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a b s t r a c t

The interfacial chemistry between the ‘‘half cycle’’ atomic layer deposited (ALD) Al2O3 and black phos-
phorus (black-P) was examined using in situ X-ray photoelectron spectroscopy (XPS). Two samples,
native and freshly exfoliated, are investigated to understand the effect of oxidation on the initial ALD
nucleation. It is found that annealing samples in the ALD chamber results in an increase of oxidation,
caused most likely by oxygen transferring from surface adventitious contamination. After the half cycle
ALD process, the P-oxide concentration increases, indicating interface deterioration during the Al2O3

deposition. Based on the Al2O3 nucleation or growth behavior observed in the half cycle ALD studies, a
true ALD growth tends to occur only after formation of a complete monolayer of oxide on the clean
black-P surface with minimum oxidation concentration.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Black phosphorus, an anisotropic lamellar semiconductor, is
considered an appealing two-dimensional (2D) material because
of its novel properties and recent successful application in few-
layer transistors [1,2]. Unlike graphene, bulk black-P displays a
direct bandgap of about 0.3 eV [2–4], and an impressive hole
mobility up to 104 cm2/(V s) at low temperatures [5], which is
superior to transition metal dichalcogenides (TMDs) such as
MoS2. These properties indicate that black-P is a promising candi-
date for electronic and optoelectronic device applications.
However, the strong hydrophilic [6,7] and photo-oxidative [4]
properties of black-P raise important concerns regarding its chemi-
cal and physical stabilities during the device fabrication. Recent
work by Wood et al. [8] and Castellanos-Gomez et al. [7] has
shown that water droplets and oxidation can be detected on the
surface of black-P after several hours of ambient exposure, and
the surface is more severely oxidized if exposed for longer than
1 week, causing etching of some thin black-P flakes. This could
be related to hydrogen (H) and hydroxyl (OH) adsorption which
form strong bonds with P atoms and act as ‘‘chemical scissors’’ to
break the P–P backbone bonds [9]. Thus, it is critical to develop
an efficient isolation or passivation layer for the black-P surface
to maintain intrinsic electronic properties for a longer time.
Typical black-P based transistors use ALD of Al2O3 [2,6,10] or
HfO2 [11] as a dielectric layer for electrical isolation. Work by
Luo et al. [6] specifically mentioned that a few-layer black-P metal
oxide semiconductor field-effect transistor (MOSFET) with Al2O3

passivation can be ambient stable as long as 100 h. However, the
detailed identification of the interfacial chemical states resulting
from ALD Al2O3/black-P is unclear and important. In this study,
in situ monochromatic XPS characterization of the interfacial
chemistry was carried out to understand the evolution of interfa-
cial interaction, chemistry and nucleation of Al2O3 after ‘‘half
cycle’’ ALD Al2O3 on the native and the freshly exfoliated black-P
surfaces, separately.
2. Materials and methods

The black-P samples used in this experiment were purchased
from Smart Elements. One sample has native oxides (‘‘native’’) pre-
sent on the surface, while the other sample is mechanically exfoli-
ated with Scotch� Magic™ Tape to remove layers.

To minimize ambient air exposure, the second sample was
loaded into an ultrahigh vacuum (UHV) cluster system described
elsewhere [12] after exfoliation within 5 min.
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Fig. 2. The half cycle ALD deposition process of Al2O3 on black-P.
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The in situ ALD depositions are performed in the UHV system,
shown in Fig. 1, which integrates a Picosun 200R ALD chamber
(base pressure �4 mbar) through a turbo pumped load lock cham-
ber (�1 � 10�7 mbar) [12]. In situ XPS is carried out in the analysis
chamber. Thus, during the following half cycle ALD experiments,
spurious contamination can be effectively avoided.

Fig. 2 shows the half cycle experiment procedure [13].
Trimethyl aluminum (TMA) and H2O precursors were used for
the Al2O3 deposition, with an argon (purity�99.9997%, Airgas) car-
rier flow rate of 200 SCCM and a substrate temperature of 200 �C.
Samples were transferred between the XPS analysis chamber and
the ALD chamber under UHV to allow XPS scanning on the initial
surfaces, after annealing to 200 �C, 1st pulse of TMA, 1st pulse of
water, 2nd pulse of TMA, 2nd pulse of water, after the 5th, 10th,
20th, 30th, and the 40th full cycle (TMA + water). Here we use a
monochromatic Al Ka X-ray source, which has a kinetic energy
of 1486.7 eV, pass energy of 15 eV and a take-off angle of 45� rela-
tive to the sample normal. P 2p, Sn 3d, I 3d, C 1s, O 1s and Al 2p core
level spectra were scanned and deconvoluted with AAnalyzer soft-
ware [14].
Fig. 3. A comparison of the P 2p core level XPS spectra from the native oxide and
exfoliated samples during the ALD process.
3. Results and discussion

A comparison of the normalized P 2p spectra of the native and
exfoliated surfaces after 40 cycles of ALD is shown in Fig. 3. On
the native surface, the native P-oxide peak detected at �4.2 eV
from the bulk black-P peak (P–P bonding) could be a combination
of POx (i.e. P2O3) and P-OH chemical states because of their close
binding energy �134.2 eV. This peak is labeled as ‘‘POx’’. In com-
parison, the intensity of the POx peak from the exfoliated surface
is lower than that detected from the native sample. The initial
intensity ratio of the POx to bulk peak (POx/P–P) is �10% on the
native sample, and �3% on the exfoliated sample. This suggests
that the surface oxidation concentration on black P can be effec-
tively reduced by removing the top a few layers with exfoliation.
However, it can reform quickly even after exposure to ambient
conditions for only a few minutes.

After 200 �C annealing in the ALD chamber under Ar flow for
1 h, the P-oxide peak becomes broader, which is more apparently
observed on the native oxide sample due to oxygen adsorption
and saturation of P-oxide. With XPS deconvolution, we find that
Fig. 1. The UHV cluster system.



Fig. 5. Al 2p spectra after 40 cycles of Al2O3 deposition on the native and the
exfoliated samples, respectively.
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a stable and oxygen saturated P-oxide state, P2O5, is generated. The
P2O5 peak is shifted �5.1 eV at a higher binding energy from the
bulk P–P peak. At the same time, the ratio of the POx peak does
not decrease. This clearly shows the stability of P-oxide at 200 �C
and the generation of P2O5 is not only a phase transition of the
POx state but also induced from chemical reaction with the surface
adventitious oxygen contamination that is detected on both sam-
ples; otherwise the intensity of the POx peak would decrease.

Previous experimental results [15] suggested that P-oxide
formed on black-P is unstable and tends to evaporate at 250 �C.
In contrast, this is not observed in our experiments where the tem-
perature did not exceed 200 �C. After annealing, the intensity ratio
of the total P-oxide to the bulk black-P peak, (POx + P2O5)/P–P,
increased to 19% and 5% on the native and the exfoliated sample,
respectively.

The intensity ratio (POx + P2O5)/P–P during the half cycle pro-
cess are calculated and presented in Fig. 4. The increasing ratio
indicates that the oxidation continues on both samples during
the ALD cycles. Recent DFT calculations [8] shows that water
adsorption on the surface of black-P can only distort top most lay-
ers while the underlying crystal structure remains unchanged.
Experimental results by Favron et al. [4] also indicate that exposing
black-P to water under vacuum may not able to oxidize it.
However, from the half cycle experiments, it appears that the
H2O precursor enhances the oxidation of black-P during the ALD
process. We propose that the H2O precursor reacts with the P-ox-
ide or other defects, changing the surface reactivity of black-P and
introducing more defects that facilitate reaction with surface oxy-
gen, adventitious contamination, or H2O precursors. Whether TMA
or the H2O precursor itself at 200 �C can damage the crystal surface
of black-P or not still needs more direct evidence. In general, the
total oxidation extent during the ALD process on these two sam-
ples is very similar: the intensity ratio (POx + P2O5)/P–P on both
samples increases by �10% after 40 cycles.

Fig. 5 shows the Al 2p spectra after 40 cycles of Al2O3 deposi-
tion. The higher intensity of the Al 2p peak from the native sample
compared to the exfoliated sample, with a binding energy for Al 2p
of �75.8 eV, indicates the formation of a thicker Al2O3 on the
native sample. This is also supported by the XPS thickness calcula-
tion, based on the attenuation of the integrated P 2p peak upon
Al2O3 deposition. After 5 cycles, the thickness of Al2O3 is �0.2 nm
on the native surface while less than 0.1 nm on the exfoliated sur-
face. Moreover, after 20 full cycles, there is �0.5 nm and 0.2 nm of
Al2O3 on the native and the exfoliated samples, respectively. This
suggests that an initial nucleation period takes place before ideal
ALD growth. The higher growth rate on the native sample is
Fig. 4. The variation in the ratio of integrated intensity of the total P-oxide to that of
the bulk black-P peak components, (POx + P2O5)/P–P, during the ALD process on the
native and the exfoliated samples.
associated with a higher P-oxide concentration and probably a
higher defect density on that surface as well. After 40 full cycles,
the Al2O3 deposition thickness is �2.47 nm on the native sample,
and �0.74 nm on the exfoliated sample.

4. Conclusion

In summary, we have studied the initial stages of ALD Al2O3 film
growth on black-P using in situ XPS at each individual ALD ‘‘half
cycle’’. Two samples were compared with one exhibiting a native
oxide and the other slightly oxidized after exfoliation. After anneal-
ing in the ALD chamber at the Al2O3 deposition temperature
(200 �C) for 1 h, the P-oxide concentration increases on the native
sample surface as a result of the oxygen transfer from surface
adventitious contamination. In addition, after successive ALD
cycles, the Al2O3/black-P interface deteriorated by further oxida-
tion. Previous research indicates that water exposure alone may
not cause oxidation of black-P [4]. Therefore, the oxidation during
the ALD process might be related to the original generated P-oxide
which changes the surface reactivity or creates more defects.
Moreover, with the increased P-oxide concentration on the native
sample, which are likely preferred nucleation sites for the TMA
precursor, results in the Al2O3 deposition thickness after 40 cycles
is �2.47 nm: much higher than that on the exfoliated sample
(�0.74 nm). Finally, the Al2O3 growth on black-P requires a nucle-
ation period before an ideal ALD growth.
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