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ABSTRACT: The interfacial chemistry of thin (1 nm) silicon (Si) interfacial
passivation layers (IPLs) deposited on acid-etched and native oxide InP(100) samples
prior to atomic layer deposition (ALD) is investigated. The phosphorus oxides are
scavenged completely from the acid-etched samples but not completely from the native
oxide samples. Aluminum silicate and hafnium silicate are possibly generated upon ALD
and following annealing. The thermal stability of a high-k/Si/InP (acid-etched) stack are
also studied by in situ annealing to 400 and 500 °C under ultrahigh vacuum, and the
aluminum oxide/Si/InP stack is the most thermally stable. An indium out-diffusion to
the sample surface is observed through the Si IPL and the high-k dielectric, which may form volatile species and evaporate from
the sample surface.
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■ INTRODUCTION

Group III−V metal oxide semiconductor field-effect transistors
(MOSFETs) are strong contenders to replace silicon (Si) in
future generations of high-mobility transistor devices.1,2 InP is a
potential candidate for use as a barrier layer for such devices.3,4

The addition of this barrier layer moves the channel materials
away from the high-k dielectric, with the aim being to minimize
the defects generated by oxidation of the channel materials.5

However, the interfacial quality between InP and the high-k
dielectrics still affects the electrical performance of the devices,
having an impact on the electrical performance, such as the
subthreshold swing.6 Therefore, engineering this InP/high-k
interface is urgent to obtain an optimized electrical perform-
ance. The incorporation of a thin aluminum silicate (Al-silicate)
layer between an InP barrier layer and high-k dielectric has
been proposed.7 However, no experimental results are
reported. Generally, there are two strategies to grow this Al-
silicate overlayer: one way is through a codeposition process,
while another method is through deposition of a thin layer of Si
onto InP, followed by Al2O3 growth and/or upon further
annealing. The Si/InP interface study also benefits the solar cell
research community because of correlation of the surface
quality with the surface recombination velocity.8

On the basis of previous in situ atomic layer deposition
(ALD) of high-k oxides half-cycle reactions on InP/GaP using
X-ray photoelectron spectroscopy (XPS) for acid-etched and
native oxide surfaces, the concentrations of phosphorus oxides
(P-oxides) remains significant after exposure to the first pulse
of the metal precursor and following initial reaction stages.9−11

S-Passivation by (NH4)2S can significantly decrease the P-oxide
concentration, but the P-oxide peaks remain slightly above the
XPS detection limit after 10 cycles of the ALD process. Also, a
previous study looking at the impact of postdeposition

annealing on the electrical performance of these structures
indicated that an increase in P-rich oxides is correlated to an
increase in the interface state densities (Dit).

12 Therefore, it is
critical to control the concentration of indium (In)−P-oxides
prior to high-k dielectric growth.
Recently, several reports have demonstrated that In out-

diffusion can take place through the high-k dielectric from both
native oxide and S-passivated InP samples upon the ALD
process and postdeposition annealing.13−15 The resulting P-rich
oxides at the InP/high-k interface have also been hypothesized
to be correlated to Dit.

14 This elemental diffusion further
highlights the importance of alternative InP surface passivation
prior to ALD.
In this work, a thin (1 nm) interfacial passivation layer (IPL)

of amorphous Si is deposited by plasma-enhanced chemical
vapor deposition (PECVD) with the aim of scavenging In and
P-oxide states from the interface, prior to high-k ALD and
preventing oxide regrowth16 during high-k oxide deposition.
Using in situ XPS to prevent atmospheric exposure after high-k
dielectric deposition, we investigated the interfacial chemistry
of the high-k/Si/InP stack and the thermal stability of the
interfaces following in situ annealing up to 400 and 500 °C
under ultrahigh vacuum (UHV). Ex situ low-energy ion
scattering spectroscopy (LEIS) was also used to characterize
the first atomic layer chemical compensation after UHV
annealing at 500 °C.
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■ EXPERIMENTAL METHODS
Four n-type InP (100) samples purchased from AXT and cleaved from
the same wafer were used in this study. All samples were degreased by
dipping in acetone, methanol, and isopropyl alcohol for 1 min each at
room temperature (RT) before further specific processing (see Table
1). Sample A was deposited with 1 nm of amorphous Si immediately

after degreasing and transferred into the UHV system within 10 min.
Sample B was deposited with 1 nm of Si after degreasing, followed by a
two-step piranha/HCl etching of short duration (<5 min),17 and then
exposed to 20 cycles of Al2O3 ALD, resulting in a photoelectron
transparent layer to the substrate. The process of the two-step
piranha/HCl etch entailed dipping of the InP wafer into
H2SO4:H2O2:H2O = 4:1:100 for 2 min followed by HCl:H2O = 1:3
for 2 min, where the initial concentrations of H2SO4, H2O2, and HCl
were 96%, 30%, and 36%, respectively.18 The samples were rinsed with
deionized (DI) water after acid treatment. Sample C was deposited
with 1 nm of Si after degreasing and the two-step acid etch and then
underwent 20 cycles of HfO2 ALD. Samples A−C were all annealed to
400 and 500 °C under UHV (base pressure ∼10‑10 mbar). Sample D
was degreased and treated with the two-step acid etch, and sample E
was degreased only. Both samples D and E are used as the InP surface
control samples in this work.
Si PECVD was carried out ex situ in a Plasma-Therm model 790

PECVD system (capacitively coupled 13.56 MHz source), with a SiH4
flow rate of 100 SCCM and a helium gas flow of 400 SCCM at 200 °C.
The UHV system used in this study is capable of various in situ

deposition methods and has characterization tools for standard UHV
analysis, described elsewhere.19 An analysis chamber, with mono-
chromatic XPS (hν = 1486.7 eV) used to characterize the interfacial
chemistry, is connected to a Picosun ALD reactor and the physical
vapor deposition chamber using a UHV transfer tube (∼10‑10 mbar).
This setup enables samples to be transferred between deposition and
analysis chambers without exposure to air. The XPS system is
equipped with a seven-channel hemispherical detector, and all XPS
spectra are taken at 45° with respect to the sample surface with a pass
energy of 15 eV. Spectral deconvolution was accomplished using the
peak-fitting software AAnalyzer.20

LEIS is used in this study to determine the identity of the atoms
present exclusively on the sample surface.21 The LEIS scans were
taken using a Qtac100 IonTOF detector, which enables extremely high
efficiency in detecting the scattered ions so that a low dose of ions can
be used during the scan, minimizing modification of the sample surface
due to incident noble gas ions. He+ (3 keV) and Ne+ (5 keV) were
used on the Al2O3/Si/InP and HfO2/Si/InP stacks, respectively. The
He+ ions provide higher-energy resolution for low mass elements (i.e.,
Al, O, P), and the Ne+ ions provide higher-energy resolution for higher
mass elements (i.e., Hf, In).
Al2O3 and HfO2 ALDs were both conducted by a sequence of metal

precursor/purge/oxidant precursor/purge of duration 0.1 s/20 s/0.1
s/20 s. Trimethyaluminum (TMA) was used as the Al metal precursor,
and DI water vapor was used for the oxidant precursor for ALD Al2O3.
The TMA and DI water vessels as well as the delivery lines and valves
were maintained at RT during deposition. Tetrakis(dimethylamido)
hafnium was used as the hafnium (Hf) metal precursor for HfO2
deposition, was maintained at 90 °C, and delivered through heated
lines/valves (135 °C) into the ALD reactor. DI water vapor was also
used as the oxidant for HfO2 deposition. Al2O3 and HfO2 ALDs were
conducted at a substrate temperature of 300 and 250 °C, respectively.

To account for band bending and charging effects in the XPS, spectra,
the P 2p peak is set at a binding energy (BE) of 128.9 eV.9

■ RESULTS AND DISCUSSION
Figure 1a shows the P 2p3/2 spectra from sample A after the
process steps shown in Table 1, including Al2O3 ALD (the

thickness of 1.4 nm is calculated based on attenuation of the P
2p spectra) and subsequent UHV annealing at 400 and 500 °C.
The thickness of Al2O3 on this Si/InP stack is thinner than that
obtained on the InP native oxide control sample, where 2 nm of
Al2O3 is deposited under the same ALD conditions. This
thinner Al2O3 film is speculated to correlate with H-termination
of the Si surface during the PECVD process,22,23 which requires
the initial incubation cycles to grow uniformly for the short
precursor exposure time employed in this study.24,25 The peak
with a BE at 128.9 eV is assigned to the InP bulk bonding, and
the peak with higher BE (labeled “P−O” in Figure 1a) is
assigned to the formation of P-oxides.26 A decrease in the
concentration of P-oxides is seen after Si deposition, and the P-
oxide concentration remains nearly constant throughout the
subsequent process steps.
Figure 1b shows the full width at half-maximum (FWHM) of

the InP bulk peak. An increase in the FWHM is seen after Si
deposition, suggesting the development of an alternative
chemical state and possibly P−Si and/or P−P (“P−Si/P”)
bond formation during the PECVD process. (The limited
energy resolution prohibits deconvolution of the P−Si and P−P
chemical states detected here.)
Figure 1c shows the In 3d5/2 spectra of sample A again at

each stage of the five-step process. The peak with a BE
separation of +0.54 eV to the InP bulk peak (at 444.6 eV) is
assigned to In−oxygen (O) bonding,11 and the peak with a BE
separation of +1.1 eV to the InP bulk peak is assigned to InPOx
[possibly InPO4/In(PO3)3].

27 The total oxide concentration is
seen to decrease significantly after Si deposition and is
concomitant with the detection of In−In and/or In−Si (“In−
In/Si”) bond formation emerging from the spectra background.
(The limited energy resolution prohibits deconvolution of the
In−In and In−Si chemical states detected here.) No detectable

Table 1. Process for Each Sample Studied (× Indicates
Process Not Applied)

sample A degrease × Si IPL Al2O3 400 °C 500 °C
sample B degrease acid etch Si IPL Al2O3 400 °C 500 °C
sample C degrease acid etch Si IPL HfO2 400 °C 500 °C
sample D degrease acid etch × × × ×
sample E degrease × × × × ×

Figure 1. XPS from sample A before Si deposition, after Si deposition,
after Al2O3 ALD, and after annealing at 400 and 500 °C under UHV;
(a) P 2p; (b) FWHM of the P 2p bulk spectra; (c) In 3d5/2 with outset
showing the spectra after UHV annealing.
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change is observed after the Al2O3 ALD step, and a significant
decrease in the In-oxide and In−In/Si concentration is
observed after the 400 °C annealing. However, after annealing
at 500 °C, an increase in the concentration for both In−In/Si
and In-oxides is detected. Therefore, for sample A, annealing at
400 °C results in minimal interfacial oxide formation.
Figure 2 shows the Si 2p and Al 2p spectra of sample A after

the process steps as well. For the Si 2p spectra (Figure 2a), the

peaks with BE separations of +0.9, +1.8, +2.7, and +3.6 eV
relative to the Si−Si peak (at 99.6 eV) are assigned to Si-
suboxide 1+, 2+, and 3+ and SiO2 4+ states, respectively.28 The
Si 1+ state is seen to convert to higher oxidation states upon
Al2O3 ALD and is below the XPS detection limit after annealing
at 400 °C under UHV. The Si−Si bond concentration is seen
to decrease significantly after annealing at 500 °C, concurrent
with an increase of the Si-suboxides.
The Al 2p spectra (Figure 2b) indicate possible Al-silicate

formation upon ALD and further annealing. It is difficult to
quantitatively analyze the contributions of Al-silicate and
Al2O3

29 because the energy separation between these two
states is only ∼0.4 eV30 and the Al-oxide peaks are relatively
wide (FWHM ∼ 1.5 eV for Al 2p3/2). The increase of the Si
total peak area and the decrease of the Al total peak area are
consistent with an intermixing of Si and Al, suggesting Al-
silicate formation upon annealing at 400 and 500 °C. Thus, the
final stack upon annealing is likely Al-silicate/Si/InPOx/InP. Al-
silicate formation is thermodynamically favorable, according to
the Al−Si−O phase diagram at these annealing temperatures.31

Figure 3 shows the P 2p and In 3d5/2 spectra from sample B.
P-oxides are seen to be scavenged below the XPS detection
limit upon Si deposition, and no significant change is seen upon
further processing. Figure 3b shows the FWHM of the bulk
peak of P 2p at different process steps. An increase in the
FWHM of the P 2p peak is seen upon Si deposition, indicating
P−P/Si bond formation during the Si PECVD process. The
FWHM is seen to decrease after Al2O3 ALD and UHV
annealing, suggesting that the bonding environment has
decreased, possibly related to decreases in the P−P/Si
concentration.
As seen in Figure 3b, the In−O concentration is also

observed to decrease below the XPS detection limit upon Si
deposition, and an In−In/Si feature again emerges from the
spectral background. This In−In/Si bond concentration is seen
to decrease upon Al2O3 deposition and annealing at 400 °C and
is close to the XPS detection limit after annealing at 500 °C. It
is noted that In−In and P−P have been correlated to states
within the InP energy band gap and could degrade the device
performance.32 Therefore, annealing at 500 °C is seen as

optimum in this study, in terms of minimizing In−In/Si and
P−P bond formation.
In−P-oxide formed on the InP surface after acid etching is

only a monolayer thick according to the XPS intensity.
Therefore, the Si PECVD readily reacts with the thin surface
oxide layer. In contrast, the native oxide associated with InP
(samples D and E, not shown) is somewhat thicker 2 nm). It
has been shown previously that In out-diffuses through even
thicker (5.6 nm) oxide films upon comparable thermal
treatments, but P out-diffusion is relatively inhibited.14

Moreover, upon complete Si reaction with the surface P-
oxide, further scavenging through Si−O formation is likely also
inhibited. This proposed mechanism may explain why Si can
scavenge P-oxides completely from the acid-etched sample but
not from the thicker native oxide sample. In addition, the H
radicals generated during the PECVD process (coming from
the SiH4 and helium plasma) may also be hypothesized to
contribute to the decrease of In−P-oxide concentration, which
is similar to the cleaning effect of the native oxide on the InP
surface by atomic H.33

Figure 4 shows the Si 2p and Al 2p spectra for sample B. A
decrease in the Si 1+ state concentration is detected, concurrent
with an increase in the concentration of higher oxidation states
(3+ and 4+). The higher oxidation Si states are possibly related
to Al-silicate formation.34 From the Al 2p spectral line shape, a
possible Al-silicate species is formed after ALD and following

Figure 2. XPS core level spectra from sample A: (a) Si 2p and (b) Al
2p upon Si deposition, after Al2O3 ALD, and after annealing at 400
and 500 °C under UHV.

Figure 3. XPS from sample B before Si deposition, after Si deposition,
after Al2O3 ALD, and after annealing at 400 and 500 °C under UHV:
(a) P 2p; (b) FWHM of the P 2p bulk spectra; (c) In 3d5/2.

Figure 4. XPS from sample B, upon Si deposition, after Al2O3 ALD,
and after annealing at 400 and 500° under UHV: (a) Si 2p; (b) Al 2p.
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UHV annealing (Figure 4b). Again, it is difficult to
quantitatively deconvolute the Al 2p spectra, but silicate
formation is consistent with prior reports on Si substrates.
Figure 5 shows the P 2p and In 3d5/2 spectra from sample C.

(A HfO2 thickness of 1.3 nm is estimated from the P 2p

attenuation.) From the P 2p spectra, the deposited Si has again
scavenged the P-oxides completely, and the InP bulk peak is
not seen to change significantly upon HfO2 ALD and 400 °C
annealing. However, the P 2p bulk spectra appear to have
broadened significantly after annealing at 500 °C. This
broadening is also evidenced from the FWHM of the P 2p
bulk peak (Figure 5b).
From the In 3d5/2 spectra (Figure 5c), Si deposition has

similarly scavenged the In-oxides (expected in the 445 to 446
eV range)34 below the XPS detection limit and also resulting in
In−In/Si bond formation. The In-oxide concentrations are
below the XPS detection limit upon HfO2 deposition and the
first annealing at 400 °C, but In-oxides are subsequently
detected after the second annealing at 500 °C. In contrast, the
In−In/Si bond concentration is not seen to change significantly
upon HfO2 ALD, but this feature intensity is close to the
detection limit of XPS after the 400 °C annealing and seen to
increase after the 500 °C annealing. Therefore, the ideal
annealing temperature for the HfO2/Si/InP stack is 400 °C, in
terms of minimizing the formation of P- and In-oxides as well
as the In−In/Si bonds.
Figure 6 shows the Hf 4d and Si 2p spectra for sample C.

Peak broadening upon annealing is detected from the FWHM
of the Hf 4d spectra (Figure 6b), suggesting possible Hf-silicate
formation upon annealing.35 For the Si 2p spectra, the Si 1+
state is seen to decrease, concurrent with an increase in the Si
higher oxidation states upon HfO2 ALD and the first annealing.
The Si−Si bond is seen to decrease below the XPS detection
limit after the second annealing at 500 °C, concurrent with an
increase in the higher oxidation states (3+ and 4+), which may
be related to Hf-silicate formation.36 It is noted, however, that
Hf-silicate formation from the reaction of Hf and SiO2 or Si and
HfO2 generally occurs at higher annealing temperatures on Si

substrates than those studied here for InP.37−39 Moreover,
silicide formation on Si after higher-temperature annealing has
also been reported.40 As such, we emphasize that the proposed
Hf-silicate formation here is only speculation and requires
further study.
To conclusively establish the outermost surface atomic

species present after the process steps, we employ LEIS. Figure
7 shows the ex situ LEIS spectra of (a) samples A and B using a

He+ source and (b) sample C using a Ne+ source after UHV
annealing at 500 °C. Both In feature is observed on the top
surface of all of the samples studied, which is consistent with
previous reports of In diffusion through ALD high-k/InP stacks
upon annealing.13,14 However, no Si or P is detectable from the
LEIS spectra. This suggests that any silicates present are formed
at the high-k/Si interface but not on the surface.
The schematic for the stack of sample B after annealing at

500 °C is shown in Figure 8. At the interface between the
amorphous Si and the InP substrate, SiOx is formed during the
Si PECVD process. Al-silicate (Al−Si−Ox) may also form at
the interface between Al2O3 and Si based upon the conditions
employed here.35,41 Diffusion of the In atoms on the stack
surface likely occurs during the annealing process.14

For all samples, the In−In bonds are observed to persist
throughout the Si IPL and high-k oxide layers, forming volatile

Figure 5. XPS from sample C before Si deposition, after Si deposition,
after HfO2 ALD, and after annealing at 400 and 500 °C under UHV:
(a) P 2p; (b) FWHM of the P 2p bulk spectra; (c) In 3d5/2.

Figure 6. XPS from sample C upon Si deposition, after HfO2 ALD,
and after annealing at 400 and 500 °C under UHV: (a) Hf 4d; (b)
FWHM of the Hf 4d spectra after HfO2 ALD and following annealing;
(c) Si 2p.

Figure 7. Ex situ LEIS results of (a) samples A and B using He+ at
3000 eV and (b) sample C using Ne+ at 5000 eV after annealing at 500
°C.
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In2O from the O-rich environment in high-k oxides,42 and
evaporate from the surface upon 400 °C annealing in UHV,
resulting in a decrease in the concentration of In−In/Si
bonding. For sample B, the In−In bond is seen to decrease
upon the second annealing. However, for sample A, which has
more In−In bond formation because of the reaction of Si with
substantial concentrations of InPOx, there is insufficient O
available to form volatile In2O after the second annealing. For
sample C, the Hf-(silicate and oxide)/Si/InP interface is
apparently not stable upon the second annealing. Therefore,
among the structures investigated here, the Al-(silicate and
oxide)/Si/InP stack of sample B is the most thermally stable.
The In−In and P−P bonds generated during the Si PECVD
process, possibly due to H radicals in the deposition
environment, may induce gap states, as indicated from previous
first-principle calculations, but are still under debate.32,43

■ CONCLUSIONS
In summary, the 1 nm Si IPL by PECVD can scavenge the In-
and P-oxides significantly but not completely from the native
oxide sample. The Si IPL can scavenge the In- and P-oxides
completely from the acid-etched sample. The In−In/Si and P−
Si/P bonds are formed by Si deposition. The formation of
silicates of Al and Hf are considered during ALD and following
annealing. Al-silicate formation with the Si/InP interface is
more thermally stable. Hf-silicate formation is only speculated
here, given the low temperatures employed. The optimum
stack in this study was found to be Al2O3/Al-silicate/acid-
etched InP, in terms of the minimized In−P-oxides and In−In/
Si bond concentrations and highest thermal stability. In-
diffusion through this Si IPL and high-k dielectric layer upon
UHV annealing at 500 °C is detected on all samples. The
minimization of In−P-oxides (below the XPS detection limit)
from sample B is expected to minimize the interface trap
density and requires further study.
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