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Surface etching of InP(100) by chlorine
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Abstract

The cleaning and etching of the InP(100) surface by chlorine gas is investigated using synchrotron-radiation photoemission
spectroscopy. A clean InP surface with a 4×2 configuration is obtained by ion sputtering or chlorine etching, followed by annealing
to 650 K. The clean surface obtained by chlorine etching and annealing is indium-rich with the surface indium atoms showing
metallic characterics. The chemisorption of chlorine leads to the formation of various InCl

x
(x=1–3) and PCl species on the InP

surface at 110 K and their corresponding chemical shifts are assigned. The chlorination of the InP surface causes surface band
bending by about 0.36 eV at the saturation coverage. Argon-ion sputtering enhances the surface reactivity so that the sputtered
surface can be chlorinated to a higher extent than the clean surface. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction determined by the quality of the substrate surface,
which influences the nature of the interface in the

InP is an important III–V material in electronics subsequent fabrication process [4]. Understanding
applications because of several advantageous prop- in detail the chemical reaction of the InP surface
erties. Compared with GaAs, InP has higher peak with chlorine has appreciable technological impor-
and saturation electron velocity, higher breakdown tance in better handling of this material.
voltage, larger intervalley energy gap, smaller ion- Among the different crystal faces, the InP(100)
ization coefficient and dielectric constant [1]. When surface is the most important face with respect to
reacted with chlorine, most III–V materials form its application in optoelectronic devices. However,
chlorides on the surface, which are volatile at similar to the GaAs(100) surface, the InP(100)
relatively low temperatures. Therefore, chlorine- surface can be reconstructed into several configu-
based etching is often used in the fabrication of rations in a complex way [5,6 ]. It is now well
devices based on III–V substrates [2,3]. Whether known that ion bombardment and heating result
or not the device has the desired characteristics is in an indium-rich surface [1,7,8]. Depending on

the annealing temperature, there are two surface
reconstructions that can be observed for the* Corresponding author. Fax:+886-3-5783892;

e-mail: whung@alpha1.srrc.gov.tw. indium-rich surface [9,10]. The InP(100) surface
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is sufficiently ordered to exhibit a (4×2) low- the effect of ion bombardment on the interaction
of the InP surface with chlorine gas.energy electron diffraction (LEED) pattern after

Chlorine is also used in the low-temperatureargon-ion bombardment and gentle annealing. In
RIE process to obtain a less-damaged etched InPspite of various structures proposed in previous
surface with good anisotropy and smooth stoichi-studies, the detailed structure of the InP(100)-4×2
ometry [22]. Since Group III and V chlorides aresurface is still unclear [6 ]. Based on the model
volatile, they may desorb from the surface afterproposed for the surface structure of GaAs(100),
being formed during Cl2 exposure, without resort-a qualitative missing-row-dimer (MRD) structure
ing to a vigorous thermal treatment. Therefore,has been discussed for the InP(100)-4×2 surface
when the InP is etched, the substrate temperature[11–13]. It has been suggested that the surface is
can be kept low so that the chlorides formed oncovered by some metallic indium atoms [1,14].
the surface of the side wall can remain intact forThe presence of metallic indium atoms on the InP
better anisotropic etching profile [23]. The advan-surface may be crucial for obtaining the desired
tage of etching at low temperatures also includesquality of interface for further fabrication [15]. In
the fact that the sticking coefficient of Cl2 on thethis study, X-ray photoelectron spectroscopy
InP surface is increased at low temperature. All( XPS) is used to elucidate the nature of the
the experiments in this study were thus performedInP(100)-4×2 surface and its reaction with Cl2. by cooling the InP sample with liquid nitrogen toFurthermore, in contrast to GaAs, a remote
110 K. Results obtained from the low-temperaturechlorine plasma does not etch InP efficiently at
study may provide clues to the fundamental surfacetemperatures below 125°C [16,17]. It is concluded
chemistry of chlorine etching, which may eventu-that the difference in volatility of the etch products
ally help in process design.gives rise to the differences in both the etching

threshold temperature and the temperature depen-
dence of the etching rate for GaAs and InP. A

2. Experimental
previous temperature-programmed desorption
(TPD) study of the chlorinated InP surface showed Experiments were performed in an ultrahigh
that the two desorption peaks (a and b states) of vacuum (UHV ) chamber equipped with a quadru-
InCl and P4 are observed at 410 and 570 K during pole mass spectrometer, a low-energy electron
thermal desorption [18]. The populations of a and diffractometer and a VG CLAM II electron-energy
b states are very sensitive to the structure and analyzer. The XPS measurements were carried out
stoichiometry of the surface. This investigation of at the 6 m LSGM beamline of SRRC (Synchrotron
the reaction of the InP surface with Cl2 may Radiation Research Center, Taiwan). The incident
provide a better understanding of the difference in angle of photons was 55° from the surface normal.
etching rates of chlorine between the GaAs and The emitted photoelectrons were collected with the
InP surfaces. electron analyzer normal to the sample surface.

Energetic ions have been used to enhance the The InP sample was mounted on the tantalum
etching rate of various material surfaces [19]. plate by indium bonding, to achieve good contact.
Argon-ion beams are extensively used for ion- The sample can be cooled to 110 K with liquid
assisted dry etching of semiconductors because of nitrogen and heated by electron beam bombard-
their chemical inertness and high sputtering yield ment from the back of the tantalum plate. The
[20]. On the other hand, the chemical and physical surface temperature was measured by using a
damage on the surface after reactive-ion etching K-type thermocouple spot-welded close to the
(RIE) may cause undesirable surface properties. sample. The InP(100) sample (S-doped n-type,
The damage can be reduced by a post-RIE process ~3×1018 cm−3) was cleaned by chemical etching
or removed through a thermal reaction with chlo- using sulfuric acid and hydrogen peroxide solution.
rine, which generates volatile chlorides [21]. Thus The etched InP sample was rinsed in deionized

water and was cleaned by argon-ion bombardmentit is of considerable importance to study in detail
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(500 eV ) with the ion beam at a 45° incident angle
in UHV. Following Ar+-ion bombardment, the
sample was annealed to ~650 K for 2 min. A 4×2
LEED pattern was observed, which is characteris-
tic of an indium-rich InP(100) surface. For expo-
sure of the sample to Cl2, the chlorine gas was
introduced to the InP(100) surface by background
dosing through a leak valve.

All XPS spectra were taken at a sample temper-
ature of 110 K. The spectra collected were fitted
numerically with Gaussian-broadened Lorentzian
spin–orbit doublets after Shirley background
subtraction with a third-order polynomial to each
side of the peak in all fits [24]. The Lorentzian
full-width at half-maximum (FWHM) was fixed
at 0.15 eV for In 4d and 0.10 eV for P 2p. The
peak width of each core-level component is mainly
determined by the Gaussian FWHM. The spin–
orbit splitting values are 0.85 eV for In 4d and
0.86 eV for P 2p.

Fig. 1. Soft X-ray photoelectron spectra of In 4d and P 2p, col-
lected from an InP(100) surface after the sample had been either3. Results and discussion
bombarded by 500 eV Ar+ ions for 30 min or sputtered and
annealed to 650 K. The photon energy used to collect these

Fig. 1 shows the core-level spectra of In 4d and spectra is 50 eV for the In 4d level and 160 eV for the P 2p level.
The dots represent the data collected after background subtrac-P 2p for the InP(100) surface sputtered by 500 eV
tion, the solid line is the curve fit to the data, and the variousAr+ ions for 30 min and then annealed to 650 K.
components are shown by dashed lines. The surface-shiftedThe photon energy used to collect these spectra
core-level components of indium and phosphorus are labeled

is 50 eV for In 4d and 160 eV for P 2p. S1, S2 and S, respectively.
Photoelectrons from In 4d and P 2p are all mea-
sured at about 30 eV. Thus, the analyzing depth
of the InP substrate for both the In 4d and P 2p surface, respectively. A Gaussian FWHM of

0.27±0.02 eV is used for the metallic indium atomsspectra is about the same.
The assignments of the XPS spectra for the in all In 4d spectra. This width is significantly

smaller than that obtained for bulk and surfaceclean InP(100)-4×2 surface are necessary for the
interpretation of the chemical species formed on indium (0.45±0.02 eV ). The value of the Gaussian

FWHM for the metallic indium component isthe InP surface upon the adsorption of chlorine.
The indium spectra are best fitted with the obtained from a well-resolved spectrum of the

chlorinated InP surface which is to be discussedbranching ratio of 0.68±0.02. From our curve
fitting, the XPS spectrum of a clean InP(100)-4×2 later. The P 2p spectrum can be fitted well with a

branching ratio of 0.50±0.01 for p1/2 and p3/2, andsurface shows several indium chemical components
with the 4d5/2 binding energies at 16.92, 17.27, the binding energy of the surface core-level compo-

nent is shifted from that of the bulk by −0.31 eV.17.67 and 17.86 eV, as shown in Fig. 1. The peak
with a binding energy at 17.67 eV is obtained due The intensities of In 4d and P 2p for the clean

and sputtered surfaces, shown in Fig. 1, are nor-to the contribution from the bulk InP. The peaks
with binding energies at 16.92, 17.27 and 17.86 eV malized to the photon flux. For the sputtered

surface, there is an increase in the intensity at theare attributed to metallic indium atoms and indium
adatoms with dangling bonds (S1 and S2) on the low-binding-energy side of the In 4d spectrum,
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whereas a broad tail appears at high binding
energy in the P 2p spectrum. There has been some
dispute over the composition of a sputtered InP
surface [1,10,25–29]. We make no attempt to
deconvolute the spectra of a sputtered InP surface
because of the complication of the surface com-
position (stoichiometry of indium and phosphorus)
and roughness due to the energetic-ion bombard-
ment. The long tail of P 2p at the high-binding-
energy side may suggest the presence of InP

x
with

a phosphorus-rich stoichiometry or phosphorus
adatoms on the sputtered and roughened surface,
which has higher binding energy than the bulk
phosphorus atoms.

In this study, a 4×2 LEED pattern with large,
weak half-order spots is obtained on the clean
InP(100) sample after argon-ion sputtering and
annealing to 650 K. This suggests that the clean
InP surface obtained in this study is not perfectly
ordered. Its surface geometry may be considered
as a 4×2 structure, on which the c(8×2) structure Fig. 2. Soft X-ray photoelectron spectra of In 4d5/2 from the
is present [11,30,31]. The metallic indium clusters InP(100)-4×2 surface with various exposures to Cl2 at 110 K.
may be present on the surface and thus hinder the
complete reconstruction of the c(8×2) structure
[32]. This surface structure is expected to be the
most stable structure on the (100) III–V semicon-
ductor surface at high temperatures, and has been
observed on the GaAs(100) surface before [33,34].
In addition, the LEED pattern obtained reveals
that the area of the ordered surface domains may
be close to or less than the coherence width
(~100 Å) of the electron beam source used in the
LEED experiment [35]. Metallic indium clusters
may thus be somewhat randomly distributed on
the surface at a distance which, on average, is less
than the coherence width.

Figs. 2 and 3 show the XPS spectra for In 4d5/2
and P 2p of an InP(100)-4×2 surface exposed to
various amounts of chlorine at 110 K. For simplic-
ity and clarity, only the 4d5/2 component obtained
from deconvolution of the experimental data is
presented in Fig. 2 for the In 4d spectra [36 ]. As
evident from the significant changes in both the
In 4d and P 2p spectra with chlorine exposure,
chlorination occurs on both the indium and phos-
phorus atoms upon the adsorption of chlorine.
The chlorine-induced components appear at high Fig. 3. Soft X-ray photoelectron spectra of P 2p from the

InP(100)-4×2 surface with various exposures to Cl2 at 110 K.binding energy, which is indicative of the forma-
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tion of indium and phosphorus chlorides. From it is necessary to include the components with
shifts in binding energies from the substrate peakour data fitting, the chemical shifts of indium

chlorides with respect to that of the bulk InP are of −0.4 and 0.2 eV for the indium atom and
−0.32 eV for the phosphorus atom. These shifts0.44, 0.86 and 1.36 eV. These shifts are attributed

to the formation of InCl, InCl2 and InCl3 on the in binding energy are due to the presence of
adatoms with dangling bonds on the clean surface,surface. For the phosphorus components, as shown

in Fig. 3, only a PCl species is formed on the which persist on the surface with saturated chlori-
nation. Similar persistence of these componentssurface upon chlorine adsorption. This species has

a chemical shift of 0.34 eV from the bulk InP. The was also observed for the GaAs surfaces exposed
to XeF2 and to Cl2 [37,38]. They were attributedintensities of the peaks due to the clean surface

indium and phosphorus atoms decrease with to the gallium and arsenic atoms generated on the
substrate with a tri-coordinated configuration as aincreasing Cl2 exposure. The chlorination of

InP(100) is saturated when the surface is exposed result of the bond breaking during halogenation,
which have similar binding energy shifts as theto chlorine of more than 10 L at 110 K. At higher

exposures, a passivation layer of indium and phos- surface-induced chemical shifts. During chlorina-
tion, the bond breaking of In–P occurs at thephorus chlorides is formed, and molecular chlorine

physisorbs and accumulates on the surface. interface between the bulk and the chloride layer.
Consequently, the tri-coordinated atoms are cre-With the increase of Cl2 exposure, the peaks

assigned to bulk In 4d and P 2p shift to higher ated and the chloride layer grows. At a Cl2 expo-
sure of more than 10 L, the thick indium andbinding energies than that of the clean surface.

The shift of the bulk indium and phosphorus phosphorus chloride layer may become passivated,
and chlorine cannot react further with bulk InPcomponents relative to the spectra of the clean

surface is due to the occurrence of the surface and tri-coordinated atoms.
The intensities of surface components decreaseband bending, which induces a change in the

binding energy of the core level relative to the with increasing chlorine exposures. At initial chlo-
rination, the intensity of the surface indium ada-Fermi level [36 ]. The chemisorption of chlorine

with strong electronegativity may cause a change toms (S1 and S2) in In 4d spectra decreases more
drastically than that of the metallic indium atoms.in the electrostatic potential and result in a shift

of the core level of the bulk InP to higher binding During this time, most of the adsorbed chlorine
reacts with the surface indium adatoms to formenergy. The surface band bending increases with

the extent of chlorination, i.e., the exposure to indium chlorides. This is consistent with the argu-
ment that the metallic indium atoms concentratechlorine. On the chlorine-saturated InP surface,

the binding energies of the bulk In 4d and P 2p are in droplets, rather than in a continuous film, and
cover a small fraction of the surface area. Sincelifted by about 0.36 eV from the clean

InP(100)-4×2 surface. It was reported that the some metallic indium atoms can persist even at
the saturation coverage, the indium atoms insideadsorption of Cl2 on a cleaved InP(110) surface

caused a downshift of the Fermi level by 0.2–0.3 eV the droplet may be relatively inert to further
chlorination after a chlorinated passivation layerfrom the conduction band [15]. The binding energy

of the component assigned to metallic indium on the outside is formed at a temperature as low
as 110 K.remains essentially unchanged on the chlorinated

surface. This suggests that the metallic indium Indium and phosphorus chlorides are observed
on the InP surface at low exposures of chlorine,atoms, however, remain as clusters on the InP

surface and act as individual systems. These clus- and there is no obvious preference of the chlorina-
tion with either surface indium or phosphorusters are not affected by the average electrical field

felt by the indium and phosphorus atoms in the atoms. Among the indium chlorides, InCl and
InCl2 are the main products and only a smallbulk and surface InP.

To achieve a good fitting of the collected In 4d amount of InCl3 is formed. PCl is the only product
of the phosphorus chlorides. However, by compar-and P 2p spectra from the chlorinated InP surface,
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ing the chloride intensity to the bulk intensity, it
is found that the chlorinated InP surface is mainly
composed of indium chlorides. The preferential
formation of indium chlorides upon chlorine
adsorption may result from the domination of the
indium atoms on the clean InP surface. This
suggests that the clean InP surface is mainly cov-
ered by the indium atoms, as described above.

Figs. 4 and 5 show the XPS spectra of In 4d5/2
and P 2p for an InP(100)-4×2 surface exposed to
8 L Cl2 at 110 K, followed by warming up to the
indicated temperatures. When the substrate is
heated up to 250 K, the intensity of the metallic
indium atoms at 16.92 eV is diminished while the
intensity of indium chlorides increased. This sug-
gests that the metallic indium clusters can be
decomposed by further reacting with the phy-
sisorbed chlorine to form more indium chlorides
upon thermal annealing. When the surface is
heated up to 400 K, InCl3 is completely depleted
and a small amount of InCl and InCl2 desorbs
from the surface. A well-resolved peak at 16.9 eV

Fig. 5. Soft X-ray photoelectron spectra of P 2p from the
InP(100) surface exposed to 8 L Cl2 at 110 K, followed by
annealing the substrate to 250 K, 350 K or 400 K.

is observed at 350 K with a Gaussian FWHM of
0.27 eV, which is smaller than that of bulk InP. It
has been also observed that large metallic indium
droplets exist on the heavily hydrogenated InP
surface [14,39–41]. The FWHM of the metallic
In 4d peak is smaller than in bulk InP due to the
difference of their bonding character. Fig. 4 thus
indicates that the metallic indium droplets reap-
pear on the surface during the desorption of
indium chlorides. The FWHM of the peak at
16.9 eV is used in the curve fitting of the metallic
indium component in all In 4d spectra.

When the surface is annealed to 600 K, all
indium and phosphorus chlorides desorb from the
surface and a blurred InP(100)-4×2 surface is
recovered, like that obtained by ion bombardment
and annealing. The surface band bending is
reduced when the sample is heated to desorb
surface chlorides. The regeneration of the clean
surface is thus accomplished by thermal desorptionFig. 4. Soft X-ray photoelectron spectra of In 4d5/2 from the
of surface indium and phosphorus chlorides. TheInP(100) surface exposed to 8 L Cl2 at 110 K, followed by

annealing the substrate to 250 K, 350 K or 400 K. results indicate that, when the substrate is annealed
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above 600 K, the indium-rich surface covered with
metallic indium atoms is the favorable configura-
tion thermodynamically.

The XPS spectra shown in Figs. 4 and 5 suggest
that the desorption of surface chlorides from the
chlorinated InP surface occurs over a very wide
temperature range. It may consist of more than
one desorption stage. In a previous TPD study, it
was found that the desorption was a two-stage
process including a and b states [20]. The desorp-
tion of the a state started at ~350 K and the b
state desorbed at ~500 K. Two phases of chlorides
may thus be present on the surface. The a state
was attributed to the chemisorbed adlayer and the
b state the bulk corrosion phase. It also showed
that the population of these two states is strongly
dependent on the preparation of the InP surface.
Bombardment of the InP surface with Ar+ ions
resulted in an increase of the a state. This study
shows that, since the bombardment induces the

Fig. 6. Soft X-ray photoelectron spectra of In 4d5/2 from theformation of metallic indium as described above,
sputtered InP(100) surface exposed to 20 L Cl2 at 110 K, fol-the a state may be attributed to the indium chlo-
lowed by annealing the substrate to 250 K or 450 K.rides formed due to the reaction of metallic indium

with chlorine. The b state may be attributed to a
mixed phase of indium and phosphorus chlorides,
which is formed from the reaction of both the
surface and the bulk InP with chlorine. This assign-
ment is in contrast to the previous one [20]. Since
the clean surface, which is an indium-rich surface
containing indium droplets, can be obtained after
annealing the chlorinated surface to 600 K, desorp-
tion of surface phosphorus atoms must have
occurred during the thermal annealing after chlo-
rides desorb. In fact, it was found that P4, instead
of PCl, was the desorption product of phosphorous
species in the thermal desorption, and its desorp-
tion temperature was marginally higher than that
of indium chlorides [20]. This implies that, during
the thermal annealing, the chlorine atoms in PCl
are transferred to the indium atoms nearby to
form gaseous indium chlorides. The phosphorus
atoms left on the surface thus desorb to restore a
surface stoichiometry of indium enrichment, which
is thermodynamically stable. The desorption of
indium chlorides, rather than phosphorus chloride,
may be due to the stronger bonding energy
of In–Cl (Edis=4.5 eV ) than that of P–Cl Fig. 7. Soft X-ray photoelectron spectra of P 2p from the sput-
(Edis=3.0 eV ) [42]. tered InP(100) surface exposed to 20 L Cl2 at 110 K, followed

by annealing the substrate to 250 K or 450 K.Figs. 6 and 7 show In 4d and P 2p spectra taken
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from a bombarded InP surface which was exposed bombardment can increase the surface reactivity
to 20 L Cl2 at 110 K, followed by being annealed with chlorine to form highly chlorinated indium
to 250 K or 450 K. Upon the adsorption of chlo- and phosphorus species (InCl3, PCl2 and PCl3).rine on the bombarded surface, the intensities of These chlorides are highly volatile and readily
bulk indium and phosphorus are attenuated by desorb from the surface at temperature below
the thick indium and phosphorus chloride layer. 250 K. As a consequence, bombardment of the
Fig. 6 shows that a large amount of InCl3 is formed sample may enhance the etching rate of InP by
on the bombarded surface. This is in contrast to chlorine to some degree. In this case, the etching
that observed from the sputtered and annealed rate may be more or less limited by the formation
surface on which InCl2 and InCl dominate after of the highly volatile products (i.e., InCl3, PCl2,chlorination. There is a broad peak centered at and PCl3) at low temperatures.
about 16.5 eV, which is due to the Cl 3s. The
intensity of Cl 3s decreases upon the desorption of
surface chlorides by thermal annealing. Fig. 7 4. Conclusions
shows that, in addition to the PCl formation,
PCl2 and PCl3 are formed on the bombarded InP The XPS study shows that the InP(100)-4×2
surface upon the adsorption of chlorine. The bind- surface is an indium-rich surface with the presence
ing energies of P 2p in PCl2 and PCl3 are higher of metallic indium atoms. These atoms may exist
than that in bulk InP by 3.9 eV and 7.1 eV, respec- on the surface in the form of microdroplets and
tively. It appears that the reactivity of the surface cover only a small fraction of the surface area.
is promoted by ion bombardment to form higher Chlorination of the InP(100)-4×2 surface causes
chlorinated species. The saturation exposure of

changes in the surface composition and results inCl2 on the bombarded surface is also higher than
surface band bending. For chlorination to occurthat on the annealed surface. Compared with the
on the clean surface, InCl and InCl2 are the majorsputtered and annealed surface, more indium and
indium chloride and PCl is the only phosphorousphosphorus chlorides are formed on the bom-
chloride upon the adsorption of chlorine. Thebarded InP surface at saturated chlorination. The
clean InP surface can be regenerated by thermallyincrease in the reactivity of the bombarded surface
annealing the chlorinated surface to 600 K.is not due to ion implantation of argon. It is
Ar+-ion bombardment can create more reactiveknown that, after ion bombardment, argon is
surface features that can be extensively chlorinated.trapped in the InP substrate as an interstitial
The etching rate of the InP surface by chlorineimpurity with low equilibrium concentration [43].
may thus be enhanced at low temperature byThe chemical affinity between argon and InP is so
irradiation of the sample with energetic ions.small that the increased reactivity of the bom-

barded surface should be mainly due to the surface
inhomogeneity. The Ar+-ion bombardment results
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