
Full Length Article

Dry cleaning of InSb surfaces by hydrogen molecule exposure in 
ultrahigh vacuum

Zahra Jahanshah Rad , Mikko Miettinen , Marko Punkkinen , Pekka Laukkanen *, Kalevi Kokko
Department of Physics and Astronomy, University of Turku, FI-20014 Turku, Finland

A R T I C L E  I N F O

Keywords:
Surface cleaning
Dry cleaning
Reconstruction
LEED
XPS

A B S T R A C T

Cleaning semiconductor surfaces by atomic hydrogen or hydrogen plasma has gained significant interest because 
such a dry-cleaning method enables to reduce consumption of chemicals and pure water, and to treat challenging 
surfaces of three-dimensional semiconductor nanostructures. We have studied effects of mere H2 molecule ex
posures on (111)B and (110) surfaces of InSb with native oxides in an ultrahigh-vacuum (UHV) chamber. 
Without any hydrogen cracking, exposure of native-oxide covered InSb(111)B, heated simultaneously at 350 ◦C, 
to H2 with a partial pressure of 5•10− 5 mbar decreases amount of surface oxides and carbon, according to x-ray 
photoelectron spectroscopy, and provides (2×2) low-energy electron diffraction (LEED) pattern. Scanning 
tunneling microscopy indicates that this InSb(111)B(2×2) surface contains still extra Sb. When the InSb tem
perature increases to 400 ◦C during the H2 exposure, LEED changes to (3×3) pattern, which is known to arise 
from a less Sb-rich surface compared to InSb(111)B(2×2). When InSb(111)B(3×3) is exposed to H2 at the 
lowered temperature of 300 ◦C, LEED changes back to (2×2), which is discussed to arise from that InSb(111)B 
(3×3) contains still oxygen. Experiments for InSb(110) support that the found H2 exposure effects apply to 
different crystal faces of InSb.

1. Introduction

Cleaning of semiconductor surfaces is sometimes described as a 
solved problem in semiconductor technology. However, this crucial step 
in device manufacturing processes is also developed continuously to
ward solutions which decrease or constrain the consumption of energy, 
chemicals, and water in cleaning steps (e.g. Refs. [1–10]). It is worth 
noting that semiconductor surface cleaning is typically performed 
several times at different stages of a device manufacturing process. It 
might be surprising that there is no clear definition for a clean surface; 
what kind of properties it should have. For example, surface scientists 
typically expect that a clean semiconductor surface is also well crystal
line or ordered, but in general, a clean surface is not necessarily crys
talline. In fact, many cleaned surfaces have still a disordered or 
amorphous atomic structure, although most surface impurities have 
been removed, because engineering of a well-crystalline surface is 
difficult and usually requires use of ultraclean ultrahigh vacuum (UHV) 
environment. The cleaning is here defined to have two effects: to 
decrease an amount of impurities and to increase a crystalline degree of 
a surface.

For several decades, the wet chemical treatments have provided a 
simple and scalable approach to clean various semiconductor surfaces in 
industry. Dry-cleaning methods have also become more and more rele
vant to semiconductor technology because the wet chemistry does not 
work properly for all three-dimensionally structured nanoscale features, 
and because the consumption of chemicals and pure water is attempted 
to constrain [6–10]. Furthermore, at some device processing stages (e.g. 
before metal film deposition), it is useful to clean a surface just before 
the next processing step in-situ manner without exposing the cleaned 
surface to different environmental conditions.

These challenges in manufacturing semiconductor devices have also 
motivated surface-science studies. The cleaning of semiconductor sur
faces by atomic hydrogen or hydrogen plasma is one of the most 
investigated dry-cleaning methods (e.g. [11–28]). A hydrogen source is 
often connected to a UHV chamber, which enables also in-situ surface- 
sensitive measurements such as low-energy electron diffraction (LEED) 
and x-ray photoelectron spectroscopy (XPS) without the sample transfer 
to another instrument. LEED provides quickly information about crys
talline quality and lattice of a cleaned surface, while XPS is helpful to 
understand the amount of surface impurities like oxygen and carbon 
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after cleaning. Furthermore, a proper H2 pre-bake of Si substrates at 
elevated temperatures (>1000 ◦C) before chemical vapor deposition of 
thin films has provided high-quality crystalline Si surfaces with 
hydrogen passivation [29].

In this work, we have studied if a molecular H2 exposure provides a 
cleaning effect at lowered temperatures (≤400 ◦C) for InSb surfaces. We 
have used a UHV multi-chamber to perform controlled H2 exposures and 
in-situ characterization with LEED and XPS for (111)B and (110) surfaces 
of InSb crystals.

2. Experiments

InSb(111)B and (110) pieces of approximately 5 mm × 10 mm were 
cut from 2 inch wafers which were slightly n-type, Te-doped ~ 1015 

cm− 3. InSb piece was mounted on Omicron holder where InSb is heated 
indirect way through W-wire filament beneath the sample holder. After 
blowing surfaces by nitrogen gas, InSb was loaded in a UHV chamber 
without any pre-treatment. Background pressure was ~ 10− 8 mbar 
range in a preparation chamber where InSb was heated and exposed to 
H2. Background pressure was ~ 10− 10 mbar in an analysis chamber 
where InSb was in-situ characterized by LEED and non- 
monochromatized XPS (Mg Kα). No electron gun or carbon charging 
correction was used here in XPS experiments. Pass energy was 40 eV, 
and number of XPS scans was 5–10 for individual core-level peaks and 
two for larger survey spectra. XPS spectra were aligned by placing Sb 
3d5/2 peaks from InSb bulk at binding energy (BE) of 528 eV, which 
provided consistently In 3d5/2 binding energy of 444 eV. The BE scale 
was not calibrated in detail with Fermi edge of a metal control sample in 
this work. XPS energy resolution is limited to near 1 eV due to a non- 
monochromatized x-ray source. Despite of these limitations in the 
used XPS instrument, the presented XPS analysis is valid. Sb 3d and In 3d 
spectra were fitted by using Gaussian shape peaks and Shirley back
ground removal. Scanning tunneling microscopy (Omicron Scala) was 
also used for some surfaces in the constant current mode at room 
temperature.

After loading into the UHV preparation chamber, InSb pieces were 
exposed to H2 background gas with a partial pressure about 5•10− 5 

mbar, and then the temperature of InSb was increased under H2 expo
sure. Pure H2 gas was fed via a leak valve into the preparation chamber 
pumped by turbo at the same time. Sample distance from the valve 
varied between 10–70 cm approximately, and according to our obser
vations, sample orientation and distance in relation to the H2 leak valve 
did not affect the presented results. Exposure time started from 
switching on the W-wire filament heater. The heating and H2 valve were 
turned off simultaneously. Then it took approximately 5 min to transfer 
the sample into the analysis chamber for LEED and XPS measurements. 
During this transfer, some re-adsorption of molecules on the surface 
occurred probably. On the other hand, an exposure of the cleaned sur
face to LEED electrons and x-ray photons might remove some re- 
adsrobed molecules. The InSb temperature was measured by infrared 
pyrometer.

3. Results and discussion

Fig. 1 shows Sb 3d core-level spectra measured before and after H2 
exposures of InSb(111)B at 350 ◦C. The O 1 s emission is partially 
overlapping with Sb 3d. The Sb 3d + O 1 s spectra in Fig. 1 show that 
amount of oxidized Sb decreases on InSb(111)B significantly due to the 
H2 exposure at 350 ◦C for 30 min (i.e. after exposure of 9‧104 Langmuir). 
After two cycles of the 30-min exposure (i.e. total exposure of 18‧104 L), 
Sb-oxide induced peaks disappeared in XPS. In contrast, In 3d spectra in 
Fig. 2 do not change visually so much although the peaks narrow slightly 
due to the H2 exposures at 350 ◦C. A spectral fitting in Fig. 2 supports the 
peak narrowing. Because the O 1 s intensity decreased significantly 
(Fig. 1), amount of In oxides should decrease also, expecting that the 
native oxide included both Sb and In oxides, even if the used energy 

resolution of XPS did not reveal clear spectral changes in In 3d.
Future synchrotron-radiation XPS measurements hopefully clarify 

changes in the bonding environment of In atoms induced by H2 expo
sures. Previous high-resolution synchrotron-radiation XPS measure
ments have revealed that an InGaAs surface still includes oxygen atoms 
bonded particularly to In and Ga after atomic hydrogen treatments [22]. 
Besides the energy resolution, it is relevant to consider a detectable atom 
density because it is difficult to resolve the atomic densities lower than 
1•1012 cm− 2 at a solid surface by XPS, while the defect-induced elec
tron-level density of 1•1012 cm− 2 in the band gap causes already sig
nificant degradation in device operation. Moreover, the oxidation- 
induced core-level shifts in the In and Ga spectra are more challenging 
to interpret than those in the group-V spectra because the presence of 
oxygen atoms at III-V surfaces can cause also core-level shifts to the low 
binding-energy side from the bulk peak in the group-III spectra [30–32]. 
Thus, by no means, we are here able to conclude that all oxygen atoms 
have been removed from the studied InSb(111)B surface. It means that 
the studied surfaces can also include water molecules forming in the 
hydrogen treatment. However, the amount of native oxides clearly 
decreased when InSb(111)B was treated with the H2 exposure at 350 ◦C. 
Amount of surface carbon also decreased due to the H2 exposures at 
350 ◦C because C 1s peak disappeared within the XPS resolution, as 
shown in Fig. 3.

Fig. 1. Sb 3d core-level spectra measured from InSb(111)B before (top spec
trum) and after hydrogen treatments (middle and bottom spectra). Temperature 
of InSb(111)B was 350 ◦C during H2 exposures of 5•10− 5 mbar. Emission 
components of oxidized Sb and O 1s decreased with H2 exposures. After 30-min 
H2 treatment (middle spectrum, exposure of 9‧104 Langmuir), the second 
similar 30-min exposure was done (bottom panel, total exposure of 18‧104 

Langmuir). The peak intensities were normalized to one.

Z. Jahanshah Rad et al.                                                                                                                                                                                                                       Applied Surface Science 678 (2024) 161120 

2 



LEED observations are consistent with these XPS results. Fig. 4 shows 
two LEED patterns after the H2 exposures at two different temperatures 
350 ◦C and 400 ◦C. LEED showed (2×2) pattern after exposing InSb 
(111)B to H2 at 350 ◦C two times (i.e. 30 min + 30 min → 18‧104 L). 
After the first 30-min exposure at 350 ◦C, (2×2) pattern was visible but 
weaker. Increasing the InSb temperature during the H2 exposure to 
400 ◦C changed LEED to (3×3) pattern. The InSb(111)B(3×3) surface is 
known to include less Sb than InSb(111)B(2×2) [33]. STM measure
ments (Fig. 5) suggested that the InSb(111)B surface, which showed 
(2×2) LEED, included also extra Sb clusters or/and SbOx with lower 
oxidation state than for those causing the separate Sb-oxide XPS peaks in 
Fig. 1. It is then reasonable that the exposure at the increased temper
ature of 400 ◦C caused the less Sb-rich InSb(111)B(3×3) surface.

It is interesting that re-exposing the InSb(111)B(3×3) surface to H2 
at the lowered temperature of 300 ◦C changed LEED back to (2×2). This 
could be understood if the InSb(111)B(3×3) surface contained still ox
ygen of which amount decreased by the extra H2 exposure at 300 ◦C. 
Such interpretation is consistent with the previous observations for 
InGaAs that it is difficult to remove all oxygen atoms [22]. Furthermore, 
the previous controlled oxidation studies of InSb(111)B have shown that 
the surface with a high crystalline degree can still include oxygen atoms; 
i.e. crystalline oxygen-containing InSb(111)B(3×3)-O and (2×2)-O can 
form [33].

The InSb temperature of 350 ◦C clearly activated the H2 cleaning 
effect to remove the native oxides and to induce the (2×2) reconstruc
tion, as shown above. However, exposing the native-oxide covered InSb 
(111)B to H2 at 300 ◦C did not (i) provide a visible LEED pattern and (ii) 
decrease amount of native oxides much after two 30-min cycles (i.e. 18‧ 
104 L). Mere heating of the native-oxide covered InSb crystals in UHV, 
without H2., was tested for comparison. Neither 350 ◦C nor 400 ◦C 
heating in UHV resulted in the (2×2) or (3×3) reconstruction in LEED 
for InSb(111)B. Only (1×1) LEED was observed after heating InSb(111) 
B in UHV at 400 ◦C, indicating a disordered surface structure although 
most surface oxides were removed.

Observations from native-oxide covered InSb(110) surfaces are 
consistent with the above results. Fig. 6 shows that the amount of native 
oxides decreases much on InSb(110) during the mere UHV heating at 
400 ◦C without H2. However, the UHV heating at 350 ◦C did not provide 
the same oxide removal. Including the H2 exposure at 350 ◦C enhanced 
the removal of native oxides from InSb(110). Fig. 7 shows LEED from 
InSb(110) after the UHV heating at 400 ◦C, which is the (1×1) pattern. 
Here it is worth noting that clean III-V(110) surfaces do not typically 
reconstruct, in contrast to the (100) and (111) faces. In other words, 
(1×1) LEED pattern from III-V(110) can be a sign of well-ordered, 
crystalline surfaces. Fig. 7 however shows that (1×1) LEED is sharp
ened when the UHV heated InSb(110)(1×1) surface is further exposed to 
H2 exposure at 300 ◦C. Such a low-temperature effect agrees with the 
above described reconstruction change of (3×3) to (2×2) on InSb(111) 
after H2 exposure at 300 ◦C. Therefore, although the H2 exposure at 
300 ◦C does not remove native oxides effectively, it can polish the sur
faces, from which most oxides are removed beforehand, increasing their 
crystalline degree.

It might be useful to combine the atomic hydrogen or hydrogen 
plasma with the molecular hydrogen exposures in optimizing the 
hydrogen-based dry-cleaning procedure. For example, it might be 
interesting to test removing most surface oxides first by the atomic 
hydrogen or plasma, and then using molecular hydrogen to finalize the 
cleaning. A gentle H2 exposure can be expected to reduce crystal dam
ages and even to increase a long-range crystalline order at a cleaned 
surface, which can be further expected to reduce a density of point de
fects at surfaces, because a crystalline material includes less point de
fects than the disordered one. We still note that a reduced UHV 
background pressure lower than that used in this work (~10− 8 mbar) is 
expected to enhance the cleaning effect.

Fig. 2. In 3d core-level spectra measured before and after hydrogen treatments. 
Temperature of InSb(111)B was 350 ◦C during H2 exposure of 5•10− 5 mbar. 30- 
min treatment (middle) means 9‧104 L exposure of H2, and 60-min treatment 
(bottom) means 9‧104 L+9‧104 L exposures. Resolution of used XPS instrument 
was not high enough to observe clear changes in the spectral shape, although 
the peaks narrowed slightly with the H2 exposure. Fitting was done to elucidate 
the peak narrowing. The peak intensities were normalized to one.

Fig. 3. XPS survey spectrum showed that amount of carbon impurities 
decreased below XPS resolution after the H2 cleaning with 9‧104 L+9‧104 

L exposure.
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4. Conclusions

With XPS and LEED measurements, we found that the H2 exposure at 
350–400 ◦C provided a dry-cleaning effect for (111)B and (110) surfaces 
of InSb crystals. XPS showed that the amount of Sb and In oxides as well 
as carbon decreased after exposing the native-oxide covered InSb sur
faces to H2 when the InSb temperature was 350 ◦C. Concomitantly the 
LEED pattern became visible: namely (2×2) for InSb(111)B and (1×1) 
for InSb(110). LEED changed to (3×3) when the InSb(111)B(2×2) 

surface was further exposed to H2 at 400 ◦C, indicating that Sb amount 
decreased at the surface. When this InSb(111)B(3×3) was again exposed 
to H2 at 300 ◦C, LEED changed back to (2×2), which was explained by 
removal of In oxides from oxygen-containing InSb(111)B(3×3)-O, even 
if no change was observed in XPS.

The mere UHV heating at 400 ◦C without H2 removed most native 

Fig. 4. LEED diffraction pattern of (2×2) reconstruction appeared after H2 exposure of 9‧104 L+9‧104 L at 350 ◦C. When the temperature of this same InSb(111)B 
surface increased at 400 ◦C under H2 exposure 9‧104 L (i.e. totally 9‧104 L+9‧104 L+9‧104 L), LEED changed to (3×3).

Fig. 5. STM showed formation of two-dimensional islands after the H2 expo
sure at 350 ◦C for 60 min (i.e. 9‧104 L+9‧104 L exposures). On top of the islands, 
there are cluster features which are interpreted as extra Sb or SbOx.

Fig. 6. XPS spectra from native-oxide covered InSb(110) surface before and 
after heating (400◦C) in UHV without hydrogen showed that the 400◦C heating 
removed most native oxides. The peak intensities were normalized to one.
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oxides and carbon contamination, according to XPS, but including the 
H2 exposures in the cleaning process increased crystalline order at the 
InSb surfaces. Namely, UHV heating at 400 ◦C without H2 did not cause 
any reconstruction on InSb(111)B, and (1×1) LEED from InSb(110) 
sharpened with using H2. Thus, the H2 exposure of a properly heated 
semiconductor surface could be a useful method to optimize cleanliness 
and crystal structure of semiconductor surfaces during device 
manufacturing processes.
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P. Mertens, E. André, M. Heyns, Atomic force microscopy and infrared 
spectroscopy studies of hydrogen baked Si surfaces, Jpn. J. Appl. Phys. 32 (1993) 
L1489.

[30] J.J.K. Lång, M.P.J. Punkkinen, M. Tuominen, H.-P. Hedman, M. Vähä-Heikkilä, 
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