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ABSTRACT: In situ “half cycle” atomic layer deposition
(ALD) of Al2O3 was carried out on black phosphorus (“black-
P”) surfaces with modified phosphorus oxide concentrations.
X-ray photoelectron spectroscopy is employed to investigate
the interfacial chemistry and the nucleation of the Al2O3 on
black-P surfaces. This work suggests that exposing a sample
that is initially free of phosphorus oxide to the ALD precursors
does not result in detectable oxidation. However, when the
phosphorus oxide is formed on the surface prior to deposition,
the black-P can react with both the surface adventitious oxygen
contamination and the H2O precursor at a deposition
temperature of 200 °C. As a result, the concentration of the phosphorus oxide increases after both annealing and the atomic
layer deposition process. The nucleation rate of Al2O3 on black-P is correlated with the amount of oxygen on samples prior to the
deposition. The growth of Al2O3 follows a “substrate inhibited growth” behavior where an incubation period is required. Ex situ
atomic force microscopy is also used to investigate the deposited Al2O3 morphologies on black-P where the Al2O3 tends to form
islands on the exfoliated black-P samples. Therefore, surface functionalization may be needed to get a conformal coverage of
Al2O3 on the phosphorus oxide free samples.
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1. INTRODUCTION

Black phosphorus (“black-P”) is an anisotropic lamellar
semiconductor considered to be an appealing two-dimensional
(2D) material because of its novel properties and potential
application in few-layer transistor structures.1−7 Bulk black-P
has a direct bandgap of about 0.3 eV,2,8,9 and an impressive hole
mobility of up to 104 cm2/(V·s) at low temperatures (50−100
K).10,11 Few-layer black-P field effect transistors possess high
current on/off ratios (up to 104) and high carrier mobilities up
to 1000 cm2/(V·s) at room temperature.1,2 Consequently,
black-P is a promising candidate for nanoelectronic and
optoelectronic device applications.12 However, a clear challenge
in the implementation of black-P is the strong hydrophilic13,14

and oxidation9 reactions during device processing and there-
after. Thus, efficient isolation/passivation layers are necessary
for black-P to preserve its electronic properties. To date, many
efforts on passivation have been reported. For example, recent
reports show that the high field-effect mobility (∼1350−4000
cm2/(V·s)) of a hexagonal boron nitride (h-BN) isolated BN/
black-P/BN heterostructure15−17 is stable in an atmospheric
ambient for more than 1 week. Al2O3

2,3,18 or HfO2
19 dielectric

layers deposited by atomic layer deposition (ALD) are also
used as passivation layers in recent black-P transistors. Luo et

al.3 and Wood et al.13 mentioned that the Al2O3 passivated few-
layer black-P metal oxide semiconductor field-effect transistors
(MOSFET) can be stable in air for more than 100 h. However,
there are still many unsolved problems for high-k/black-P
heterostructures such as lower field mobilities (40−100 cm2/
(V·s)) with respect to BN/black-P/BN and trapped charge
issues.2,3,13 It is still unclear whether surface oxidation by
ambient conditions degenerates the electronic properties of
ALD Al2O3/black-P. Toward this end, three different samples
oxidized by ambient air were investigated to understand the
interfacial interaction, chemistry, and nucleation of atomic layer
deposited Al2O3 on black-P using a combination of in situ
monochromatic X-ray photoelectron spectroscopy (XPS) and
ex situ atomic force microscopy (AFM).

2. EXPERIMENTAL SECTION
Three black-P samples (thickness ∼1 mm), synthesized and purchased
from Smart Elements, were used in this study. One is examined “as
received” with a native oxide (“S1”) present on the surface, and
another two (“S2” and “S3”) were cleaned by mechanical exfoliation
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with Scotch Magic tape, which removes the outer layers of the crystal
before loading the samples in ultrahigh vacuum (UHV). The UHV
system used in this work was described in detail elsewhere20 and
connects a surface analysis chamber and a Picosun 200R ALD chamber
(base pressure ∼4 mbar) through a UHV (∼10−10 mbar) transfer tube,
preventing spurious surface contamination during the experiment. To
control surface oxidation, the S2 sample was oxidized by ambient air
exposure for 5 min, whereas the S3 sample was loaded into the UHV
chamber immediately after exfoliation (less than 2 min ambient
exposure). In this experiment, ALD of Al2O3 was carried out with
successive cycles of trimethylaluminum (TMA) and H2O precursors,
with an argon (Ar) carrier gas (99.9997%, Airgas) at a flow rate of 200
sccm, 0.1 s pulse + 4 s Ar purge time for TMA, 0.1 s pulse + 6 s Ar
purge time for H2O at a substrate temperature of 200 °C. To monitor
the Al2O3 growth on black phosphorus, the XPS scans were taken as
follows: (i) on the initial surfaces, (ii) after exposing samples to the
ALD vacuum ambient at 200 °C for 1 h, (iii) after each successive half
cycle21 of TMA and H2O up to two full cycles, as well as after (iv) 5,
10, 20, 30, and 40 full cycles (TMA + H2O). Additional XPS scans
were performed on the S3 sample after 60 and 80 full cycles.
XPS spectra were taken of the P 2p, Al 2p, Sn 3d, I 3d, C 1s and O

1s, core level regions using a monochromatic Al Kα X-ray source (hν =
1486.7 eV) with a takeoff angle of 45° from the substrate normal and a
pass energy of 15 eV. The deconvolution of XPS was carried out with
AAnalyzer software.22 The AFM images of the samples after 40 cycles
of Al2O3 were recorded on three samples using an ex situ Veeco
(Bruker) multimode system in noncontact tapping mode. To compare
the Al2O3 growth on the S1 and S3 samples, AFM images were also
obtained on the S3 sample after 80 cycles of Al2O3, which has a
comparable Al2O3 thickness to that of the S1 sample. The AFM images
were analyzed using WSxM software.

3. RESULTS AND DISCUSSION

Figure 1a compares the deconvolution of P 2p core level XPS
spectra from the S1, S2, and S3 samples during the first stages
of the ALD process. On the initial sample surfaces, the
concentration of the oxidized phosphorus species (labeled as
POx, e.g., P2O3)

23 at 134.2 eV clearly increases with ambient air
exposure time: S1 shows the highest oxide concentration,
whereas sample S2 is slightly oxidized and the oxidation is

below the XPS detection limit (∼0.1 at.%) for sample S3. In
Figure 1b, integrated intensity ratio of the total phosphorus
oxide (IP‑O) feature to the integrated intensity of the bulk black-
P feature (IP‑P) is shown. The IP‑O/IP‑P ratios on the initial S1
and S2 samples are estimated to be 0.1 and 0.03, respectively.
The phosphorus oxide thicknesses were estimated, using XPS
peak attenuation (see the Supporting Information) for samples
S1 and S2, to be ∼0.27 and ∼0.08 nm, respectively.
To differentiate clearly between thermal effects and surface

reactions with ALD precursors, the three samples were exposed
to the ALD reactor environment at 200 °C for 1 h under Ar
flow (P ∼4 mbar), and were subsequently analyzed by XPS
without any ALD precursor exposure. After this process, a
saturated phosphorus oxide chemical state (P2O5)

24−26 is
clearly detected at 135.1 ± 0.05 eV on the S1 sample. This
feature is also observed with a lower intensity on the S2 sample.
The intensity ratio IP‑O/IP‑P (seen in Figure 1b) after annealing
increases to 0.2 and 0.05 on the S1 and S2 samples,
respectively, while remaining below the XPS detection limit
on the S3 sample. The estimated phosphorus oxide thicknesses
after annealing are ∼0.33 and ∼0.13 nm for samples S1 and S2,
respectively. In addition, the original POx peak (at 134.2 eV)
does not decrease after annealing, suggesting that the formation
of P2O5 originates from the adsorption of oxygen, not only the
conversion from POx to P2O5 with temperature. Oxygen
sources are likely the surface adventitious contamination such
as O−C(H) species that are detectable on every sample (shown
in the Supporting Information Figures S1 and S2). A similar
phenomenon is also found in our previous ALD half cycle study
of AlGaN, where the surface oxygen contamination results in
the increase of Ga/Al−O concentration during the initial
annealing prior to ALD.27−29 Recent density functional theory
(DFT) calculations suggest that the most favorable sites for
oxygen on black-P depends on the amount of oxygen being
adsorbed.30 Considering the reaction of an oxygen atom24,30 or
an O2 molecule

30 with an ideal, defect free black-P surface, the
direct adsorption of oxygen on top of a single P atom, with the
underlying black-P structure remaining unchanged, is relatively
more favorable than bridging between two P atoms for low
oxygen concentrations, such as <1 oxygen per unit cell.24,30 For
a higher oxygen concentration (>2 oxygen atoms per unit cell),
both direct adsorption on top of a single P atom and also bridge
bonding between two P atoms are energetically favorable and
result in the formation of planar or tubular phosphorus oxides
such as P2O3 or P2O5.

30 It should be noted that the lattice
constants of some phosphorus oxides, such as tubular-P2O5, can
be 1.9 times larger than that of black-P, leading to obvious
black-P lattice deformation through bond scission and O
insertion.30 Therefore, in samples S1 and S2, the higher
concentration of phosphorus oxides with respect to S3 can be
correlated with a higher probability of black-P lattice
deformation. It is not surprising then that the samples with
the highest concentration of initial oxides are found to be the
most reactive when exposed to identical oxidizing environ-
ments.
It is interesting to note that during the following half cycle

ALD process, there is no detectable phosphorus oxides within
the range of 133−136 eV on sample S3, indicating that S3 is
essentially phosphorus oxide free. To confirm the reproduci-
bility, a second phosphorus oxide free sample was prepared and
analyzed by XPS after atomic layer deposition, the results of
which are shown in Figure S3 of the Supporting Information.
These results are consistent and indicate that the TMA or water

Figure 1. (a) XPS spectra are showing the evolution of P 2p core level
from the S1, S2, and S3 samples during the half cycle ALD process.
Phosphorus oxide is below the limit of detection on the S3 sample. (b)
Integrated intensity ratio of the total phosphorus oxide to that of the
bulk black-P peak (IP‑O/IP‑P), up to the initial 5 ALD cycles for the S1,
S2, and S3 samples, respectively.
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precursor does not react with the black-P surface under
vacuum. The main O 1s peak (∼531.5−533 eV) detected from
the initial S3 sample (see Figure S1 of the Supporting
Information) corresponds to the physisorbed O−C(H) species.
This phenomenon is consistent with recent DFT calculations,
which show that water adsorption on a bilayer black-P can
occur without phosphorus oxidation.14 Favron et al.9 also show
that after black-P is exposed to water under vacuum, no
degradation of black-P is detected. Based on our experimental
findings, the increased oxides after annealing and the following
half cycle ALD process observed on S1 and S2 samples, are
mainly related to the presence of the initial phosphorus oxide
itself.
The growth of Al2O3 on the three samples is quite different,

as can be seen in Figure 2a, which shows the thickness of Al2O3

as a function of ALD cycles on all three substrates. The
thickness is calculated from the attenuation of the P 2p peak
(see the Supporting Information). Focusing first on samples S1
and S2, which both started with detectable phosphorus oxide
concentrations, it is clear that the growth rate on S1 is
significantly higher. This can be explained by the higher
concentration of nucleation sites afforded by the increased
defects and phosphorus oxide concentration. The relatively
slow growth rate (<1 Å/cycle) at the initial stage indicates that
ALD Al2O3 requires several cycles to nucleate on the black-P
substrate and displays “substrate-inhibited growth”.27,28,31 Once
a thickness of approximately 0.5 nm is reached the growth rate
is seen to noticeably increase suggesting that the growth
mechanism has changed. Considering that this thickness
corresponds to one monolayer of Al2O3 within experimental
error, the two growth regimes can be identified as ALD on
black-P and (mainly subsequent) ALD on Al2O3. After 40
cycles, the Al2O3 thickness is ∼2.47, 0.74, and 0.88 nm on the
S1, S2, and S3 samples, respectively. As Figure 1(a) shows, after
30 cycles on the S1 sample, the growth rate increases to 1 Å/
cycle, so the initial 30 cycles is the incubation period for the
native oxidized sample; whereas for S2 and S3 samples, the
Al2O3 growth rate within 40 cycles is still much lower than 1 Å/
cycle. This behavior suggests that the incubation cycles for
samples S2 and S3 are more than 40 cycles.
The slightly thicker Al2O3 on the S3 than that on the S2

sample deserves discussion because S3 had initially no
detectable phosphorus oxide. As discussed earlier, the lack of
phosphorus oxide does not necessarily mean an absence of

oxygen and in fact a detailed analysis of the O 1s spectra
(shown in Figure S1 of the Supporting Information), shows
that the total concentration of oxygen on the surface is actually
higher for S3 than for S2. This strongly suggests that surface
adventitious contamination could also enhance the nucleation
of Al2O3

32 and become the dominant mechanism in the case of
low POx concentration.
Because the growth rates on these samples are different, a

quantitative comparison of the rate of phosphorus oxidation as
a function of ALD cycles (shown in Figure S4 of the
Supporting Information) is not as meaningful as considering
the reactions as a function of ALD thickness. Figure 2b shows
the ratio of IP‑O/IP‑P as a function of Al2O3 thickness. This ratio
can be directly correlated to the concentration of thickness of
phosphorus oxides. The ratio plateaus for samples S1 and S2
are very similar so that, once the deposited Al2O3 thickness is
more than 1 monolayer (∼0.5 nm), the oxidation rate of the
black-P surface decreases due to the nonconformal coverage of
Al2O3 films, which reduces the available interaction area of the
black-P substrate with the water precursor. It is noted that the
shakeup loss feature of Al 2s, which overlaps with P 2p,
discussed in the Supporting Information (Figure S5), has a
negligible effect on accurately determining the intensity of the P
2p peak.
Figure 3 shows the Al 2p core level XPS spectra from

samples S1, S2, and S3 during the ALD process. The trend in

the Al 2p core-level intensities qualitatively matches the
thicknesses determined by the P 2p attenuation, however,
they are quantitatively different. If the thickness of Al2O3 on S2
is assumed to be 2.5 nm, as calculated by the P 2p attenuation,
then the intensity ratio of the Al 2p core-levels for S1 and S2
(1.5 for S1:S2) would suggest that the thickness of Al2O3 on S2
is 1.2 nm, which does not agree with the value of 0.7 nm that
was calculated by the P 2p peak attenuation. This suggests that
for S2 and S3, there is more Al2O3 on the surface than is
expected from only considering the attenuation of the P 2p
feature. This can be explained after studying the topography of
the samples.
Figure 4a−c shows the AFM images after 40 cycles of Al2O3

deposited on the S1, S2, and S3 samples, respectively, with
representative line profiles. The root-mean-squared (RMS)
roughness on the S1, S2, and S3 sample is ∼0.22, ∼0.34, and
∼0.38 nm, respectively, and the vertical depth variation of the
corresponding line profile is ∼0.5, ∼1 nm, and ∼1 nm,
respectively. This result immediately explains the conflicting
thickness calculations using the Al 2p and P 2p core-levels

Figure 2. (a) Al2O3 thickness during the ALD process for the S1, S2,
and S3 samples. (b) Ratio of IP‑O/IP‑P as a function of Al2O3 thickness.

Figure 3. Al 2p core level spectra from the S1, S2, and S3 samples
during the ALD process.
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because the island growth observed can result in considerable
deposition of Al2O3 without fully covering (and thereby more
aggressively attenuating) the underlying substrate.
In addition, the surface morphology of Al2O3 on Figure 4a is

smoother and more conformal than Figure 4b,c. These
observations are explained by the enhanced nucleation on the
S1 sample due to the higher initial concentration of phosphorus
oxide. Black circles mark Al2O3 clusters in Figure 4b that are
∼0.5−1 nm higher than the average surface of the S2 and are
randomly distributed. These cluster formations are likely due to
the faster nucleation rate on randomly distributed defect
regions. The estimated coverage of these clusters is ∼4%. In
Figure 4c, some pinholes with a depth greater than 1 nm are
observed. These pinholes could be indicative of intrinsic or
exfoliation-induced defects on black-P.
To compare the Al2O3 morphologies of similar thickness

between samples with different concentration of phosphorus
oxide, 80 cycles of ALD Al2O3 is deposited on the S3 sample,
where the Al2O3 thickness (∼2.7 nm) is comparable to that of
the S1 sample (∼2.47 nm). As seen in Figure 4d, deposition of
Al2O3 on oxide free black-P results in Al2O3 island formation.
However, gaps form between neighboring islands, leading to a
high surface RMS roughness (0.61 nm) and high depth

variation (2 nm on average). This indicates that the surface
functionalization or pretreatments29,33 are still need to improve
the Al2O3 nucleation and uniform film growth on phosphorus
oxide free black-P, similar to that observed on MoS2 and
graphite surfaces with reduced reactivity.32,34,35 It is also noted
that such “pretreatments” resulting in ALD nucleation and
growth may actually be associated with residual surface
contamination from device fabrication materials (such as
solvents or polymers) in prior reports.32

The role of other extrinsic impurities is also important to
consider, given the relative immaturity of the materials
synthesis. Figures S6 and S7 of the Supporting Information
show that tin (Sn) and iodine (I) impurities are detected on the
S1−S3 samples. As these samples were vapor transport
synthesized with Sn and tin(IV) iodide (SnI4),

36,37 it is possible
for Sn and I to condense onto the black-P crystal during the
growth cool down procedure. Here the reaction products exist
as a compound of SnIxOy, with an estimated maximum Sn/P
ratio of 0.07 (Figure S7 of the Supporting Information) on the
native surface. After the exfoliation, the Sn/P ratio is lower than
0.02 (Figure S7 of the Supporting Information). This suggests
that some SnIxOy is present in the black-P bulk. However, as
discussed in the Supporting Information, the SnIxOy does not
play a role in the black-P oxidation. In addition, no peak could
be identified in the range of 128.2−129.5 eV38 in the P 2p
spectra, which rules out substantial Sn−P bonding, within the
limits of detection. Nevertheless, the impact of such impurities
on the device performance produced from black-P remains to
be systematically studied.

4. CONCLUSION
In summary, the impact of phosphorus oxides on the nucleation
of atomic layer deposited Al2O3 on black-P surfaces has been
investigated by in situ XPS characterization. A black-P sample
that is initially free of detectable phosphorus oxide is robust
against oxidation by 200 °C exposures to an ALD environment
and exposure to ALD precursors. In contrast, phosphorus
oxides, if present on the black-P surface, can change the black-P
surface reactivity and can react with the surface physisorbed,
adventitious contamination or the H2O precursor at 200 °C. As
a result, the surface oxidation of black-P increases after
annealing as well as after the ALD process. It is found that
several cycles are required for Al2O3 to nucleate on black-P
surface, following a “substrate inhibiting growth”. SnIxOy
compounds, byproducts from the black-P growth, are detected
on the as received and exfoliated samples as contaminants.
Moreover, it appears that phosphorus oxide and possibly
surface adventitious contamination on black-P surfaces are
possible nucleation sites for ALD of Al2O3, which enhance the
coverage and the conformality of Al2O3 on black-P. When the
black-P surface is phosphorus oxide free, a large coverage of
Al2O3 clusters accompanied by high height depth variation (∼2
nm) can be obtained after 80 ALD cycles. It is clear that the
starting surface plays a critical role in ALD nucleation and the
controlled functionalization methods will need to be developed
before the integration of black-P in industrial device processes
can be realized.
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