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InGaAs and InP layers were treated by using Ar and He direct plas-

mas coupled with wet chemical treatments. InP surfaces are more

sensitive to the various treatments than the InGaAs ones. Suitable

and efficient treatments have been proposed to offer a good compro-

mise between impact on surface and native oxide removal. We have

demonstrated that concentrated HCl solution cleanings followed by

He direct plasma treatment are efficient for the removal of InGaAs

native oxides whereas He plasma exposure combined to a diluted

HCl solution cleaning is more suitable for InP surfaces.

Introduction

Future scaling of CMOS transistors may not be feasible without introducing new channel

materials which present much higher charge carrier mobilities than silicon, such as III-V

materials (1). For III-V CMOS, source and drain (S/D) contacts with very low source drain

series resistance are mandatory in order to bring the current through the channel. For such

technologies, low metal / semiconductor contact resistance could be obtained thanks to high

S/D doping concentration, self-aligned contacts and silicide-like metallization (2). For Si

photonics application, similar contacts have to be optimised on InGaAs and InP materials

to pump the laser component (3).

In order to meet the requirements in terms of contact resistance, very cleaned and native

oxide free surfaces must be provided prior to metal deposition. Several challenges have to

be taken up in order to develop a full cleaning technology on III-V materials. Ideally, this

cleaning technology should be compatible with the Si industry restrictions and should allow

the removal of metals, particles and native oxides with a controlled etching of the surface

and a limited impact in terms of surface morphology, roughness and stoichiometry (4).

Regarding the cleaning technology involved for classical salicide process, we assume

that the cleaning of III-V materials S/D regions should involve a two-step procedure where

a wet cleaning treatment is coupled with an in situ plasma exposure: a plasma treatment

realised, without air break, in the same equipment as the metal deposition. If wet chem-

ical cleanings of (In)GaAs (5, 6) and InP (4, 7, 8) surfaces have already been reported in

literature, plasma in situ treatments have not been extensively studied.

In this work, we studied the pretreatment of InGaAs and InP layers by employing Ar

and He direct plasmas. Moreover, we propose a first study of the combination of wet

chemical treatments followed by in situ plasma treatments.
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Experimental

150 nm thick InGaAs epitaxial layers grown by MOCVD on InP substrates and InP

epi-ready wafers were used in this study. For FTIR-ATR characterisations, InGaAs and

InP epitaxial layers were grown on Si substrate.

The plasma treatments were carried out in a 300 mm equipment based on Endura®

platform from Applied Materials®. Because 300 mm III-V wafers are not available, pieces

of InGaAs and InP materials were processed using dedicated holders. Before plasma treat-

ments, a degas step was performed at 200 °C for 30 s under argon atmosphere. Then,

samples were treated into a direct plasma chamber without air exposure. Argon and helium

plasmas were carried out using RF1 power ranging from 20 to 130 W and RF2 power rang-

ing from 150 to 750 W ; the etching duration was varied from 10 to 150 s. No substrate

heating was performed during the plasma treatment. During the etching step, the chamber

pressure was ranged from 0.15 to 3.8 mTorr.

Wet treatments were carried out using HCl solutions with a HCl:H2O ratio ranging from

1:2 to 1:10. Pieces of III-V materials were dipped into HCl solutions for 10 to 90 s. All

experiments were performed at room temperature in a cleanroom environment.

The cleaning efficiency and impact on InGaAs surfaces were studied on the CEA Mi-

natec Nanocharacterisation Platform (PFNC) using surface analyses like X-ray photoelec-

tron spectroscopy (XPS), atomic force microscopy (AFM) and Fourier transform infrared

(FTIR) spectroscopy in attenuated total reflection (ATR) mode. For FTIR-ATR character-

isations, the data were collected using a Ge prism pressed against the sample. A Bruker

IFS 55 FTIR spectrometer probed the sample via a P polarized infrared beam through the

prism at an incident angle of 65 °, ensuring total reflexion on the Ge prism base. XPS

spectra were collected in a PHI VersaProbe II Scanning XPS Microprobe system using a

monochromatic Al Kα X-ray source. Ga 2p, Ga 3d, In 3d, P 2p and As 3d spectra were

collected with a constant pass energy of 23.5 eV leading to an overall energy resolution

of 0.6 eV ; curve fitting was done by CasaXPS 2.3.16 software. AFM measurements were

performed in Tapping mode using a Bruker Dimension FastScan.

Impact of Ar and He Direct Plasmas on InGaAs and InP Surfaces

Normalized Fourier transform infrared spectroscopy spectra in attenuated total reflec-

tion mode (FTIR-ATR) for InGaAs layers treated with plasmas and without pretreatment

are depicted on figure 1. The bands observed in the 1100 – 1150 cm−1 and 1150 –

1200 cm−1 regions and accentuated by blue-grey rectangles are not attributed to InGaAs

oxides but might be related to carbonaceous pollution from Ge prism or samples. The

principal absorption bands of the spectra are highlighted by vertical lines.

We clearly observe differences between the spectrum obtained for the reference sample

and the spectra obtained for the plasma treated ones. Especially, the large absorption band

in the region of 845 – 950 cm−1 and attributed to AsOx (9, 10) is drastically reduced after

surface treatment. Bands located at 1066.4, 985.5, 904.5, 844.7 and 808.1 cm−1 have been

assigned to As-O bonds (9–11) and the band located at 819.6 cm−1 is probably related

to As-O-As bond (12). On the whole, the bands assigned to As oxides (As-O or As-O-

As bonds) appear to be less pronounced or even unobservable for the He plasma treated

sample. Absorption bands located at 1083.8 and 1049.1 cm−1 have been related to InOx

species (13). Looking at the shape and the intensity of these bands with accuracy might lead
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Figure 1. Normalized FTIR-ATR spectra for InGaAs layers treated with Ar plasma (dash

red line), He plasma (dash dot blue line) and without surface pretreatment (solid black line).

to the conclusion that Ar plasma seems to be more efficient for the removal of In oxides.

The bands located at 788.8 and 763.7 cm−1 have been attributed to Ga-O bonds (9, 10).

Whatever the treatment involved, these two bands do not seem to be affected. Thus, the

impact of plasmas on Ga oxides appears to be less pronounced. Because the band located

at 869.8 cm−1 does not seem to be impacted by the various plasma treatments, we assume

that it could be related to a Ga-O bond.

The FTIR-ATR characterisations have been supplemented by XPS analyses. From the

fitted In 3d and As 3d XPS spectra (not shown here), we extracted on figure 2 the corre-

sponding relative spectral weight of the different components. After plasma treatments, the

fitting of Ga 2p XPS spectra were difficult to obtain with accuracy; moreover for Ga 3d

region, the In 4d components tend to parasite the Ga ones. Thus, tendencies for Ga will not

be discussed here. For In 3d region, spectra have been fitted using two components, the In

3d bulk peak and an InOx component located at approximatively + 0.8 eV from the bulk

peak. This latter corresponds to a mix of In+ and In3+ oxides. For As 3d region, spectra

have been fitted using four components, the As 3d bulk peak, an As-As component located

at + 0.75 eV from the bulk peak and related to arsenic dimers or dangling bonds at the

surface (14), and As2O3 and As2O5 peaks respectively located at + 3.2 – 3.4 eV and + 4.4

– 4.6 eV from the bulk peak.

The XPS studies clearly evidence that both plasma treatments were efficient for reduc-

ing the percentage of InGaAs oxides. It is obvious for As oxides where the As2O5 compo-

nent is no more detected and the As2O3 is drastically reduced for treated samples. Even if

the difference between the both plasmas is tiny, He direct plasma seems to be slighty more

efficient for the removal of As oxides. Nevertheless, we believe that As oxide component

is still detected because of the 30 to 45 minutes queue time between the sample treatments

and the introduction of the samples under vacuum. Concerning, the removal of In oxides,

we have evidenced that both plasmas significantly reduce the In oxide component. Indeed,

for the reference sample, the In oxide component represents more than 60 percent whereas
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Figure 2. Relative spectral weight of the components determined for InGaAs samples with

various surface treatments for In 3d (left) and As 3d (right) regions.

for plasma treated samples the oxide component only corresponds to about 20 percent.

XPS analyses tend to confirm the FTIR-ATR observations: Ar plasma is the most efficient

for the removal of In oxides. Finally, for removing InGaAs native oxides, we have shown

that both Ar and He plasmas were efficient .

Impact of plasma exposure of InP surfaces has also been studied. The figure 3 exhibits

the relative spectral weight of the different components determined for argon and helium

plasma treated samples and for an InP reference sample for In 3d and P 2p regions. For P

2p region, spectra have been fitted using two components, the P 2p bulk peak and an InPOx

component located at approximatively + 4.2 – 4.4 eV and related to In(PO3)3 or InPO4

species. The In 3d region is more delicate to fit ; four components have been used in order

to obtain the most accurate fits. The In 3d bulk peak is completed by an InOx component

related to In2O3 species and located at approximatively + 0.3 eV from the bulk peak and by

an InPOx component located at + 1.3 eV from the bulk peak and corresponding to In(PO3)3

or InPO4 species. Finally, the fourth component, labelled In-, is located at approximatively

- 1 eV from the bulk peak and is assigned to under coordinated indium at the surface or

possibly indium dimers (14).

Figure 3. Relative spectral weight of the components determined for InP samples with

various surface treatments for In 3d (left) and P 2p (right) regions.

Unlike the InGaAs layers, impact of direct plasmas on InP layers is less self-evident.

Regarding the In 3d region, direct plasma treatments lead to the loss of the InPOx com-

ponent and to the increase of the In- component while the InOx component is practically

not impacted. The analysis of the P 2p region shows that the He plasma does not seem to
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have any effect on the removal of the InPOx component whereas the Ar plasma treatment

appears to slightly reduce the oxide component. It is known that the oxidation of III-V

semiconductors begins with the adsorption of oxygen on the Group V atoms (15) and that

InP oxidation after air exposure is faster than the corresponding reaction of GaAs (16).

Thus, the relative high percentages of InPOx component for the P 2p region and of InOx

component for the In 3d region are probably related to the air exposure of the samples be-

tween the plasma treatments and the introduction under vacuum. Finally, these first results

obtained for InP layers are mitigated. Either the plasma treatments involved are not effi-

cient for the removal of InP oxides or the queue time observed between the treatment and

the characterisation is prohibitive for characterising with accuracy the impact of treatments

by XPS. This point will be further discussed in the next section.

Wet Chemical Cleaning Followed by In Situ Treatment

In order to study a full cleaning process, wet chemical treatments using HCl solutions

were performed and followed by in situ plasma exposure. The figure 4 exhibits the nor-

malized FTIR-ATR spectra obtained for InP samples with various surface treatments. The

principal absorption bands of the spectra have been highlighted by vertical lines.

Figure 4. Normalized FTIR-ATR spectra for InP layers treated with degas treatment (dash

orange line), HCl cleaning (dash dot dark cyan line), HCl cleaning followed by Ar plasma

(short dash red line), HCl cleaning followed by He plasma (short dot blue line) and without

surface pretreatment (solid black line).

The InP reference and the sample degassed at 200 °C for 30 s exhibit FTIR-ATR spec-

tra different from the ones obtained for the samples treated by HCl solution and plasma

exposure. Indeed, for these two samples, a large absorption band is seen between 950 and

1210 cm−1. This latter corresponds to the IR absorption of InP native oxides – mixture

of In2O3 and InPOx (17). As previously reported, many of the oxide vibrations involving

phosphorus (P-O stretch modes) are within the 900 – 1200 cm−1 range (18). After HCl or

plasma exposure, the large absorption band is no more observed. Instead, small and well-

defined absorption bands are evidenced. This observation is correlated with the removal of
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InP native oxides by the treatments involved and the regrowth of chemical oxides during

the air exposure between the sample preparation and their characterisation. Based on lit-

erature data, all the IR absorption bands have been identified. The bands located around

875 cm−1 are assigned to the stretching mode of hydrogeno or dihydrogeno-phosphates that

can be present on the sample surface (19). The bands located at 1061.9 and 1082.2 cm−1

have been correlated with In2O3 or InO2 species (20). All the other bands are attributed to

In(PO3)3 and InPO4 species (21, 22). This observation is in good agreement with a previ-

ous study which stated that for InP thermal and chemical oxides, InPOx are predominantly

present with a small mixture of In2O3 species near the surface (17).

Thanks to these FTIR-ATR observations and the flagrant difference between the spectra

obtained for treated and untreated samples, it appears reasonable to assume that the direct

plasma treatments applied to InP layers and described in the previous section were, at least

partially, efficient for the removal of InP native oxides and that the relative high proportion

of oxide components measured by XPS is related to the regrowth of oxides during the queue

time undergone by the samples between their treatment and their characterisation.

Based on the results obtained for the samples depicted on figure 4, it appears that a sin-

gle degas step increases the oxide proportion compared to the reference sample. Moreover,

even though a regrowth of chemical oxides is observed for all the treated samples, a simple

wet cleaning appears to be less efficient than a wet cleaning followed by plasma exposure.

Argon plasma seems to limit the regrowth of InPOx species (see the 1160 – 1180 cm−1

region) whereas the He plasma leads to a surface with less InOx species (see the 1060 –

1080 cm−1 region). These results have been correlated by XPS analyses (see the top part

of figure 5). XPS characterisations confirm that a single degas step leads to the increase

of InOx and InPOx species proportions. Moreover, except for samples treated with a single

wet cleaning, all the tendencies observed by FTIR-ATR analyses have been confirmed dur-

ing the XPS experiments. Indeed, the proportion of InOx species is slightly higher for Ar

treated samples while the He treated ones exhibit a higher proportion of InPOx species.

The bottom part of the figure 5 shows the relative spectral weight of the components

determined for InGaAs samples exposed to various surface treatments. First, as observed

for InP layers, a single degas step leads to the increase of InOx and AsOx species proportion

compared to the reference sample. The exposure of samples to a unique wet cleaning

is efficient for removing In and As oxides but, especially for AsOx species removal, the

best results were obtained for a wet cleaning followed by plasma treatment. It should

be noted that when combined to HCl solution cleaning, He plasma is the most efficient

treatment for the removal of In and As oxides whereas when using plasma exposure alone,

Ar treatment was more efficient than the He one for removing InOx species. Thus, using

a wet cleaning before plasma exposure must modify the surface and its reactivity towards

plasma treatment.

Finally, we have studied the impact of the various treatments involved in this study in

terms of surface morphology and roughness. Whatever the surface treatment imposed to

the InGaAs layers, no degradation of surface morphology and roughness was observed by

AFM (images are not shown here). The RMS values obtained after surface treatments are

similar to the one acquired for the reference sample (e.g. < 1.7 nm). On the contrary, InP

surfaces appear to be greatly more sensitive to the surface treatments, results obtained for

different samples are depicted on figure 6.

If concentrated HCl solutions (e.g. > 4 M) are efficient for the removal of InP oxides

(see figures 4 and 5), they lead to a significant modification of the surface morphology
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Figure 5. Relative spectral weight of the components determined for various treated sam-

ples and for reference samples for InP In 3d (top left) and P 2p (top right) regions and for

InGaAs In 3d (bottom left) and As 3d (bottom right) regions.

Figure 6. AFM images (scan size 1 × 1 µm) of InP samples for various surface treatments.

– RMS values slightly increase compare to the reference ones – and the appearance of

boat-like shape of the etch pits is observed as already reported (4). Reducing the HCl con-

centration (HCl:H2O 1:10) allows removing the InPOx and InOx species without damaging

the surface (RMS values are similar to the reference ones). The use of Ar direct plasma

drastically impacts the surface morphology and its roughness. Indeed, the RMS values

reach 8.5 nm, where the reference value is 0.2 nm, and dots appear at the surface of the

samples. This impact on surface morphology is correlated with the increase on In-In bonds

at the surface of InP layers (see the top left of the figure 5). This phenomenon could be

related to a phosphorus depletion occurring at the indium phosphide surface (23, 24). On

the other hand, wet cleaning followed by He plasma exposure appears to be less invasive

for the surface. RMS values are similar to the ones observed for samples only treated with

the wet cleaning. The difference between Ar and He plasma impact is attributed to the

larger size and mass of the Ar ions.
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Conclusions

In this work, we have investigated the impact of various plasma treatments on InGaAs and

InP layers preceded (or not) by wet chemical cleanings based on HCl solutions. We have

demonstrated that concentrated HCl solution cleanings followed by He direct plasma treat-

ment are efficient for the removal of InGaAs native oxides without impacting the surface

morphology and roughness. InP surfaces are greatly more sensitive to chemical and plasma

treatments than the InGaAs ones. Nevertheless, we have highlighted that a He plasma ex-

posure preceded by a diluted HCl solution cleaning appears to offer a good compromise

between surface deterioration and native oxide removal.
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