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Based on current projections, III-Vs are expected to replace Si as the 

n-channel solution in FinFETs at the 7nm technology node. The 

realisation of III-V FinFETs entails top-down fabrication via dry 

etch techniques. Vertical fins in conjunction with high quality 

sidewall MOS interfaces are required for high-performance logic 

devices. This, however, is difficult to achieve with dry etching. 

Highly anisotropic etching required of vertical fins is concomitant 

with increased damage to the sidewalls, resulting in the quality of 

the sidewall MOS interface being compromised. In this work, we 

address this challenge in two stages by first undertaking a systematic 

investigation of dry etch processing for fin formation, with the aim 

of obtaining high resolution fins with vertical sidewalls and clean 

etch surfaces. In the second stage, dry etch process optimisation and 

post-etch sidewall passivation schemes are explored to mitigate the 

damage arising from anisotropic etching required for the realisation 

of vertical fins. 

 

 

Introduction 

 

For close to half a century, the success of the microelectronics industry has been driven by 

the continued dimensional scaling of the Si complementary-metal-oxide-semiconductor 

(CMOS) transistor, resulting in increased logic performance and device density at reduced 

manufacturing costs (1-3). However, conventional transistor scaling has encountered a 

serious impediment owing to the high power consumption of logic chips. The power 

problem is two-fold, the first being leakage currents due to short channel effects (SCE) 

which increases with further dimensional scaling (4). The other is the saturation of the 

supply voltage at around 1V. While a reduction in supply voltage would ease power 

consumption, this comes at the cost of switching speed (1-3). Novel device architectures 

and new channel materials, technologies referred to as being disruptive to mainstream 

CMOS (3), are therefore required for continued transistor scaling and supply voltage 

reduction to enable higher device densities, faster logic switching and energy efficiency. 

The first of these disruptive technologies has already been embraced at the 22nm 

technology node (4,5) with the planar metal-oxide-semiconductor field-effect-transistor 

(MOSFET) evolving to a FinFET, a three-dimensional device architecture which provides 

for improved electrostatic integrity (3,4). While FinFETs are likely to feature in the logic 



 

roadmap for at least three generations, Si is only expected to feature for another two 

generations as the channel material. To counteract the performance loss of Si at the 7nm 

technology node, novel channel materials - a second disruptive technology - would be 

required. These new materials must be able to deliver higher performance than Si at the 

same operating voltage (3).  

 

III-V materials due to their high electron injection velocities appear highly promising 

as the n-channel solution for post-Si CMOS (1,3). To make this a reality, substantial 

undertaking has gone into finding solutions for the technological challenges facing III-V 

MOSFETs (1,6). InGaAs, in particular, has been the centre of extensive research effort 

with remarkable progress being made in the in the critical areas of gate stack (7,8), parasitic 

resistance (9) and III-V/Si heterointegration (10). Recent impressive transistor 

performances (11-13) clearly demonstrate the extent to which III-V nMOSFET technology 

has matured. Despite these advances, further improvements are still needed to make III-Vs 

a viable CMOS option. The addition of a third dimension to the device architecture further 

requires dry etch processing, a top-down approach, for the fabrication of III-V fins.   

 

Dry etching is a complex process, with its employment for pattern transfer being highly 

experimental and empirical. The choice of gas chemistry and the control of process 

parameters dictate the quality of the etch process in terms of selectivity, anisotropy, etch 

rate and uniformity (14-20). The utilization of dry etch processing, however, carries with 

it the inherent risk of damage to the semiconductor due to energetic ion bombardment and 

the presence of reactive ion species (18,19,21). Etch-induced damage can manifest in 

various forms such as lattice defects (traps, vacancies and interstitials), lattice disordering 

(amorphisation) and surface roughness due to ion bombardment (19,21,22), surface 

contamination resulting from polymer deposition (21), dopant passivation by atomic 

hydrogen (21-23) and changes in surface stoichiometry due to preferential etching or layer 

intermixing (23-25). These effects can degrade the optical and electrical properties of the 

semiconductor, of detriment to the final device performance. 

 

The development of dry etch processing for nanometre-scale fin definition in III-V 

transistors demands two key requirements to be met; realisation of vertical sidewalls and a 

high quality sidewall MOS interface. The improved electrostatic integrity of FinFETs 

featuring vertical sidewalls as opposed to tapered sidewalls aid in minimising SCE, thereby 

enhancing device performance (26). A smooth sidewall presenting with minimum etch 

damage enables a sidewall MOS interface of high quality to be obtained (27). However, 

satisfying both criteria is a challenging prospect. Highly anisotropic dry etching required 

for sidewall verticality is more damaging due to the physical nature of the process (21). 

Unlike Si, the induced damage cannot be cured by post etch annealing in III-Vs (1,19). 

 

In this work, we will first report on the dry etch processing systematically investigated 

for fin formation, with the aim of obtaining high resolution fins with vertical sidewalls and 

clean etch surfaces. The electrical damage arising from the most promising etch processes 

are evaluated from MOS capacitor (MOSCAP) measurements. Transmission electron 

microscopy (TEM) and atomic force microscopy (AFM) techniques are also used to 

determine structural and morphological properties. We will then present results on the 

mitigation of etch-induced sidewall damage. By means of dry etch process optimization 

we demonstrate a reduction in etch damage without compromising on sidewall verticality. 

Some examples of nanowires realized using this optimized process will also be shown. 



 

Two post-etch sidewall passivation schemes are further explored to alleviate damage. 

Details of the passivation schemes and the associated results are presented and discussed.  

 

 

Dry Etch Processing for Fin Formation and the Associated Damage  

 

Fin Etching 

 

Hydrogen silsesquioxane (HSQ) was used as the etch mask for the transfer of fin 

patterns onto (100) oriented In0.53Ga0.47As. Resist linewidths in the nanometric range were 

patterned by electron beam lithography using a Vistec VB6 UHR-EWF on HSQ limited to 

a thickness of 80nm. A HSQ etch mask with a range of linewidths between 10nm and 

100nm was obtained with this process as shown in Fig. 1. This etch mask is used for all fin 

etch investigations presented in this paper.    

 

 
 

Figure 1. SEM of a HSQ etch mask, with linewidths in the range of 10nm to 100nm, for 

fin pattern transfer.  

 

Chlorine-based plasmas (e.g. Cl2, BCl3, SiCl4) and alkane/hydrogen-based plasmas (e.g. 

CH4/H2) are the two main gas chemistries used for etching III-V materials (14-18). 

Depending on the target III-V material to be etched and the specific application, various 

combinations of gas mixtures are derived from these basic chemistries with the inclusion 

of additive gases (e.g. Ar, N2, O2) to improve some aspect of the etch process (19,20). 

 

The initial fin etch experiments were carried out using a reactive ion etching (RIE) 

process based around a silicon tetrachloride (SiCl4) gas chemistry. An Oxford Instruments 

PlasmaLab System 100 RIE tool was used for the investigation. Despite an expansive 

exploration of the parameter space including flow rate, power, chamber pressure, table 

temperatures and etch times, it proved impossible to find a process window that would 

yield high resolution In0.53Ga0.47As fins with vertical sidewalls and clean etch surfaces. A 

truncated version of the experiments undertaken is presented here. In this study, four 

samples were etched at a constant gas flow rate of 25sccm while power and the 

corresponding self-bias, pressure, temperature and etch time were varied. The RIE 

parameters used for each sample are listed in Table I. The SEM micrographs relating to the 

etched samples are shown in Fig. 2. It is evident that all four etched samples have a rough 

surface morphology likely due to the In-enrichment of the surface owing to the low 

volatility of InCl (18,19). The sidewalls are also observed to be deteriorated by the rough 
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morphology. This would significantly compromise the quality of the sidewall MOS 

interface.     

 
TABLE I.  Summary of RIE etch conditions, based around a SiCl4 chemistry, investigated for fin etching. 

Sample Gas Flow  

(sccm) 

Power  

(W) 

Pressure  

(mTorr) 

Bias  

(V) 

Temperature 

(°C) 

Duration 

(s) 

RIE-A 25 50 8 182 37 240 

RIE-B 25 150 8 375 39 120 

RIE-C 25 150 4 400 39 120 

RIE-D 25 150 4 388 100 120 

 

 

 
 

Figure 2. SEM of fins etched in In0.53Ga0.47As using a SiCl4 gas chemistry, for the RIE 

process conditions of (a) RIE-A, (b) RIE-B, (c) RIE-C and (d) RIE-D listed in Table I.  

 

 

In the next set of fin etching experiments, a variety of chlorine-based chemistries were 

examined using an inductively coupled plasma (ICP) etch process. These experiments were 

conducted in an Oxford Instruments PlasmaPro System 100 ICP180 RIE tool. Based on a 

larger experimental matrix, the process conditions of four In0.53Ga0.47As samples etched in 

Cl2/BCl3, Cl2/BCl3/Ar and Cl2/CH4/H2 chemistries are summarized in Table II. The SEM 

micrographs of samples subject to the different etch recipes are shown in Fig. 3. It is notable 

that all etched samples present with a smooth surface morphology, a drastic improvement 

from the RIE process using a SiCl4 chemistry. Despite the smooth surfaces, it proved 

challenging to obtain vertical fins with Cl2/BCl3 and Cl2/BCl3/Ar etch processes. Sample 

ICP-A etched in Cl2/BCl3 yielded a 56.8° sidewall-to substrate angle (Fig. 3(a)). For the 

same gas chemistry, a reduction in coil/platen power and pressure resulted in a lower 

sidewall angle of 49.8° for sample ICP-B (Fig. 3(b)). There is no significant improvement 

in the slope of the sidewall (55.7°) for sample ICP-C etched using Cl2/BCl3/Ar (Fig. 3(c)), 

(c) (d)

(a) (b)



 

TABLE II.  Summary of ICP etch conditions, for a variety of chlorine-based chemistries, investigated for 

fin etching. 
Sample Etch 

Chemistry 

Flow 

(sccm) 

Coil/Platen 

Power   

(W) 

Pressure 

(mTorr) 

Bias 

(V) 

Temperature 

(°C) 

Duration 

(s) 

ICP-A Cl2/BCl3 15/3 800/30 10 120 60 30 

ICP-B Cl2/BCl3 15/3 400/15 2 62 60 120 

ICP-C Cl2/BCl3/Ar 12/3/6 400/15 2 62 60 120 

ICP-D Cl2/CH4/H2 6/10/15 500/75 2 182 60 30 

 

 

despite the addition of Ar to the chemistry which should in essence provide for better 

anisotropic etching due to increased ion sputtering (28). The Cl2/CH4/H2 process, however, 

does show significantly more promise with the sidewall being within 3° of vertical in the 

top half of the fin while the bottom half presents with a sidewall angle of 73° (Fig. 3(d)). 

This improvement in verticality could be partly due to the enhanced sidewall passivation 

provided by H2 and CH4 in the chemistry (20,29). On the other hand, physical sputtering 

is likely enhanced by the high platen power of the process resulting in more anisotropic 

etching (18,21). The quality of etching was further analysed by AFM. Shown in Fig. 4 are 

the AFM scans of an unetched sample and samples blanket etched using the etch recipes   

 

 

 
 

Figure 3. SEM of fins etched in In0.53Ga0.47As using a variety of chlorine-based chemistries, 

for the ICP process conditions of (a) ICP-A, (b) ICP-B, (c) ICP-C and (d) ICP-D listed in 

Table II.  

(a) (b)

(d)

HSQ

InGaAs

(c)

20nm



 

detailed in Table II, with measured roughness indicated. For the Cl2/BCl3 processes, the 

surface roughness increased with longer etch times. Introducing Ar to the Cl2/BCl3 does 

not result in additional surface roughness. The Cl2/CH4/H2 process had comparable 

roughness to the Cl2/BCl3 process for a given etch time. The roughness of all etched 

samples are deemed to be within the range of device quality etching.     

 

 

 
Figure 4.  5x5μm AFM scans of (a) unetched (control) sample and samples blanket etched 

using the ICP etch conditions of (b) ICP-A, (c) ICP-B, (d) ICP-C and (e) ICP-D listed in 

Table II.   

 

 

An etch process for the realisation of vertical In0.53Ga0.47As fins with a high aspect ratio 

was also explored using the Cl2/CH4/H2 chemistry. A large matrix of etch experiments was 

carried out with variations in RF platen power (0-250W), ICP coil power (100-2000W), 

chamber pressure (1-10mTorr), temperature (0-60°C) and gas flow rates. This led to the 

realisation of a highly vertical 10nm In0.53Ga0.47As fin with 16:1 aspect ratio as shown in 

Fig. 5(a), perhaps the highest aspect ratio, smallest critical dimension fins that been 

demonstrated to date in In0.53Ga0.47As. The details of this fin etch process are Cl2/CH4/H2 : 

6/10/15sccm, coil/platen powers of 1000/75W, 2mTorr, 198V, 60°C, 45s. AFM was also 

used to analyse the etched surface as shown in Fig. 5(b). The measured roughness of 

0.456nm is indicative of device quality etching.   

 

(a)

(b) (c)

(d) (e)

Ra = 0.284nm

Ra = 0.428nm Ra = 0.580nm

Ra = 0.516nm Ra = 0.417nm



 

 
 

Figure 5.  (a) SEM of a vertical 10nm In0.53Ga0.47As fin with a high aspect ratio of 16:1 

realised using a Cl2/CH4/H2 etch process and (b) 8x8μm and 2x2μm (inset) AFM scans of 

the etched In0.53Ga0.47As  surface. 

 

Sidewall Damage Assessment 

 

A wide variety of a techniques such as x-ray photoelectron spectroscopy, secondary 

ion mass spectroscopy, Auger electron microscopy, photoluminescence, Hall 

measurements, Schottky diode measurements, conductivity measurements of quantum 

wires, etc. (14,16-19,21-25,30-33) have been used to yield structural, chemical and 

electrical information relating to etch-induced damage. Our concern here is the extent of 

electrical damage to the dielectric/sidewall interface. In MOS technology, the electrical 

properties at the dielectric/semiconductor interface are routinely studied from capacitance-

voltage (C-V) characteristics derived from MOSCAPs (6-8). On the basis of this, the 

impact of the etch processes on the electrical properties of the sidewall MOS interface is 

assessed from MOSCAP measurements in this work. 

 

Here, the aim is to correlate the electrical damage to the ICP based fin etch processes 

detailed in Table II. As a first step, samples of (100) oriented In0.53Ga0.47As, 1μm thick, n-

doped 2x1016 cm-3 grown on an n+ substrate by molecular beam epitaxy (MBE) are 

subjected to the etch processes. These samples are not patterned, they are simply blanket 

etched using the fin etch conditions. Although this does not fully mimic the processes that 

FinFET sidewalls will experience, it will give an initial indication of the likely impact of 

the etch conditions on the In0.53Ga0.47As surface, via the electrical characteristics of 

MOSCAPs which are subsequently formed on the etched surface using the process flow 

shown in Fig. 6. The samples are treated in 10% (NH4)2S for 20min at room temperature 

immediately prior to atomic layer deposition (ALD) of 8nm-thick (nominal) Al2O3 film. 

 

 

 
 

Figure 6. Process flow for fabrication of MOSCAP on blanket etched InGaAs. 

(b)(a)

9.7nm



 

The gate electrode was defined via a shadow mask through which a Pt/Au contact was 

electron-beam (e-beam) evaporated. A backside contact was formed by blanket e-beam 

deposition of Ni/Ge/Au on the back of the samples. A MOSCAP was also fabricated on an 

unetched sample to serve as a control in the study.  

 

Shown in Fig. 7 are the room temperature multi-frequency (1kHz to 1MHz) C-V 

characteristics of the unetched (control) sample and samples subject to the ICP etch 

processes listed in Table II. The key electrical metrics derived from the C-V data of Fig. 7,  

 

 

 

Figure 7. Multi-frequency, room temperature C-V characteristics of Au/Pt/Al2O3/n-

In0.53Ga0.47As MOSCAPs with the InGaAs sample (a) unetched (control) and etched for 

the ICP conditions of (b) ICP-A , (c) ICP-B, (d) ICP-C and (e) ICP-D listed in Table II.  



 

specifically the frequency dispersion in accumulation (ΔCacc), stretch-out of the C-V 

curve (dC/dV), frequency dispersion in depletion (ΔmV) and hysteresis at 1MHz are 

summarised in Table III. The definitions used for the extraction of these metrics can be 

found in Ref. 34. Percentages, displayed in the table, are used to compare and quantify 

the difference in metrics between an etched sample and a control sample. It is also worth 

pointing out that a decrease in dC/dV is taken to mean an increase in the stretch-out.   

 

 

 
TABLE III.  Summary of metrics derived from the C-V responses of an unetched (control) sample and 

samples etched under a variety of chlorine-based chemistries for the ICP conditions given in Table II.  

MOSCAP Sample ΔCacc  

(%/dec) 

dC/dV  x 10-7 

(F/cm2.V) 

ΔmV  

(mV) 

Hysteresis  

(mV) 

Control 2.17 9.15 100.7 126.0 

ICP-A 2.28 (+5.1%) 8.38 (-8.4%) 105.2 (+4.5%) 117.4 (-6.8%) 

ICP-B 2.29 (+5.5%) 8.27 (-9.6%) 70.7 (-29.8%) 84.8 (-32.7%) 

ICP-C 2.33 (+7.4%) 8.27 (-9.6%) 139.2 (+38.2%) 105.8 (-16.0%) 

ICP-D 2.48 (+14.3%) 5.31 (-42.0%) 169.1 (+67.9%) 190.3 (+51.0%) 

 

 

 

Samples ICP-A, ICP-B and ICP-C, etched in Cl2/BCl3 based chemistries, presented 

with a 5-7.5% increase in ΔCacc and a 8-10% increase in stretch-out. While ΔmV of samples 

ICP-A and ICP-C are increased from that of the control sample, ICP-B in fact shows a 

reduction. The hysteresis of all samples etched in a Cl2/BCl3 based process is smaller than 

that of the control sample. In contrast, the metrics of sample ICP-D subject to the 

Cl2/CH4/H2 etch process, which produced the best fin profile among all the etch recipes, 

are found to be significantly degraded. It is notable that amongst the etched samples, ICP-

D demonstrates the largest degradation across all metrics. 

 

In the depletion region, the C-V responses are comparable between the control sample 

and samples etched in Cl2/BCl3 chemistry, including Ar (Figs. 7(a)-(d)). It is observed that 

the C-V responses go through a peak in the gate bias range of 0V to -1.5V. Such a peak 

response is a characteristic signature of interface defects (7,8,35). While peak responses 

are also observed in the C-V curves of the sample etched in the Cl2/CH4/H2 chemistry, the 

peaks are noticeably broader and higher in magnitude (Fig. 7(e)) which suggests an 

increase in interface defect density (Dit) (35). The deterioration of the interface properties 

of the sample etched in Cl2/CH4/H2 is also noted from the significant peak on the 1MHz 

response. A similar feature is not present in the C-V response of the control sample or the 

other etched samples. Equivalent parallel conductance (Gp/ω) can be used to provide an 

indication of the relative differences in defect densities between the etched samples and the 

control sample since there is direct correlation between Gp/ω and Dit (35). In Fig. 8, plots 

of Gp/ω as a function of gate bias at a constant frequency of 1MHz and 100kHz are shown. 

The peak magnitudes of Gp/ω is increased by a factor of 1.5-2 for samples etched in 

Cl2/BCl3 based chemistries in comparison to the control sample. On the other hand, the 

conductance peak of the sample etched in Cl2/CH4/H2 is a factor of 6.5-8.5 greater than the 

control sample. 

 

 

 



 

 

 

 

 
 

Figure 8.  Gp/ω versus Vg of Au/Pt/Al2O3/n-In0.53Ga0.47As MOSCAPs, with the InGaAs 

sample unetched (control) and etched using the ICP processes listed in Table II, at a 

constant frequency of (a) 1MHz and (b) 100kHz.  

 

 

 

 

Based on the aforementioned analysis it is clear the Cl2/CH4/H2 etch process induces 

substantial damage to the In0.53Ga0.47As surface, despite the fact the surface roughness 

obtained with this process is smaller than that of the Cl2/BCl3 based etch processes. It is 

possible that methane and hydrogen present in the chemistry could be causing polymers 

and/or carbon based contaminants to be deposited on the In0.53Ga0.47As surface, resulting 

in the quality of the interface to be degraded. To elucidate such effects, TEM analysis was 

undertaken. Shown in Fig. 9 are the cross-sectional TEM micrographs obtained from each 

of the etched samples and the control sample following high-k dielectric and metal gate 

deposition. These images confirm the thickness of the Al2O3, and correlate well with the 

roughness measurements on each sample. From the TEM images, it is clear there is a sharp 

transition from the In0.53Ga0.47As to the Al2O3 film with no obvious interlayer. Particularly, 

for the Cl2/CH4/H2, there is no evidence of polymer deposition or the presence of carbon 

on the In0.53Ga0.47As surface, to impact the electrical performance of the MOSCAPs. The 

damage, therefore, is likely arising from the physical nature of the Cl2/CH4/H2 etch process. 

The high anisotropy required for the realisation of near vertical fins with this etch process 

is primarily provided by ion sputtering. The enhanced ion bombardment, however, also 

induces more damage (18,21). The degree of damage is directly proportional to the ion 

energy and inversely proportional to the ion mass (18). Looking back at Table II, the platen 

power used with the Cl2/CH4/H2 etch process is noticeably higher compared to all the other 

etch processes. The etch-induced damage can therefore be minimised by lowering the 

platen power, which in turn reduces the ion energy.  

 

 

 

 

 

 



 

 
 

Figure 9. Cross-sectional TEM of In0.53Ga0.47As samples subject to (a) no etching and 

blanket etched using the ICP conditions of (b) ICP-A, (c) ICP-B, (d) ICP-C and (e) ICP-D 

listed in Table II, prior to high-k and metal gate deposition.   

 

 

Mitigation of Etch-induced Sidewall Damage 

 

Dry Etch Process Optimization 

 

As previously shown, the realisation of fins with near-90° sidewall verticality based on 

a Cl2/CH4/H2 etch process comes at the cost of significant etch-induced damage. It was 

highlighted that the high platen power of 75W used in the process is likely responsible for 

this. In an effort to minimise the damage an ICP etch process based around a Cl2/CH4/H2/O2 

chemistry is explored. The addition of O2 to the etch chemistry allows for the platen power 

to be lowered, which should help with reducing the etch-induced damage without 

compromising the fin sidewall profile. 

 

 Fins were etched in (100) oriented In0.53Ga0.47As(30nm)/In0.52Al0.48As samples 

using the HSQ etch mask shown in Fig. 1, to obtain fin heights in the range of 40-50nm. 

Two fin etch recipes were investigated, with the only difference being the platen 

temperature. The process details are Cl2/CH4/H2/O2 : 6/10/15/0.5sccm, coil/platen powers 

of 200/25W, 2mTorr, 113V, 5min. Shown in Fig. 10 are the SEM micrographs of fins 

etched using the aforementioned process conditions at temperatures of 60°C and 120°C. 

Highly vertical fin profiles are realised with both etch recipes. The fins etched at the higher 

10 nm10 nm



 

temperature though show a more vertical sidewall profile, which closely resembles that of 

the fins etched in the Cl2/CH4/H2 chemistry (Fig. 3(d)). 

 

 

 
 

Figure 10. SEM of fins etched in In0.53Ga0.47As(30nm)/In0.52Al0.48As using a 

Cl2/CH4/H2/O2 chemistry at temperatures of (a) 60°C and (b) 120°C for the process 

conditions of Cl2/CH4/H2/O2 : 6/10/15/0.5sccm, coil/platen powers : 200/25W, 2mT, 113V, 

5min. 

 

 

To assess the damage associated with the Cl2/CH4/H2/O2 etch processes, MOSCAPs 

were fabricated on samples of (100) oriented In0.53Ga0.47As, 1μm thick, n-doped  4x1017 

cm-3 using the process flow illustrated in Fig. 6. A MOSCAP fabricated on an unetched 

sample served as a control in the study. In Figs. 11(a)-(c) the room temperature multi-

frequency (1kHz to 1MHz) C-V characteristics of the control sample and samples etched 

at the temperatures of 60°C and 120°C, denoted as A and B, are displayed. Etch-induced 

damage is observed from the peak responses being broader and of higher magnitude in the 

etched samples. It is further noted the fin etch process performed at the lower temperature 

of 60°C gives rise to more damage as the peaks are observed to be broader and larger in 

magnitude compared to sample A. From the plot of Gp/ω versus Vg (Fig. 11(d)), 

conductance peaks of samples A and B are found to be 4.5x and 2.75x larger in relation to 

the control sample as opposed to the larger factor of 8.5 reported earlier for the Cl2/CH4/H2 

chemistry (Fig. 8(b)).  

 

Table IV summarises the electrical metrics of the control and etched samples 

determined from their respective C-V characteristics. Frequency dispersion in 

accumulation and depletion along with stretch-out are observed to be less degraded for 

sample B. While both the etched samples demonstrate a reduction in hysteresis, a larger 

improvement is noted for sample B. These observations in conjunction with the 

aforementioned Gp/ω analysis suggest the higher temperature etch process renders less 

damage to the sidewall. Moreover, in contrast to the Cl2/CH4/H2 etch process there is a 

marked improvement in the metrics of samples subject to the Cl2/CH4/H2/O2 etch process 
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with respect to the control sample. This indicates the lower platen power arising from the 

addition of O2 to the Cl2/CH4/H2 chemistry results in a substantial reduction of etch-

induced damage.  

  

 

 

 
 

Figure 11. Multi-frequency, room temperature C-V characteristics of Au/Pt/Al2O3/n-

In0.53Ga0.47As MOSCAPs with the InGaAs sample (a) unetched (control) and etched in 

Cl2/CH4/H2/O2 chemistry at the temperatures of (b) 60°C and (c) 120°C, and (d) the 

resulting Gp/ω versus Vg at a constant frequency of 100kHz. 

 

 

 
TABLE IV.  Summary of metrics derived from the C-V responses of an unetched (control) 

sample and samples A and B etched in a Cl2/CH4/H2/O2 chemistry at temperatures of 60°C 

and 120°C.  

Sample ΔCacc  

(%/dec) 

dC/dV  x 10-7 

(F/cm2.V) 

ΔmV 

(mV) 

Hysteresis  

(mV) 

Control 2.18  2.21 200.2 450 

A 2.59 (+19.0%) 1.95 (-11.8%) 208.3 (+4.0%) 383 (-14.9%) 

B 2.44 (+10.6%) 2.14 (-3.2%) 206.7 (+3.2%) 351 (-22.0%) 

 

 

 

 

 



 

The Cl2/CH4/H2/O2 etch chemistry was also explored for nanowire etching on samples 

of (100) oriented In0.53Ga0.47As, using HSQ as an etch mask. As shown in Fig. 12 HSQ, 

limited to a thickness of 40nm, was patterned using high-resolution electron beam 

lithography to produce an array of nano pillars, each with a diameter of 33nm. 

 

 
 

Figure 12. SEM of a HSQ etch mask comprised of nano pillars, each with a diameter of 

33nm, for nanowire pattern transfer. 

 

 

The etch processes investigated for nanowire realisation are detailed in Table V. Except 

for the flow rate of H2 and O2, all other process parameters were kept identical between the 

etch recipes. From Fig. 13, it is observed that highly vertical nanowires are realised with 

all three etch conditions, with sidewall-to-substrate angles in the range of 80-82° and 

nanowire heights in the range of 45-50nm. A trend of improving sidewall verticality with 

increases in H2 and O2 flow rate is noted, albeit the improvements are only marginal.   

 

 
TABLE V.  Summary of ICP etch conditions, based around a Cl2/CH4/H2/O2 chemistry, investigated for 

nanowire etching.  
Sample Etch 

Chemistry 

Flow rate 

(sccm) 

Coil/Platen 

Power   

(W) 

Pressure 

(mTorr) 

Bias 

(V) 

Temperature 

(C) 

Duration 

(min) 

NW-A Cl2/CH4/H2/O2 6/10/15/0.5 250/50 2 113 120 2.5 

NW-B Cl2/CH4/H2/O2 6/10/22/0.5 250/50 2 113 120 2.5 

NW-C Cl2/CH4/H2/O2 6/10/22/1 250/50 2 113 120 2.5 

 

 

 
 

Figure 13. SEM of nanowires etched in In0.53Ga0.47As using a Cl2/CH4/H2/O2 chemistry, 

for the ICP process conditions of (a) NW-A, (b) NW-B and (c) NW-C listed in Table V. 

33.4 nm
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42 nm
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Post-etch Sidewall Passivation Schemes  

 

Hydrogenation. The preparation of clean, well-ordered, stoichiometric and atomically 

smooth surfaces are of importance in semiconductor processing. Atomic hydrogen has 

been demonstrated to be an effective surface preparation technique due to its ability to 

remove carbon-containing contaminants and native oxides (36-38). The lower 

temperatures required of atomic hydrogen cleaning alleviates the problems of group V 

desorption and surface roughening typically associated with high temperature thermal 

cleaning of substrates prior to epitaxial growth (36-38). A notable obstacle in III-V MOS 

technology is the presence of a large density of defects at the dielectric/semiconductor 

interface. This can result in the Fermi level to be pinned, thereby limiting logic 

performance. Native oxides present on III-V surfaces have been proposed as one cause of 

Fermi level pinning (39). The reduction and/or removal of these oxides by means of atomic 

hydrogen cleaning have been shown to unpin the Fermi level (40,41) and reduce interface 

defect density (42). Another key feature of atomic hydrogen is its ability to passivate native 

defects within the semiconductor (23,30,43). This attribute has also been exploited in GaN 

and GaAs to recover damage arising from dry etch processing through the passivation of 

etch-induced defects (44,45). This motivates an investigation of atomic hydrogen as a post-

etch treatment for the alleviation of etch-induced damage in In0.53Ga0.47As.  

 

Atomic hydrogen is often introduced into semiconductors through controlled methods 

such as direct implantation (43), exposure to hydrogen plasmas (36,38,42-44) and from 

thermal cracking of molecular hydrogen (36-38,40,41). The first two methods, though, 

carry the risk of physical and electronic damage to the near surface regions of the 

semiconductor due to the presence of energetic ions (36,43). Here, we employ a photon-

assisted hydrogenation process (46) developed by Amethyst Research Incorporated to 

investigate mitigation of damage induced by the fin etch process. This process involves the 

irradiation of samples with an ultraviolet (UV) light source in a hydrogen ambient. The 

extent of hydrogen incorporation is controlled and optimized by temperature, exposure 

time and pressure.  

 

To investigate the effects of hydrogenation, four MOSCAPs were fabricated on 

samples of (100) oriented In0.53Ga0.47As, 1μm thick, n-doped 4x1017 cm-3 using the process 

flow of Fig. 6. For a controlled study, one sample did not see any etch process prior to 

MOSCAP fabrication. The remaining three samples were subject to a fin etch process. The 

process details are Cl2/CH4/H2 : 6/10/15sccm, coil/platen powers of 500/75W, 2mTorr, 

182V, 60°C, 60s. A MOSCAP was directly fabricated on one of the etched samples. The 

remaining two samples underwent hydrogenation at different stages of the process flow for 

MOSCAP fabrication shown in Fig. 6. One sample underwent hydrogenation after the etch 

(post-etch hydrogenation) while the other was hydrogenated after Al2O3 deposition (post 

ALD high-k hydrogenation). Hydrogenation was carried out at a temperature of 325°C for 

30min, with the pressure set at 1mbar.  

 

Multi-frequency (100Hz to 1MHz) C-V characteristics acquired at room temperature 

from the four samples are shown in Fig. 14. The electrical metrics extracted from the C-V 

curves of each sample are also detailed in Table VI. Although the post-etch hydrogenated 

sample shows an improvement across all metrics from the etched sample, the obtained 



 

enhancement is marginal. In contrast, a significant reduction in stretch-out and depletion 

dispersion is obtained for the post high-k hydrogenated sample. These results suggest that 

hydrogenation done post high-k is more effective in alleviating etch-induced damage. The 

large conductance peak associated with the etched samples at a constant frequency of 

1MHz shown in Fig. 15 is reduced substantially in magnitude after post-etch hydrogenation.  

A larger reduction in the peak value is obtained by hydrogenating the etched sample post 

high-k as opposed to post-etch.    

 

 

 
 

Figure 14. Multi-frequency, room temperature C-V characteristics of Au/Pt/Al2O3/n-

In0.53Ga0.47As MOSCAPs with the InGaAs sample (a) unetched (control), (b) only etched, 

etched and subjected to the treatments of (c) post-etch hydrogenation and (d) post ALD 

high-k hydrogenation. 

 

 

 
TABLE VI.  Summary of metrics derived from the C-V responses of samples investigated in the 

hydrogenation experiment. 

Sample ΔCacc  

(%/dec) 

dC/dV  x 10-7 

(F/cm2.V) 

ΔmV 

(mV) 

Control 2.84 2.49 322 

Fin etch 3.82 (+34.5%) 1.63 (-34.5%) 605 (+87.9%) 

Post-etch hydrogenation 3.72 (+31.0%) 1.81 (-27.3%) 595 (+84.8%) 

Post ALD high-k hydrogenation 3.68 (+29.6%) 2.31 (-7.2%) 334 (+3.7%) 

 



 

 

 

 
 
Figure 15.  Gp/ω versus Vg of Au/Pt/Al2O3/n-In0.53Ga0.47As MOSCAPs investigated in the 

hydrogenation experiment, at a constant frequency of 1MHz.  

 

 

Digital Etch In standard wet etching, semiconductors are immersed into a solution 

comprising an oxidising agent and an etching agent. Etching proceeds through the 

simultaneous process of surface oxidation and oxide etching. As a result, the depth of 

material etched is dictated by the length of time the semiconductor is exposed to the etchant. 

Digital etch, on the other hand, separates the two processes of oxidation and oxide removal. 

Etching is then achieved through the sequential application of the oxidant and etchant to 

ensure the chemical reactions associated with each process are independent of each other. 

(47, 48) Due to the self-limiting nature of the oxidation process, the depth of material 

removed is only dependent on the number of etch cycles and not on the etch time (48). The 

main benefit of digital etch compared to standard wet etching is the fact that etching can 

be performed in a controlled manner. This property of digital etch can be exploited in two 

ways, the first being for the removal of dry etch damaged semiconductor layers (27). 

Digital etch also offers a route for ultimate fin/nanowire scaling (49).  

 

In this work, we assess the impact of a digital etch clean for the mitigation of damage 

induced by fin etch processing. This is investigated on a sample of (100) oriented 

In0.53Ga0.47As, 1μm thick, n-doped 4x1017 cm-3 blanket etched using the 120°C, 

Cl2/CH4/H2/O2 etch process. The details of the etch are Cl2/CH4/H2/O2 : 6/10/15/0.5sccm, 

coil/platen powers of 200/25W, 2mTorr, 113V,  120°C, 5min. The etched surface is then 

subjected to three cycles of the digital etch clean. Each cycle is a two-step process 

comprising a self-limiting O2 plasma oxidation in a RIE tool followed by a 10s rinse in 

diluted H2SO4 for oxide removal. Plasma oxidation was carried out under the conditions 

of 50sccm, 50mTorr, 52V, 22°C, 3s. We estimate that one cleaning cycle etches 1nm of 

the In0.53Ga0.47As material. The process flow of Fig. 6 is adopted for the realisation of 

MOSCAPs on this sample.  

 

The C-V data acquired on the cleaned sample is shown in Fig. 16(a). To elucidate the 

impact of the digital etch clean, a comparison in C-V characteristics is drawn between the 

cleaned sample, a control sample (Fig. 11(a)) and a sample blanket etched under the same 

fin etch conditions (Fig. 11(c)). From this comparison, it is evident that the C-V 

characteristics of the cleaned sample is significantly improved, with all electrical metrics 



 

showing improvements, over the etched sample. Additionally, the conductance peak of the 

etched sample is reduced by a factor of three in value after being subjected to the digital 

etch clean. This highlights the benefit of the digital etch clean for mitigating damage 

induced by fin etch processes. It is also noteworthy that the C-V data between the control 

sample and the cleaned sample is comparable. This is an important observation as it 

suggests the etch-induced damage has been completely recovered via the digital etch clean, 

resulting in the restoration of the Al2O3/In0.53Ga0.47As interface to its original state prior to 

etching. This also implies the damage induced by 120°C, Cl2/CH4/H2/O2 etch process only 

extends to the near surface region, up to a depth of about 3nm from the surface based on 

the etch rate (1nm/cycle) and the number of cleaning cycles used.  

 

 

 
 

Figure 16. (a) Multi-frequency, room temperature C-V characteristics of a Au/Pt/Al2O3/n-

In0.53Ga0.47As MOSCAP with the InGaAs sample subjected to the 120°C, Cl2/CH4/H2/O2 

based fin etch process followed by the digital etch clean and (b) Gp/ω versus Vg of 

Au/Pt/Al2O3/n-In0.53Ga0.47As MOSCAPs with the InGaAs sample subjected to no etch 

(control), the fin etch process only and the fin etch process followed by the digital etch 

clean, at a constant frequency of 100kHz. 

 

 

Mitigation of fin etch damage by means of the digital etch clean was also examined 

on etched (110) oriented In0.53Ga0.47As. For this investigation, 200nm thick n-type (110) 

In0.53Ga0.47As layer doped at 4x1017 cm-3 was grown by molecular beam epitaxy (MBE) on 

(110) n+-InP substrate. Of the three samples fabricated from (110) In0.53Ga0.47As for 

electrical evaluation, one served as control (unetched) while the others were blanket etched. 

The digital etch clean was then carried out on one of the etched samples. The conditions of 

the fin etch process, used for blanket etching, and the digital etch clean are identical to that 

used in the earlier study reporting on the effectiveness of digital etch clean on etched (100) 

In0.53Ga0.47As. The fabrication of MOSCAPs was based on the process flow of Fig. 6.    

 

The room temperature CV data of the unetched sample (control), the sample 

subjected to the fin etch process (etched), and for the sample subjected to the fin etch 

process followed by the digital etch clean (cleaned) are compared  in Fig. 17.  It is clear 

that etched sample has significantly degraded C-V response, evidenced by a stretch-out in 

the characteristics and the fact that the 100kHz and 1MHz capacitance does not reach the 

theoretical minimum capacitance of 2.5x10-7 F/cm2. In contrast, the cleaned sample 

appears to have regained many of the characteristics of the control sample, and indeed the 



 

peak in depletion around -1V, evident in both the 10kHz and 100kHz data, is suppressed 

in the cleaned sample. This implies recovery of damage in etched (110) In0.53Ga0.47As, 

similar to the finding noted for post-etch cleaned (100) In0.53Ga0.47As. 

 

 

 
Figure 17. Multi-frequency, room temperature C-V characteristics of a Au/Pt/Al2O3/n-

(110) In0.53Ga0.47As MOSCAP with the InGaAs sample (a) unetched (control), (b) subject 

to  the fin etch process (etched) and (c) subjected to the fin etch process followed by the 

digital etch clean (cleaned).  

 

 

Conclusion 

 

The introduction of III-V channels into CMOS, currently aimed at the 7nm technology 

node, would require top-down patterning of III-V fins. The realisation of fins with a vertical 

profile and a high quality sidewall MOS interface, however, is a challenging prospect. 

Reason being, highly anisotropic etching required of vertical fin profiles is more damaging 

to the sidewall. To tackle the conflict between anisotropy and damage, inherent to dry etch 

processing, we adopted a two-tier approach to realise vertical In0.53Ga0.47As fins with 

minimum etch damage. In the first tier, we focussed on developing dry etch processes 

capable of producing high resolution fins with vertical sidewalls and clean etch surfaces. 

Fin etching was investigated for a variety of chlorine-based chemistries using either a RIE 

or an ICP process. A fin profile within 3˚ of vertical was obtained with the ICP process 

based around a Cl2/CH4/H2 chemistry. Vertical 10nm fins with 16:1 aspect ratio, perhaps 

the highest aspect ratio, smallest critical dimension fins to date in In0.53Ga0.47As, was also 

achieved. The process, however, severely degraded the electrical characteristics of 

MOSCAPs formed on a (100) In0.53Ga0.47As surface subjected to the etch which indicated 

substantial etch-induced damage. The aim in the second tier was then to mitigate the 

damage. The modification of the Cl2/CH4/H2 chemistry to include O2 resulted in the 

substantial reduction of etch-induced damage, due to the lowering of the platen power, 

without compromising on the fin profile. Two post-etch sidewall passivation schemes were 

also examined for damage mitigation. The first was a photon-assisted hydrogenation 

process, applied post-etch or post high-k. The electrical performance of MOSCAPs formed 

on a (100) In0.53Ga0.47As surface subjected to the Cl2/CH4/H2 etch indicated a larger 

reduction in etch damage for hydrogenation done post high-k. In the second approach, a 

digital etch clean, comprising of a multi-cycle O2 plasma oxidation then oxide removal in 

H2SO4, was investigated as a post-etch treatment. The electrical characteristics of 

MOSCAPs formed on (100) In0.53Ga0.47As and (110) In0.53Ga0.47As surfaces subjected to 

the Cl2/CH4/H2/O2 etch revealed a complete recovery of etch damage. The demonstration 

of high resolution (10 nm), near-vertical (~87°) In0.53Ga0.47As fins and the ability to realise 



 

damage-free sidewalls are of significance for the realisation of high-performance III-V 

FinFETs. 
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