feasibility of technology transfer.

1 Introduction

The rapid growth of global data traffic drives the need for faster and more efficient electronic and photonic
systems operating at terahertz (THz) frequencies [1]. Indium phosphide (InP)-based devices are key
enablers of this transition, offering high electron mobility, saturation velocity, and breakdown voltage [2].
These properties make InP the material of choice for high-speed transistors and optoelectronic components.
A persistent challenge, however, lies in forming low-resistance, reproducible ohmic contacts. Conventional
n-InP contacts typically exhibit specific contact resistivities above 10° Q-cm?, which is starting to limit
device performance. To address this, InGaAs was introduced as the contact layer in InP-based
heterostructures for InP electronic devices [3]. Its smaller bandgap and higher dopant solubility enable
lower Schottky barrier heights and enhanced tunneling, significantly reducing contact resistance by orders
of magnitude. Yet, achieving specific resistivities below 107® Q-cm? reproducibly remains unproven in
photonics foundries, which often employ different process conditions. This work systematically
investigates how material composition and processing conditions—specifically indium content, surface
cleaning, and rapid thermal annealing (RTA)—influence contact resistivity to InGaAs, aiming to define a
robust, photonics-compatible process window for future THz devices.

2 Methodology

The experiments were performed on quarter InP wafers grown by molecular beam epitaxy (MBE), featuring
InGaAs contact layers with indium compositions of 53% and 85% deposited on an InP buffer layer to
evaluate the effect of indium content on contact resistivity. Surface preparation is a critical step, as native
oxides form rapidly on III-V surfaces. Three cleaning conditions were compared: an O: plasma followed
by a dilute HsPOs dip, and additional Ar* sputter cleaning of either 30 or 120 seconds.



Following cleaning, a Ti/Pt/Au (25/75/100 nm) metal stack was deposited using e-beam evaporation
followed by lift-off. RTA was applied at 360 °C, 380 °C, and 400 °C for 15 seconds under a nitrogen
atmosphere. Control samples without annealing were included for reference. CTLM structures were
designed on the mask to extract sheet resistance and contact resistivity [4]. The CTLM geometry reduces
sensitivity to current spreading effects. Four-probe I-V measurements were carried out using a Keithley
2612B sourcemeter with temperature control at 20 °C. Structural characterization was performed via cross-
sectional TEM and EDX mapping to study interfacial reactions, especially the formation of conductive
TiAsx phases.

3 Results

All fabricated contacts exhibited linear I-V behavior, confirming the formation of ohmic contacts. The
measured contact resistivities spanned two orders of magnitude across the DoE matrix, revealing strong
dependencies on indium content and annealing temperature. Increasing the indium fraction from 53 % to
85 % consistently lowered p., attributing to reduced barrier height and enhanced tunneling. The influence
of cleaning was also pronounced: samples subjected to Oz plasma followed by HsPOa4 etching showed the
lowest resistivity, while extended Ar* cleaning degraded performance, possibly due to sputter-induced
surface modification or roughening. Such effects could increase electron scattering, although this cannot
be confirmed from the present data. RTA temperature optimization revealed 360 °C as ideal, balancing
interface reaction and diffusion. Figure 1 summarizes the main effects of the studied parameters: the
cleaning method in (a), indium content in (b), and annealing temperature in (c).
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Figure 1. Main effects of process parameters on the specific contact resistivity (p.). Boxplots show the
distributions of measured values for (a) cleaning method, (b) indium content in InGaAs, and (c) annealing
temperature. The optimized process, 85 % indium, reference cleaning, and 360 °C RTA, yields the
minimum pe.

The combination of 85 % In, reference cleaning, and 360 °C RTA achieved a specific contact resistivity of
(2.20 £ 0.04) x 10°® Q-cm?, with high reproducibility across dies. The Gage R&R analysis indicated a
variation below 7 %, confirming process stability. Figure 2 presents High Angle Annular Dark Field
(HAADF) Scanning TEM and EDX analyses for three representative samples: the reference (no RTA,
Figure 2(a)), the 360 °C annealed sample (Figure 2(b)), and the 120 s in-situ Ar-ion—cleaned sample (Figure
2(c)). In the reference sample (Figure 2(a)), an amorphous interfacial layer containing oxygen was
observed, confirming the presence of a native oxide that increases contact resistance. After annealing at



360 °C (Figure 2(b)), the oxide was removed, and a thin conductive TiAs, interfacial layer formed,
correlating with the lowest measured resistivity.

In contrast, the 120 s Ar-ion—cleaned sample (Figure 2(c)) showed no oxygen at the interface, yet a lower
resistivity value was not observed in the measurements shown in Figure 1. This could indicate that surface
damage or altered stoichiometry from extended sputtering occurred, offsetting the benefits of oxide
removal.
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Figure 2. Cross-sectional TEM images with EDX elemental mappings of Ti/Pt/Au contacts on InGaAs.
The profiles show the elemental distribution across the metal-semiconductor interface for samples
annealed at (a) 0 °C (no RTA), (b) 360 °C, and (c) 400 °C. The 360 °C sample exhibits a thin conductive
TiAsy interfacial layer and reduced oxygen content, correlating with the lowest measured contact
resistivity.

4 Discussion and Conclusion

The results demonstrate that both material composition and interfacial chemistry play a key role in
determining the achievable contact resistivity in InP-based device stacks. Increasing the indium content in
InGaAs narrows the bandgap and enhances carrier tunneling, while optimized annealing at 360 °C promotes
the formation of a thin, conductive TiAs interfacial layer that reduces the barrier height. Excessive
annealing, however, correlated with increased resistance, possibly due to enhanced interdiffusion or surface
modification at the interface. The achieved p. of 2.20 x 107® Q-cm? is comparable to the best reported for
highly doped n-InGaAs (~10" cm™) and about two orders of magnitude lower than conventional n-InP
contacts. Importantly, the process was implemented entirely in an InP photonics fabrication facility using
standard materials and equipment, demonstrating the feasibility of low-resistance ohmic contacts within
practical industrial constraints. This work provides a robust, reproducible process window for integrating
high-performance InGaAs contacts into InP-based device platforms. By combining ultra-low contact
resistivity with compatibility to photonics fabrication processes, it supports the development of faster and
more scalable THz electronics and integrated photonic circuits. The results pave the way toward next-
generation InP technologies where contact resistance no longer limits device performance.
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