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Abstract: Transition-metal phosphides (TMP) prepared by
atomic layer deposition (ALD) are reported for the first time.
Ultrathin Co-P films were deposited by using PH3 plasma as
the phosphorus source and an extra H2 plasma step to remove
excess P in the growing films. The optimized ALD process
proceeded by self-limited layer-by-layer growth, and the
deposited Co-P films were highly pure and smooth. The Co-
P films deposited via ALD exhibited better electrochemical
and photoelectrochemical hydrogen evolution reaction (HER)
activities than similar Co-P films prepared by the traditional
post-phosphorization method. Moreover, the deposition of
ultrathin Co-P films on periodic trenches was demonstrated,
which highlights the broad and promising potential application
of this ALD process for a conformal coating of TMP films on
complex three-dimensional (3D) architectures.

H2, owing to its high gravimetric energy density
(142 MJkg�1) and zero-carbon emission, has been regarded
as an ideal energy carrier for clean and sustainable energy
storage and supply to meet the serious global energy crisis and
environmental pollution.[1] Pt-based components form the
state-of-the-art electrocatalysts for the hydrogen evolution
reaction (HER) and exhibit excellent catalytic activity in
electrolytes with a wide pH-range.[2] However, the scarcity
and high costs of Pt seriously restrict their large-scale
commercialization. Therefore, enormous research efforts
are focused on developing alternatives for Pt-based electro-
catalysts, such as carbon-based materials, sulfides, selenides,

nitrides and phosphides, to reduce the costs for efficient water
splitting.[3] Among these candidates, transition-metal phos-
phides (TMP) have attracted increasing research interest due
to their excellent performance, various crystalline phases, and
tunable electronic structure.[4] Inspired by this, various
strategies have been employed to prepare TMP-based
electrocatalysts, including the solvent-phase method, the
solid-state method, the gas-solid method, and the electro-
deposition method.[5] For example, Jiang et al. prepared
cobalt-phosphorous-derived Co-P films on Cu foil by electro-
deposition, exhibiting remarkable bifunctional activities for
both the HER and the oxygen evolution reaction (OER).[6]

Jaramillo and co-workers combined CoP thin films with Si
photo-absorbers to prepare highly efficient precious metal-
free crystalline silicon photocathodes by an evaporation-
phosphorization process.[7] Recently, Li et al. synthesized P-
rich CoP2 via a hot-injection method, exhibiting excellent
electrochemical activities for the HER.[8] However, the
controllable and homogeneous deposition of an ultrathin
TMP film on complex three-dimensional (3D) structures is
still a great challenge.

Atomic layer deposition (ALD) has become a powerful
technology for the preparation of high-quality thin-film
materials on various complex substrates.[9] ALD is a surface
self-limited and saturated deposition process enabling the
layer-by-layer and large-scale deposition of uniform and
reproducible films. Due to this specific advantage, ALD is
suitable for depositing homogeneous coatings on various
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complex 3D structures, thus exhibiting a huge potential in
various applications (e.g. microelectronics and catalysis). Up
to now, no ALD-process for the direct deposition of TMP was
reported and only a few publications reported the preparation
of TMP films by post-treatment of ALD-grown films. For
example, Rong� et al. used ALD for the deposition of metal
phosphates (M = Co and Fe), which were subsequently
reduced by thermal annealing in a reducing environment
(H2) or electrochemical treatment for the preparation of
metal phosphides.[10] However, the high-temperature anneal-
ing (950 8C) resulted in the formation of particulate films,
while the ability of the electrochemical treatment to reduce
the complete film remains doubtful. Looking for suitable
chemistry for TMP-ALD processes, it is worth noticing recent
advances in the ALD of transition metal sulfides. Guo et al.
reported a universal ALD process to deposit pyrite-type
metal disulfides (FeS2, CoS2, and NiS2).[11] The well-crystal-
lized films prepared with optimized ALD recipes could be
uniformly deposited even into deep, narrow trenches with
high aspect ratios.

Probably, the main reason for the unsuccessful develop-
ment of an ALD recipe for the deposition of TMP so far is the
serious decomposition of PH3 during the PH3 plasma treat-
ment step in the standard ALD process, which leads to an
excess content of phosphorus (P) residing in the deposited
layer.[12] The excess P, which cannot be eliminated in the
subsequent Ar purge step, would continue to react with the
precursor, thus leading to an uncontrollable deposition.[13]

Gudovskikh et al. studied the deposition process of GaP in
a chemical vapor deposition (CVD) system by in situ optical
emission spectroscopy (OES).[13] They found that the pres-
ence of traces of PH3, which comes from the reaction of H2

and P species on the chamber wall, can significantly affect the
deposition process and that an additional H2 plasma step
effectively removed the P species on the chamber wall,
resulting in a reduced growth rate and a more homogeneous
deposition. A “third” H2 or H2 plasma step was also
successfully applied in various ALD processes to obtain the
desired stoichiometry. For example, Mackus et al. used H2 or
H2 plasma to reduce PtOx to Pt in room temperature ALD
processes employing (Me)3Pt(MeCp) and O2 plasma as
precursor-reactant pair.[14] Similar combinations of oxidizing
and reducing reagents have also been employed for the
deposition of Ir,[15] Co,[16] and Cu.[17] Therefore, an additional
step to remove the excess P is the key to obtain a self-limited
and layer-by-layer deposition of TMP-based catalysts via
ALD.

Herein, we report a plasma-assisted ALD process for
depositing ultrathin Co-P films using PH3 plasma and bis(N-t-
butyl-N’-ethylpropanimidamidato) cobalt(II) (Co(AMD)2) as
the phosphorus source and metal precursor, respectively. In
addition, an H2 plasma step was employed during the
deposition to remove excessive phosphorus. The optimized
recipe followed the ideal layer-by-layer ALD growth behav-
ior over a wide temperature range, resulting in pure and
stable polycrystalline Co-P films. The electrodes prepared by
depositing such Co-P films on fluorine-doped tin oxide (FTO)
glass and p-type Si wafer, exhibited improved electrochemical
and photoelectrochemical HER activities in alkaline electro-

lyte when compared to that of Co-P films prepared by
a conventional post-phosphorization method. Furthermore,
we demonstrate that the ALD Co-P can be conformally
deposited into deep Si trenches, highlighting the promising
potential application of depositing TMP on complex 3D
architectures.

The controllable deposition of stable Co-P ultrathin films
by ALD was conducted at a pressure of 100 mtorr with the
assistance of PH3 (3% in Ar) plasma and H2 plasma as
illustrated in Figure 1. Planar Si wafers with a native oxide
layer (SiOx) were used as substrates to study and optimize the
deposition behavior of Co-P. This procedure induced a satu-
rated growth process which was demonstrated by varying the
exposure time of the metal precursor (t1) and the PH3 plasma
(t2) at a substrate temperature of 265 8C (Figure 2 a,b).
Figure 2a reveals that the growth rate increases initially
with the increase of t1 until saturation is achieved as t1

exceeding approximately 3 s at fixed t2 (5 s) and H2 plasma
time (t3 = 10 s). Similarly, while fixing t1 at 3 s, the growth rate

Figure 1. Illustration of the plasma-enhanced ALD process for the
deposition of Co-P films.

Figure 2. Exploration of Co-P ALD process a) Growth rates versus the
metal-precursor exposure time at fixed t2 (5 s) and H2 plasma time t3

(10 s). b) Growth rates and their corresponding P/Co atomic ratios of
prepared Co-P films versus PH3 plasma treatment time at constant t1

(3 s). c) Thickness of deposited Co-P films as a function of total
number of ALD cycles. d) Temperature dependency of the growth rates
and the P/Co ratios.
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increased firstly with increasing t2 and then reached saturation
as t2 exceeding approximately 5 s (Figure 2b). The impact of
the H2 plasma step was also investigated by changing its
length from t3 = 0 to t3 = 3*t2. As shown in Figure S1 in the
Supporting Information, the saturation of the growth rate and
P/Co ratio was achieved when t3� 2*t2. Thus, the H2 plasma
does not etch the Co-P film further. Rutherford backscatter-
ing spectrometry (RBS) revealed that the ratio of P/Co is
approximately 1.3 under the saturated growth rate condition.
These results indicate that the self-limited layer-by-layer
deposition behavior was achieved with sufficient exposure of
Co(AMD)2 and PH3 plasma. Therefore, the saturated con-
dition of t1 = 3 s, t2 = 5 s and t3 = 10 s were used as a standard
recipe for the deposition of Co-P films if not mentioned
otherwise. Figure 2c shows that the thickness of the deposited
Co-P films has a linear relationship with the number of ALD
cycles with a slope of 0.022 nm/cycle under the standard
recipe conditions, indicating a controllable deposition behav-
ior. For the comparison, Co-P films deposited without the
assistance of H2 plasma demonstrated an uncontrollable
deposition behavior with a high growth rate of 0.16 nm/cycle.
RBS revealed that the as-deposited Co-P film deposited
without H2 plasma exhibited a high P content (P/Co = 3.5).
Moreover, the as-deposited Co-P film was not stable and was
easily oxidized to phosphates in the air (Figure S2). There-
fore, the following reactions may happen during the H2

plasma step [Eqs. (1)–(2)]:[13]

H2 þ e! HþH* þ e ð1Þ

CoPx þ 3 ðx�yÞH! CoPy þ ðx�yÞPH3ð"Þ ð0 < y < xÞ ð2Þ

Next, the influence of the temperature on the deposition
of Co-P films was investigated. As shown in Figure 2d, the
deposition process exhibited a wide temperature window
from 120 to 300 8C with an almost constant growth rate.
Moreover, RBS revealed that the deposited films exhibited an
almost constant P/Co ratio (Figure 2d). The precursor

decomposition was also investigated by only
pulsing Co(AMD)2 at 265 8C without PH3 and
H2 plasma steps (denoted as Co(AMD)2-
decom./Si). X-ray photoelectron spectroscopy
(XPS) measurements indicate that only a small
amount of Co (5.59 atomic %) is present on the
substrate surface (Figure S3(a–c)) after
200 cycles, which is consistent with a molecular
monolayer, which probably decomposed after
exposure to the air. The XPS profile (Fig-
ure S3(d)) further reveals that there is no
obvious layer on the substrate, indicating that
there is negligible precursor decomposition at
265 8C, which has little impact on the ALD
process. Nevertheless, we focus on the charac-
terization of Co-P films deposited at 265 8C in
the following.

The morphology of the deposited Co-P
films was characterized by transmission elec-
tron microscopy (TEM). As shown in Fig-
ure 3(a), the top-view TEM image of the Co-P

film deposited on an amorphous SiNx membrane with
300 cycles (6.7 nm) revealed that the as-deposited film
exhibits regions of high crystallinity and regions of amor-
phous material. The region with high crystallinity demon-
strates a lattice spacing of 0.25 nm, which can be associated
with the (200) facet of CoP (PDF#29-0497).[18] The cross-
section view of Co-P films deposited on Si (Figure 3b) also
indicates the polycrystalline property with crystal lattices of
0.28, 0.20, and 0.19 nm which can be associated to the (011),
(210), and (211) facets of CoP, respectively. The electron
diffraction pattern (Figure 3a) indicates that the main crystal
structure of the Co-P film is associated with the crystal
structure of CoP, which is consistent with the HRTEM results.
Furthermore, similar morphology and crystalline phase are
obtained for Co-P films deposited at 125 8C (Figure S4 (a,b))
highlighting the wide temperature window for our process.
The energy-dispersive X-ray spectroscopy (EDS) mapping of
the Co-P films further revealed the high quality of the
deposited layer (Figure 3b, inset). Strong O signals are only
observed at the surface of the Co-P films and its interface with
the Si substrate, which can be assigned to the formation of
a surface oxide due exposure to air (or adsorbed O2/H2O
species) and the native oxide layer of the Si wafer. An optical
photograph of one piece of Co-P/Si (6.7 nm Co-P) and the
corresponding atomic force microscopy (AFM) measurement
(Figure 3c) indicate that the deposited films are fairly smooth
with a roughness of 0.37 nm.

The purity of the deposited Co-P films was also charac-
terized by XPS. The depth profile of the deposited Co-P films
(Figure 3d) indicates that they are pure with negligible N, C,
and O contaminations. The surface O species were also
detected, which is consistent with the EDS mapping. The
Co 2p spectrum (Figure 3e) acquired from the surface of the
Co-P films shows a pair of spin-orbit split peaks at 778.8 eV
(Co 2p3/2) and 793.8 eV (Co 2p1/2), which are characteristic
peaks of CoP.[19] In addition, the P 2p spectrum Figure 3 f
shows doublet peaks at 129.4 eV (P 2p3/2) and 130.3 eV (P 2p1/

2) and an extra peak at 133.1 eV, which correspond to Co�P

Figure 3. Structural and compositional analysis of Co-P films deposited at 265 8C. TEM
images of a) top view of Co-P film deposited on amorphous SiNx membrane and the
electron diffraction pattern of a thicker films (25 nm) as shown in inset. b) cross-section
view of Co-P film deposited on Si at 265 8C with the corresponding EDS mapping (inset).
c) Optical photograph of one piece of Co-P/Si and the corresponding AFM measure-
ment. d) XPS profile of a Co-P film with a thickness of 25 nm. e),f) XPS spectra of Co-P/
Si for e) Co 2p and f) P 2p.
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and P�O bonds, respectively. Furthermore, similar spectra
were obtained for Co 2p and P 2p after storage for around
3 months in the ambient environment, indicating good
stability and resistance to oxidation in air (Figure S5). It
should be mentioned that a stronger O signal is observed on
the surface of Co-P films, but the inner layer of Co-P still
contains no O (Figure S6) which indicates that the O species
on the surface of Co-P films increase slowly with the storage
time and provide protection against oxidation of the film bulk
which is in sharp contrast to the Co-P films deposited without
the H2 plasma step.

The HER activity of the Co-P films prepared with our
ALD process was assessed by depositing Co-P films on an
FTO glass substrate, and the corresponding optical photo-
graph is shown in Figure S7. As shown in Figure 4 a, the
sample labeled as Co-P/FTO, which was fabricated by
depositing 6.7 nm Co-P on FTO at 265 8C using our optimized
ALD recipe, demonstrates a significantly enhanced HER
performance compared to bare FTO and Co-P/FTO-thermal
which was prepared by the traditional thermal post-phospho-
rization of CoOx (10 nm) deposited by ALD on FTO.[19] The
as-prepared Co-P/FTO electrode requires an overpotential of
254 mV to deliver a current density of 10 mAcm�2 (h10),
which is much lower than that of bare FTO (h10 = 663 mV)

and Co-P/FTO-thermal (h10 = 320 mV) but still higher than
that of Pt/FTO (h10 = 105 mV). Figure 4b shows that Co-P/
FTO exhibits better reaction kinetics with a smaller Tafel
slope of 59 mVdec�1 than that of bare FTO (253 mVdec�1)
and Co-P/FTO-thermal (95 mVdec�1). Electrochemical
impedance spectroscopy (EIS) measurements were also
employed to investigate the reaction mechanisms (Figure 4c
and Table S1), and the related results were fitted with the
equivalent circuit as shown in the inset of Figure 4c. The EIS
results reveal that Co-P/FTO exhibits a smaller charge
transfer resistance (Rct = 22.8 W) than Co-P/FTO-thermal
(Rct = 69.5 W), suggesting facilitated electron transfer for
HER.[20] The thickness-dependent HER activities of Co-P/
FTO are also investigated. As shown in Figure S8, an
optimized performance is achieved with an approximately
6.7 nm Co-P film. The electrochemical surface area (ECSA)
measurement indicates that Co-P/FTO with a higher capaci-
tance (Cdl) has more accessible active sites than CoP/FTO-
thermal (Figure S9). The turnover frequency (TOF) for Co-P/
FTO is estimated to be 0.08 s�1 (h = 100 mV), which is higher
than that of other cathodes reported in the literature
(Table S2).[8, 21] Furthermore, the as-prepared Co-P/FTO
electrode exhibited good stability over an examination time
of 36 h (Figure 4d) at a current density of 10 mAcm�2. Next,
Co-P films deposited on p-B Si wafer (Co-P/Si) were
evaluated for photoelectrochemical water splitting, which
shows that the Co-P/Si demonstrates a better photoelectro-
chemical HER performance than that of the Co-P/Si-thermal
(Figure 4e). It can be observed that the Co-P/Si demonstrates
a more positive onset potential (0.27 V) than the Co-P/Si-
thermal (�0.18 V), which is defined as the required potential
for achieving a current density of �0.1 mAcm�2. A saturated
photocurrent of around 32 mAcm�2 is achieved by Co-P/Si,
which is higher than other reports (Table S3).[7,8, 22] The
virtually instantaneous photoresponse for Co-P/Si under
chopped light irradiation (Figure 4 f) reveals that our depos-
ited Co-P films have the potential to be used as the cocatalyst
to improve the photoelectrochemical activity of semiconduc-
tors.

We also evaluated the coverage ability of the ALD
process by depositing Co-P films into deep-narrow Si trenches
(Figure 5a). By comparing with the bare Si trenches (Fig-
ure S10), it can be seen that the Co-P films conformally cover
the trenches (Figure 5b,c). These results clearly reveal the

Figure 4. a) LSV curves of the prepared Co-P/FTO, Co-P/FTO-thermal,
Pt/FTO and bare FTO electrodes for HER in 1m KOH. b),c) The
corresponding Tafel and EIS measurements of the prepared electrodes.
The corresponding equivalent circuit for the EIS fitting is shown in the
inset of (c), where Rs is the ohmic resistance, Rct is the charge transfer
resistance, and CPE is the constant phase element. d) Long-time
measurement of the prepared Co-P/FTO for HER acquired at
10 mAcm�2. e) LSV curves of the prepared Co-P/Si, Co-P/Si-thermal
and p-B Si for photoelectrochemical HER in 1m KOH with the
illumination of a solar simulator. f) Transient photocurrent responses
to chopped light irradiation of Co-P/Si.

Figure 5. a) Top view of Co-P coated Si trenches. b) Cross-section view
secondary-electron (SE) SEM image and c) the corresponding back-
scattered-electron (BSE) image of conformally coated Si trenches with
Co-P films. The scale bars in (b) and (c) are 200 nm.
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homogenous coating ability of our ALD process, and further
indicate the promising potential application of a conformal
coating of ultrathin Co-P films on complex 3D structures.

In summary, we reported a new ALD process for the
preparation of ultrathin Co-P films with the assistance of H2

plasma to remove the excess phosphorus during each ALD
cycle. The optimized ALD process proceeds by a self-limited
layer-by-layer deposition to produce high quality and smooth
Co-P films. The as-prepared Co-P films on FTO glass and Si
demonstrate enhanced electrochemical and photoelectro-
chemical HER activities than that of Co-P/FTO-thermal
prepared by a post-phosphorization method. Furthermore,
the Co-P films can be conformally deposited into periodic Si
trenches, highlighting the capacity for controllable and
conformal coating of Co-P films on complex 3D structures.
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