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1. Introduction

Nowadays InP crystals are used in the
industry in infrared detectors and laser
diodes for example. InP crystals are also
potential materials for high-speed radio-
frequency transistor circuits, solar cells,
quantum dot displays, field emission,
and photodetection.[1–12] The common
building block of most semiconductor devi-
ces is a metal–semiconductor junction
which is used to transmit the electric
current into a semiconductor crystal(s) like
the p–n junction. Nanoscale control of the
p-type and n-type doping of semiconductor
crystals as well as the preparation of low-
resistive Ohmic contact interfaces becomes
more crucial for decreasing the resistive
energy consumption and malfunctions in
the devices.[13–20]

Fabrication of the ohmic contact for
p-InP has been more difficult than
for n-InP.[21–28] One established reason
for the p-InP contact challenges is a rela-
tively strong diffusion of p-type doping

atoms (i.e., group-II elements) in InP at the growth and/or
postheating temperatures. That leads to a variation in the doping
concentration, which can for example cause a hole concentration
decrease at p-InP surfaces and thus an increase in the contact
resistance. Second, a semiconductor surface affects also the
doping efficiency, changing the acceptor- or donor-level position
in the bandgap.[29,30] Furthermore, the Schottky contact rather
than the Ohmic junction is readily formed at metal/p-InP inter-
faces due to p-InP surface defects which cause the Fermi-level
pinning, irrespective of the metal element.

Cleaning and passivation of III–V surfaces, which together
form the first step in the contact fabrication to remove surface
oxides and keep the surface clean, have been a significant
challenge for decades for various III–V device interfaces
(e.g., refs. [31–33]). Furthermore, meaning of this first step
can be expected to increase when the size of used III–V crystals
decreases.[5,7,18,19,34,35] A wet chemistry treatment of III–V
crystals is undoubtedly the most used method for cleaning
and passivation because it is simple and scalable. It is worth not-
ing that surfaces of InP crystals are an interesting exception
among III–V compounds because the native oxides of InP cause
less optical and electrical degradation.[36,37]
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Manufacturing a low-resistive Ohmic metal contact on p-type InP crystals for
various applications is a challenge because of the Fermi-level pinning via surface
defects and the diffusion of p-type doping atoms in InP. Development of
wet-chemistry treatments and nanoscale control of p-doping for InP surfaces
is crucial for decreasing the device resistivity losses and durability problems.
Herein, a proper combination of HCl-based solution immersion, which directly
provides an unusual wet chemical-induced InP(100)c(2� 2) atomic structure,
and low-temperature Mg-surface doping of the cleaned InP before Ni-film
deposition is demonstrated to decrease the contact resistivity of Ni/p-InP by the
factor of 10 approximately as compared to the lowest reference value without Mg.
Deposition of the Mg intermediate layer on p-InP and postheating of Mg/p-InP at
350 °C, both performed in ultrahigh-vacuum (UHV) chamber, lead to intermixing
of Mg and InP elements according to X-ray photoelectron spectroscopy.
Introducing a small oxygen gas background (O2� 10�6 mbar) in UHV chamber
during the postheating of Mg/p-InP enhances the indium outdiffusion and
provides the lowest contact resistivity. Quantummechanical simulations indicate
that the presence of InP native oxide or/and metal indium alloy at the interface
increases In diffusion.
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Several metals or metal alloys have been investigated for the
Ohmic p-InP contact. For example, Au, Ni, Pt, Pd, and AuZn and
AuBe alloys provided a decrease in the contact resistivity.[38–48]

Among these, Pt and Ni have been widely used in the Si tech-
nology as well. Furthermore, using a Sb interlayer[48] before a
metal film has led to the formation of InSb, which has a much
smaller bandgap than InP, making the preparation of Ohmic
contact easier. After metal film deposition, metal/InP junctions
have been typically postheated around 400 °C, which might cause
a problem because InP surfaces are relatively reactive and
thermally unstable among III–V surfaces.

Because the Schottky-type band bending is common at a
metal/semiconductor interface due to a high density of interface
defects, increasing the doping concentration at the semiconduc-
tor surface is used to decrease the width of a possible depletion
region (Figure 1) and make the carrier tunneling process
probable.[13,40,44,49] One way to increase the doping level at
semiconductor surfaces before the metal film growth is to
deposit an intermediate layer of the metal, which can act as a
p-type (or n-type) element, between the semiconductor and
the main metal. During the postheating step(s), the metal/
semiconductor elements can diffuse over the interface providing
an interface structure where the doping metal atoms replace the
host semiconductor element in proper manner, increasing
finally the effective doping density. This strategy has been
recently used successfully for p-type GaN which has also suffered
from the high contact resistivity.[49] Magnesium (Mg) has been
the traditional p-type doping element for the nitride semiconduc-
tors, while Zn and Be are often incorporated into other p-III–V’s
to replace the III lattice sites. The high postheating temperature
around 800 °C, at which InP degrades strongly, was needed for
Mg/p-GaN.[49]

In this work, we demonstrate that an effective Mg surface
doping of InP can be done at 350 °C or lower when a proper
hydrochloric acid (HCl)-based solution treatment is combined

by engineering the Mg-covered InP surface in ultrahigh-vacuum
(UHV) conditions. First, a proper HClþ isopropanol (IPA)
immersion is shown to cause an unusual InP(100) surface
reconstruction without any postheating or treatment in UHV.
This surface was used as the template for depositing
1–5 nm-thick Mg film. Postheating a Mg/InP stack in a UHV
chamber at 350 °C causes the diffusion of P and In toward
the surface according to X-Ray photoelectron spectroscopy
(XPS). Our quantum mechanical simulations clarify the
factors behind the diffusion. Contact resistivity measurements
of Ni/p-InP show that an optimized Mg surface doping
decreases the resistivity to 1/10 of that for the reference sample
without Mg.

2. Results and Discussion

2.1. Effects of Wet Chemical Treatment of InP(100)

It is known that proper wet chemical treatment of a III–V surface
removes most surface oxides (e.g., refs. [31,32]). When a wet
chemically treated IIIV surface is quickly transferred into
UHV environment, the surface shows diffraction intensity
maxima in low-energy electron diffraction (LEED) or reflection
high-energy electron diffraction (RHEED) characterization.
Such a diffraction pattern is so-called (1� 1), which arises from
elastic electrons diffracted back from the bulk crystal planes
below the topmost surface layer that still remains disordered
or amorphous.[33] A fingerprint for crystallization of the topmost
surface is a surface reconstruction, which varies among different
III–V surfaces. The reconstruction means that the surface lattice
changes as compared to the bulk-plane lattice, which can be
readily observed in LEED or RHEED, because extra diffraction
intensity spots appear. Usually, a (1� 1) bulk plane structure
is not energetically stable at the clean surfaces of semiconductor
crystals, and the total energy of a crystal decreases via the surface
reconstruction. However, the conditions in a wet chemical treat-
ment do not typically enable a semiconductor surface to gain the
minimum energy-reconstructed structure.

Furthermore, it is not straightforward to prepare andmaintain
a crystalline semiconductor surface because an amount of impu-
rities such as oxygen and carbon increases at the surface with the
time even in UHV environment. One common procedure to pre-
pare a crystalline surface reconstruction is the heating of a III–V
semiconductor surface, from which most oxides and impurities
have been removed beforehand, in UHV conditions around
250–550 °C. The clean and crystalline surface of InP(100) shows
the (2� 4) reconstruction that consists of the dimer rows.
Thermal stability of InP surfaces is relatively low among different
III–V surfaces because P atoms start to evaporate from the
surface in UHV above 400 °C, causing a visibly gray surface with
metallic indium clusters.

Therefore, the result (Figure 2a) that a wet chemically treated
p-InP(100) surface directly has a c(2� 2) reconstruction without
any postheating or treatment is very surprising. For an optimized
treatment, p-InP crystal was immersed in 1 M (or 3%) HCl
solution diluted with IPA for 5min followed by 1min immersion
in pure IPA. According to our knowledge, there is no
previous report on the formation of a wet chemically induced

Figure 1. Schematic representation of the p-type surface-doping influence
on the band diagram of the Schottky type metal and p-type semiconductor
contact a) without and b) with Mg surface doping.
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long-range-ordered reconstruction on a III–V semiconductor
without any extra treatment (e.g., postheating). The c(2� 2) lat-
tice is also unusual because the (2� 4) reconstruction is the ener-
getically favored structure at InP(100), but c(2� 2) resembles the
previously found hydrogen-induced InP(100)(2� 1) surface.[50]

Thus it is probable that the found c(2� 2) reconstruction
includes hydrogen as well. XPS results below indicate that the
c(2� 2) surface also contains more P than In. The presence
of hydrogen is supported by the observation that the extra
c(2� 2) diffraction spots in LEED disappear, according to our
observations, when the surface is bombarded by the LEED
electrons for prolonged times.

Large-scale scanning-tunneling-microscopy (STM) images
(Figure 2b,c) reveal that the p-InP(100)c(2� 2) surface consists
of smooth 2D terraces indicative of a crystalline topmost surface.
A zoomed STM image in Figure 2d shows a local periodic
structure of horizontal lines. It is possible that the STM tunnel-
ing current also breaks the reconstruction, as the LEED electron
bombardment did. Scanning tunneling spectroscopy (STS) curve
in Figure 2e indicates that no significant band bending down-
ward occurs at p-InP(100)c(2� 2) because the Fermi level lies
in the bottom part of the bandgap.

Thus, the metal contacts prepared on the p-InP(100)c(2� 2)
starting surface provided a stringent reference sample for Mg
surface doping tests presented below. It is worth noting that
the above-described surface-science sample was transferred after
the wet chemistry via air (in 10min) to the UHV chamber, but it
is expected that the hydrogen termination of p-InP(100)c(2� 2)
decreases the rate of oxygen-atom incorporation into InP.
However, as presented below, this p-InP(100)c(2� 2) sample
transferred via air caused O 1s signal in XPS, indicating that
it is very difficult to avoid oxygen incorporation into a semicon-
ductor surface in practice even if a full oxide layer is not yet
formed. Furthermore, according to our experiments, a HCl con-
centration of the etching solution affects the resulting surface
structure because an increased HCl concentration from 1 to
3 M caused boat-like pits at the p-InP(100) surface (Figure S1,
Supporting Information).

2.2. Effect of Mg Surface Doping on Ni/InP Resistivity

Figure 3 exemplifies the transfer length method (TLM) where
Ohmic current–voltage lines are measured as a function of
the metal pad distance. Then total resistance is plotted as a func-
tion of the distance (Figure 3c), and the y-axis intercept of a linear
line gives a value of 2Rc, where Rc is the contact resistance. The
contact resistivity (ρc) is determined by the equation

ρc ¼ RcWLT (1)

whereW is a width of the metal contacts and LT is a characteristic
contact length, which is determined by the x-axis intercept of
the linear resistance–distance line. The x-axis intercept value
is �2LT.

Table 1 summarizes different samples and contact resistivi-
ties. All samples contained 100 nm Ni film of which contacts
were patterned using lithography and excess metal was etched
by 2 M HCl solution. All these “as-ready” contacts (Table 1) were
measured first and then postheated for 60min in UHV environ-
ment at 250 °C and remeasured. The surface treatment varied
before the Ni film deposition (Table 1). The reference Sample
A included the above-described p-InP(100)c(2� 2) starting sur-
face for Ni growth. The postheating of Ni/p-InP at 250 °C in
UHV decreased the resistivity significantly, 27 times to
5.3� 10�5Ω cm2, which was the lowest value among different
reference samples (Table S1, Supporting Information).
Characteristic contact lengths and contact resistances of the sam-
ples are given in Table S2, Supporting Information.

Thickness of a Mg intermediate layer, deposited on the
p-InP(100)c(2� 2) surface, varied between 1 and 5 nm in our
experiments. The postheating of Mg/p-InP at 350 °C for

Figure 2. Wet chemistry-induced p-InP(100)c(2� 2) reconstruction
characterized just after the chemical treatment in UHV chamber without
any postheating or treatment. a) LEED pattern represents the reciprocal
lattice of c(2� 2); white square marks the bulk-plane (1� 1) unit cell, and
the white dot in the middle of the square is a fingerprint of c(2� 2).
b) Large-scale STM image shows the formation of smooth 2D
terraces. c) Contour line profile along the white arrow indicates that a
height separation between lower and higher terraces is about 0.3 nm,
which corresponds to a thickness of one InP layer. d) Zoomed STM image
shows the presence of local horizontal lines, which can be linked to �2
periodicity in real space. (e) Differentiated STS I(V) curve measured, which
is proportional the electronic density of levels at the surface, showing that
the surface is p-type.
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60min was performed in the same UHV multichamber instru-
ment without air exposure. According to STS (Figure S2,
Supporting Information), this Mg surface doping moves the
Fermi level toward the valence band as expected if the p-type dop-
ing increases at the surface. Mg/p-InP samples were transferred
via air (�15min) to a Ni growth instrument. Before the Ni
deposition by sputtering, the Mg/p-InP samples were still etched
in hydrofluoric acid (HF) solution (3 M or 5%) to remove an
extra unreacted Mg from the surface (Figure S3, Supporting
Information).[49]

Table 1 shows that incorporating 3 or 4 nm-thick Mg layer into
the interface (Sample C or D, respectively) decreases the as-ready
contact resistivity as compared to pure Ni/p-InP. However, the
250 °C postheating did not decrease the resistivity as much as
it did for the reference Sample A. The resistivity after the post
heating was higher for Sample C and lower for Sample D, as
compared the reference Sample A.

When the postheating of Mg/p-InP was done in oxygen (O2)
background of 1� 10�6 mbar controlled by a leak valve in the
UHV chamber, the final resistivity decreased for Sample E
(3 nm Mg) and F (4 nm Mg). The lowest resistivity value in these
experiments was 4.4� 10�6Ω cm2 which was obtained using the
4-nm Mg intermediate layer and O2 background during heating
Mg/p-InP. This contact resistivity is among the lowest values
reported in literature for p-InP, as listed in Table 2. One differ-
ence between this study and many previous ones is that we
decreased the postheating temperature because InP crystals
are known to be vulnerable to elevated temperatures, for exam-
ple, causing doping atom and indium diffusion. Future studies
can clarify if the presented approach decreases the contact resis-
tivity for thin p-InP layers grown or implanted. In order to clarify
the interfacial reactions that occur during post heating of Mg/InP
and Ni/InP, and that can be linked to the contact resistivity
changes, we have carried out XPS measurements and theoretical
simulations.

2.3. X-Ray Photoelectron Spectroscopy of p-InP Interfaces

Figure 4a shows atomic concentrations derived from XPS spectra
for Ni (4 nm)/p-InP sample as a function of sputtering time.

Figure 3. a) Top-view schematic representation of a TLM structure.
b) Example of current as a function of voltage drop on the pad distance
for Sample F (4 nm Mgþ annealed with O2 gas exposure). c) Resistance–
distance dependence determined by TLM method.

Table 1. Summary of different Ni/p-InP samples prepared in this work.

Sample Chemical
cleaning of p-InP

Mg
deposition

[nm]

Post heating
of Mg/InP

HF (5%) dip time
before Ni growth [s]

Ni film
thickness [nm]

Etching solution Contact resistivity [Ω cm2]

As-ready Post heating in UHV
[250 °C–60min]

A HCl (1 M or 3 %)
for 5 min þ IPA dip for
1 min þ dried with N2

– – – 100 HCl (2 M or 6 %) 1.4� 10�3 5.3� 10�5

B 1 350 °C - 60 min
without O2 ambient

5 3.5� 10�3 2.6� 10�3

C 3 10 1.2� 10�4 1.3� 10�4

D 4 10 4.3� 10�5 2.0� 10�5

E 3 350 °C - 60 min
in O2 ambient

10 1.5� 10�4 5.9� 10�5

F 4 10 2.9� 10�5 4.4� 10�6
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Figure S4, Supporting Information, presents the corresponding
Ni 2p, O 1s, In 3d, and P 2p spectra. The sputtering removed the
material from the top of Ni but did not remove the Ni film
completely. Before XPS, the Ni (4 nm)/p-InP sample was post-
heated at 250 °C in UHV for 60min. The topmost Ni surface
was oxidized in air during the sample transfer before UHV
heating. The concentration of outdiffused indium at the topmost
oxidized Ni surface is about three times higher than the amount
of outdiffused P (Figure 4a). Higher diffusion (or accumulation)
of In toward the Ni surface has been found also previously.[51]

The topmost surface of Ni/p-InP includes both the oxidized
In and P atoms in addition to NiOx (Figure S4, Supporting
Information). However, when the oxidized Ni part is removed,
the In concentration decreases. Simultaneously, the P signal
becomes larger than the In signal, but this does not necessarily
mean that the amount of P is higher than the In amount inside of
the Ni film. In other words, the In 3d and P 2p electrons have
different surface sensitivities (i.e., mean free paths), causing
changes in the intensity contribution from the InP side below
the Ni film, which has not been taken into account here in
the determination of atomic concentrations. Obviously, alloying
of Ni and InP occurs already at 250 °C, which can be associated
with the heating-induced decrease in resistivity (Table 1). This is
discussed more.

The concentration profiles of outdiffused In and P (Figure 4b)
are rather different for Mg(4 nm)/p-InP sample, which was post
heated in situ after at 350 °C in O2 background for 60min in the
UHV chamber. The formed MgO layer at the top is thicker than
NiOx. Furthermore, the amounts of outdiffused In and P are

lower at Mg/p-InP compared to Ni/p-InP. A strong tendency
toward the oxidation of Mg can be also seen in Figure 5, which
shows that the O 1s intensity increases even during the postheat-
ing of Mg/p-InP in UHV without intentional O2 background.
Furthermore, the amounts of outdiffused In and P are rather
equal at the top of Mg/p-InP according to Figure 4b.

Figure 5 shows changes in in situ XPS measurements of In
3d5/2, P 2p, and O 1s for Mg(4 nm)/p-InP after the postheating
at 350 °C for 60min in the UHV chamber. The two different
environments: UHV and O2 of 1� 10�6 mbar were used during
the post heating of Mg/p-InP. The Mg/p-InP samples were not
exposed to air before 350 °C heating. It can be seen in Figure 5
that both In and P atoms diffuse rather equally toward the top-
most surface because their intensities increase after the UHV
heating, taking also into account that the starting InP(100)
c(2� 2) surface is P rich. In contrast, the O2 background during
the postheating increases relatively the In 3d5/2 intensity more
than P 2p intensity. The results suggest that the presence of oxy-
gen background or/and surface oxides decreases the P outdiffu-
sion more than the indium outdiffusion. These results can be
associated with the reduced resistivity due to the O2 background
(Table 1) because the outdiffused In atoms can provide the lattice
sites for Mg doping atoms at the InP surface. To understand
factors behind the observed diffusion, theoretical simulations
have been performed.

Ab initio molecular dynamics (AIMD) simulations reveal
surprisingly that the diffusivity of the P atoms is larger than that
of the In atoms in the metallic Ni crystal. This is partly due to the
fact that the P atoms occupy interstitial positions, whereas In

Table 2. Comparison of p-InP contact studies found in literature. Heating time is given either in minutes or seconds.

Year Temperature [°C] Heating time [min] Doping concentration [cm�3] Metal Contact resistivity [Ω cm2] References

1979 446 50 6� 1017 Au-Mg 1� 10�4 [64]

1980 420 10 ≤1� 1018 Au-Be 7.8� 10�5 [65]

1981 400 2 9� 1017 Au-Zn 1.1� 10�4 [22]

1982 425 30 1.3� 1018 Au-Be 2� 10�4 [66]

1988 410 90 s 1018 Au-TiW-Au-Zn 3.7� 10�5 [67]

1991 440 20 s 5� 1018 AuZn 7� 10�6 [68]

1991 440 20 s 5� 1018 Au-AuZn 1.4� 10�5 [68]

1991 430 20 s 5� 1018 Au-Ni-AuZn 2.7� 10�5 [68]

1991 420–425 30–75 s 2� 1018 Au-Pd-Zn-Pd 7� 10�5 [39]

1996 500 1 2� 1018 Zn-Pd 4� 10�5 [40]

1996 500 1 2� 1018 Pd(Zn)-Ge 4� 10�5 [69]

1997 500 1 2� 1018 Pd-Sb-Zn-Pd 2� 10�6 [70]

1999 300 3 1–4� 1018 Ni-Zn-Ni 7� 10�5 [38]

2000 375–400 2 2� 1018 Sb-Zn-Pd 7� 10�5 [41]

2002 375 2 4–5� 1018 Pd-Zn-Pd 3� 10�4 [71]

2002 375–400 2 4–5� 1018 Sb-Zn-Pd 7� 10�5 [71]

2005 400 4 �1018 Au-Pt-Zn-Pd 7� 10�6 [72]

2006 450 3 high 1018 Au-Zn-AuZn 2.8� 10�6 [73]

2021 380 1 2� 1018 Au-Pt-Ni 2.64� 10�6 [74]

2023 250 60 �1018 Ni-Mg 4.4� 10�6 Current work
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occupies substitutional positions in Ni crystals. Therefore, the
different diffusivities of In and P inside the Ni crystal are not
the reason for the higher In concentration at the top of
Ni/p-InP (Figure 4a), although a clear P amount has also diffused
to the top of Ni/p-InP. However, the simulation result suggests
that the interfacial mixing or alloying of elements starts with the
diffusion of P toward Ni. The diffusivity of the P atoms is larger
also in the metal oxides of NiO and MgO, in which In atoms
occupy substitutional Ni and Mg lattice sites, whereas P atoms
occupy substitutional O lattice sites. However, the diffusivities of
the In and P atoms are more similar in pure Mg crystal, which is
consistent with the concentration measurements in Figure 4b.

Furthermore, the self-diffusivity of the interstitial In atoms is
larger than that of the interstitial P atoms in InPO4, which is the
thermodynamically most stable oxide of InP. This result is in
agreement with the former experimental conclusions about
indium diffusion.[52,53] It is worth noting the cleaned InP surface
becomes partially oxidized during the sample transfer to the Ni
growth instrument. The interstitial In atoms kick other In atoms
to interstitial sites by substituting them in the InPO4, as

presented in Figure 6. This result suggests also that the diffusiv-
ity of indium increases with increasing In concentration in other
mixed systems (e.g., InxNiy containing alloy), because heavy In
atoms are able to kick other In atoms.

The XPS and theoretical results suggest that at the Ni/InP
interface, the outdiffusions of P and In atoms proceed via the
different interfacial phases: P atoms diffuse through pure Ni
or/and NiO while the In outdiffusion increases with the

Figure 4. XPS depth profile measurements of atomic concentrations as a
function of sputtering (etching) time for a) Ni(4 nm)/InP, which was trans-
ferred via air and postheated at 250 °C in UHV for 60min and
b) Mg(4 nm)/InP, which was post heated at 350 °C in UHV for 60min with
O2 background. After sputtering, both samples still included a metal film.

Figure 5. Effect of O2 background during heating of Mg(4 nm)/p-InP at
350 °C for 60min. a) In 3d with and without O2 ambient. b) P 2p with
and without O2 ambient. c) O 1s with and without O2 ambient.
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formation of InPO4 and InxNiy-containing interface phases. The
interfacial reactions, which can initiate via P diffusion
into Ni, are enhanced by postheating, after which more In than
P has outdiffused (or accumulated) toward the Ni surface.
Concomitantly, the postheating decreases significantly the con-
tact resistivity of Ni/p-InP (Sample A in Table 1). This can be
understood by the formation of indium vacancies in the InP side,
which are expected to cause p-type electron levels in the gap near
the valence band maximum.[54] In contrast, at Mg/p-InP, equal
outdiffusion can be expected for In and P atoms if the metallic
Mg layer at the interface is thick enough, while the MgO phase
formation increases the P outdiffusion. The XPS concentration
profiles in Figure 4 suggest that the elemental intermixing at
Mg/p-InP is not as strong as at the Ni/p-InP interface
(i.e., Mg/p-InP is less alloyed than Ni/p-InP). The presence of
O2 background gas in the postheating of Mg/p-InP can enhance
the In outdiffusion, which is expected to provide more the free In
lattice sites for Mg atoms, in consistency with the resistivity
decrease for the Sample F in Table 1. Future studies are needed
to clarify the effects of oxygen on the formation of p-InP contacts.
Intuitively, the interfacial oxides can be expected to increase the
contact resistance, but on the other hand, proper interfacial
oxides have been found to decrease the contact resistance for
example at p-GaN and 2D semiconductors.[17,55,56]

In addition to the contact resistivity, surface recombination of
the electric carriers is a relevant property to describe perfor-
mance of the metal/semiconductor contacts. In other words,
lower surface recombination means a higher quality of the
contact interface. Usually, it is difficult to decrease both the
resistivity and surface recombination simultaneously at metal/
semiconductor interfaces because the metal–semiconductor

alloying (e.g., elements diffusion in post heating) as well as a
high doping atom concentration increases formation of defect-
induced gap levels. For example, the P vacancies and both In
and P antisites in InP can cause the deep gap levels.[54]

Therefore, we studied the photoluminescence (PL) intensity of
p-InP to test whether the Mg surface doping described above
increases the harmful surface recombination. The higher PL
intensity means less surface recombination. The PL from native
oxide-covered InP crystal has been used here as the reference
because it provides surprisingly strong PL (i.e., high-quality
reference intensity) as compared to many other III–V crystals
with the native oxide.[36] The PL intensity comparison in
Figure 7 indicates that the Mg surface doping does not increase
much the surface recombination. This Mg/p-InP sample was
not etched in the HF solution after the UHV treatments to avoid
any additional PL improvement due to possible hydrogen
passivation.

3. Conclusion

We have demonstrated that the combination of wet chemistry
and UHV-based surface doping of p-InP is a potential low-
temperature method to decrease the contact resistivity in
InP devices. Surprisingly the HCl-based wet chemical treatment
produces directly a surface reconstruction on p-InP(100) without
any post-treatment. The discovered p-InP(100)c(2� 2) surface
contains hydrogen termination, according to previous reports,[50]

and provides a high-quality reference contact of Ni/p-InP for our
study. This reference resistivity can be still decreased to 1/10
when at 4 nm-thick Mg intermediate layer and in situ UHV
heating in oxygen background are used in the fabrication of
Ni/p-InP contacts. The quantum mechanical calculations
explain the XPS measurement of outdiffusion profiles for
In and P atoms as follows. The presence of the interfacial
InPO4 and InxNiy-containing phases increases the In outdiffu-
sion while the pure Ni, NiO, and MgO phases enhance the P
outdiffusion.

Figure 6. Atomic models of InPO4 with interstitial In of which position is
shown by black arrow. Violet, blue, and red spheres represent In, P, and O
atoms, respectively.

Figure 7. PL intensity comparison of p-InP with a native oxide surface and
with Mg surface doping. The shoulder around 1000 nm is expected to arise
from the transitions through acceptor levels in the bandgap.
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4. Experimental Section
The experiments were conducted with 6� 12mm2 pieces of Zn-doped

InP(100) wafer with a dopant concentration of �1018 cm�3. Chemical
etching of the samples was performed with either HF- or HCl-based solu-
tion diluted with IPA. HCl-based cleaned samples were then soaked in IPA
for 1min and finally dried with N2. Then they were loaded in the UHV
system for different surface treatments and measurements. The UHV
system consists of two chambers: preparation (with a base pressure of
high 10�9 mbar) and analysis (with a base pressure of low 10�10 mbar).
Deposition of Mg layers was conducted using a direct current-heated Ta
envelope evaporator. To calibrate the deposition rate, Mg was deposited
on the top of Si(100) pieces and attenuation of Si 2p XPS signal was mea-
sured. Then, Mg layer depositions were done on the wet chemically
cleaned InP surfaces. Following that, the Mg/p-InP samples were heated
in situ for 60 min in a UHV chamber with or without an O2 gas back-
ground. The pressure during heating in O2 background was 1� 10�6

mbar. To remove any surface oxide or an unreacted part of Mg prior
to Ni deposition, the Mg/InP samples were dipped into HF (3 M or 5%)
for 10–15 s, which was expected to provide H termination layer also, just
before Ni growth. All samples were transferred via air for the
deposition of 100 nm nickel (Ni) using Bal-Tec MCS 020 sputter.
The specific contact resistivity (ρC) was determined using the TLM
method. TLM structures with various spacing pads were fabricated
using photolithography and chemical etching. Finally, the Ni/InP contacts
with and without Mg were post heated at 250 °C for 60min in the UHV
system.

To investigate chemical and physical properties of the surfaces, both
in situ and ex situ techniques were used. In situ techniques included
(Mg–Kα) nonmonochromatic XPS, LEED, and STM/STS, while
ex situ XPS was done with monochromatized (Al–Kα) Thermo Scientific
Nexsa. An argon ion beam with an energy of 300 eV was applied to the
surface for removing part of Ni or Mg film. The area of this Ar sputtered
surface was 0.5–0.7 mm2 with an elliptical shape. The STMmeasurements
were performed in constant-current mode using the Omicron Scala
instrument. In STS, the current–voltage curves were measured in grid
mode, which were then averaged over the selected regions and finally
differentiated. To determine contact resistivity, four-point probe
current–voltage (I–V ) measurements were conducted using HP4145B
semiconductor parameter analyzer.

The PL measurements were conducted by measuring the emission
spectra of the samples with an Avantes AvaSpec HS-TEC CCD spectrom-
eter coupled to an Avantes FC-IR600-1-ME-HTX fiber. The excitation
source was LOTIS TII Nd:YAG laser set to 12.5 J of 532 nm emission.
The incident laser beam was filtered with a Thorlabs FLH532-10 bandpass
filter (full width of half maximum (FWHM)= 10 nm) before reaching the
sample. The reflected emission was filtered with a Standa KS-17 long-pass
filter before the detector. The measurement parameters in Avantes
AvaSoft were scope minus dark mode, integration time 50ms, 60 averages
per measurement, and smoothing 0. For PL measurement, 1 nm thick Mg
layer was deposited on p-InP and post heated.

Ab initio molecular dynamics simulations as implemented in the
Vienna Ab Initio Simulation Package (VASP) were performed.[57–60]

The calculations were based on the density functional theory (DFT)
and Perdew–Burke–Ernzerhof (PBE) functional[61] within the projected
augmented-wave method was used.[62,63] The Nose–Hoover thermostat
(NVT ensemble) was used with a simulation step of 2 fs. The plane wave
cutoff was 350 eV for most of the systems (300 and 400 eV for Ni and Mg,
respectively). A single k point (Γ point) was used. About 100 atoms
supercells were used. One interstitial atom was inserted into the
supercells. For each case, several runs were carried out for 100–150 ps.
Diffusional events were sparse in these systems. Therefore, numerical
values for diffusivity were not given and the relative diffusivities were
estimated by determining the number of ion hops between different crystal
lattice sites. Diffusion was simulated at temperatures close to the melting
points (but below them) due to the slow diffusion in the considered
systems.
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