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Abstract: Inorganic semiconductors usually show n-type characterization; the development of p-type
inorganic semiconductor material will provide more opportunities for novel devices. In this paper,
we investigated the chemical vapor deposition (CVD) of p-type cuprous phosphide (CuzP) nanofilm
and studied its thermal oxidation behavior. CusP film was characterized by optical microscopy,
scanning electron microscopy (SEM), atomic force microscopy (AFM), laser Raman spectroscopy
(Raman), and fluorescence spectroscopy (PL). We found that the thickness of film ranged from 4 to
10 nm, and the film is unstable at temperatures higher than room temperature in air. We provide a
way to prepare inorganic phosphide nanofilms. In addition, the possible thermal oxidation should be
taken into consideration for practical application.
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1. Introduction

Due to the intrinsic band structure and crystal defects, inorganic semiconductors
usually exhibit natural n-type transporting property [1]; therefore, the development of
a p-type inorganic semiconductor attracts considerable interest for the development
of novel devices based on p-n junctions [2-4]. Copper compounds generally show p-
type properties, such as cuprous oxide, cuprous sulfide and cuprous halide [5-7], and
cuprous phosphide (CuzP) is one of them. Cuprous phosphide is a p-type, narrow band
gap semiconductor with an energy gap of about 1.6 eV [8-11], which is of potential
applications in light-emitting diodes, photodetectors, sensors and catalysis [12-18]. The
morphologies of cuprous phosphide reported are usually thick film or nanosheets. For
example, Pfeiffer et al. synthesized Cu3P particle film with a thickness of ca. 60 um
through a solid reaction between copper and red phosphorous and discussed the growth
mechanism [19,20]. Lee et al. reported the growth of CusP nanosheets with thickness
ranging from 28 nm to 440 um by the reaction of copper foil and red phosphorous
vapor [21]. Mu et al. used the solution method to obtain Cus_P hexagonal nanocrystals
with a lateral size of 20 nm and thickness of 2 nm [22]. The solution method generally
produces particles. Nanofilm of CusP with thickness of several nanometers has not been
reported. In this paper, we prepared CusP nanofilm by a chemical vapor deposition
(CVD) method. The successful preparation CuzP nanofilm is meaningful to study novel
device-based p-n junctions.

Cuprous phosphide is generally considered stable in air [20], so is it really stable when
the temperature is slightly higher than the room temperature? Therefore, we studied the
thermal oxidation properties of CuzP. We found CusP is sensitive to the temperature. When
temperature is higher than room temperature, CusP will be oxidized in the air, which
should be taken into consideration during practical application.
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2. Materials and Methods

CVD growth of nanofilm. Nonofilm with a thickness of 4-10 nm was prepared on the
silicon wafer with a native oxide layer. Sodium hypohosphite and copper foil were used as
precursors. Sodium hypohosphite (0.05 mol) was placed in a corundum crucible covered
with copper foil (1 cm x 1 cm x 250 um). They were placed in the centre of corundum
tube, and heated to 800 °C with a rate of 10 °C/min and kept at 800 °C for 2 h. The silicon
wafer was placed downstream of the tube. During the heating process of the precursor, the
substrate was heated to ca. 700 °C. After that, the tube was cooled to room temperature and
flushed with argon to remove gaseous phosphide residues before the sample was taken
out of the tube. Note that gaseous phosphide requires purification treatment. The edge of
CusP nanofilm grown on the silicon substrate will form a step on the substrate, and the
height of the step is equal to the thickness of the nanofilm. The step height was measured
by atomic force microscopy.

Growth and annealing of thick film. To facilitate the study of thermal stability, CugP
film with thickness of ca. 2.7 um was prepared by the reaction between copper foil and
sodium hypophosphite according to the reference [9,23,24]. Sodium hypophosphite (Al-
addin, Shanghai, China, 99.5%, 0.05 mol) was first placedin a corundum crucible covered
with copper foil (Aladdin, Shanghai, China, 99.9%) with a size of 1 cm x 1 cm x 250 um.
Then, they were put into a corundum tube and heated to 300 °C in argon for 2 h before
cooled to room temperature. After cooling, the tube was flushed with argon to remove
gaseous phosphide residues. Films were annealed at 50, 100, 200, 300 and 400 °C, re-
spectively, in air for 30 min to study thermal oxidation behaviour. The thickness of the
CusP thick film was obtained by scanning the film cross section by scanning electron
microscopy.

Optical microscope imaging was carried on a Jiangnan MV3000 digital microscope.
Atomic force microscopy (AFM, tapping mode) was conducted on an Agilent 5500 (Agilent,
Santa Clara, CA, USA). Scanning electron microscopy (SEM, Hitachi, Tokyo, Japan) was
performed on Hitachi Sul510. Raman and photoluminescence spectra were carried on
an HR Evo Nano (Horiba, Kyoto, Japan) with a 532 nm laser. The laser power was set at
ca. 20 mW/mm?. All the above measurements were carried out at room temperature.

3. Results and Discussion

Sodium hypophosphite decomposed at a high temperature to produce phosphine gas,
which reacted with copper to form solid CuzP. Then, the solid CusP was vaporized and
transported onto the surface of the cold substrate, where the deposition occurred. The
substrate we used is a silicon single crystal wafer with a 300 nm SiO; layer. Due to the
interference of visible light, nanofilm grown on such substrate can be observed through an
optical microscope. Figure 1a is the optical image of Cu3P, in which the area with purple
color is corresponding to CusP film. From the optical image, we predict that the film is
continuous. Some areas with cyan and grey colors are due to the thicker films or amorphous
CusP deposited on the surface of the nanofilm. To further observe the details of the surface
topography, we carried out the SEM. Figure 1b is the SEM image the CuzP nanofilm taken at
the edge of the film, in which the area with light-color area is corresponding to the substrate,
and dark-colored area is CusP. We found that the CusP film is continuous. Many isolated
CusP nanosheets were also observed at the edge of the continuous film. It is well known
that the chemical potential of a small particle is larger than that of big one. Therefore, there
is a trend that atoms will leave from the small particles to the continuous film, indicating
that the growth is related to diffusion and growth processes.
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Figure 1. Typical optical microscope (a) and scanning electron microscope (b) images of the cuprous
phosphide (CusP) nanofilm. The scale bars in (a,b) represent 50 and 1 pm, respectively.

The thickness and surface roughness were measured by AFM. Figure 2a,b show the
typical AFM images of CusP nanofilm taken at two different locations on the same sample.
The thickness of the film is ranging from ca. 4 to ca. 7 nm. The root-mean-square surface
roughnesses of Figure 2a,b are 0.26 and 0.28 nm, respectively.
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Figure 2. Typical atomic force microscopy (AFM) images (a,c) and corresponding cross section curves
(b,d) of CusP nanofilm. The dark area is due to the silicon substrate. Scale bars in AFM images
represent 2 um.

Figure 3 shows the Raman spectra of the CuzP nanofilm taken at different locations
with different thicknesses. The peak at 524.5 cm ™! is corresponding to silicon [25,26], which
was used to calibrate the peak position. There are two peaks centred at 253 and 632 cm ™!,
which are due to CuzP [9,27]. The frequency difference between the two peaks is constant,
unlike Van Der Waals two-dimensional materials, such as graphene, hexagonal boron
nitride and molybdenum sulfide, of which the frequency difference is a function of the
film thickness [28]. Therefore, the frequency difference cannot be utilized to determine the
thickness of CusP film. The Raman peaks of bulk CuzP are centered at 273 and 607 cm ™!,
respectively [9]. Compared with the bulk material, peak positions of CuzP nanofilm shift
and the frequency difference increases, which indicates the existence of the lattice defects

and disorder [29,30].
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Figure 3. Raman spectra of CugP nanofilm taken at different locations with different thickness:
(a) 10 nm; (b) 7 nm; (c) 5 nm and (d) 4 nm, respectively.

Figure 4 show the photoluminescence spectra of CusP film with different thickness
corresponding to the data in Figure 3. We observed a weak peak centered at ca. 700 nm,
which is possible due to the emission of CusP under the excitation of 532 nm laser. The
weak photon emission indicates the CusP has a poor crystallinity. In addition, we found
another broad-band emission ranging from ca. 555 to ca. 680 nm. We had discussed
the photoluminescence behavior of CusP in the presence of copper oxide in our previous
work [9]. Cuprous phosphide is a direct band gap semiconductor with a band gap of
ca. 1.5 eV. The photon energy of the broad-band emission is higher than the band gap of
CugzP. Therefore, the broad-band emission is not due to CusP, but copper oxides [18,31,32].
So where do these copper oxides come from? In this paper, copper reacted with the
decomposition of sodium hyphosphite to form CusP, and then CusP was evaporated and
transported onto the surface of substrate, where the growth of CuzP occurred. The growth
took place in an inertatmosphere. The oxidation should not occur during this process.
Szczuka et al. reported that diamond can be heated to 372 K by using a 532 nm laser
with a power of 36 mW/ mm? in 2 min [33]. Therefore, the possible reason is due to the
laser irradiation during the photoluminescence characterization. The laser irradiation
increased the temperature of CusP. Then, CusP was oxidized by oxygen in the air. To test
the hypothesis, we heated CusP using thick CuzPfilm in air. To choose thick film instead of
nanofilm for the thermal oxidation experiments, is considering the Raman signal of thick
film is stronger than that of nanofilm. Figure 5 shows the Raman spectra of CusP thick
film annealed at higher temperatures. Peaks of CusP could not be found in the samples
annealed at 50 and 100 °C. When the annealing temperature was increased above 200 °C,
peaks of CuyO (148, 220, and 512 em~ 1) and CuO (291 and 636 cm 1) were observed [34,35].
These results indicate that CusP undergo thermal oxidation at temperatures higher than
room temperature.
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Figure 4. Photoluminescence spectra of CuszP nanofilm with different thickness: (a) 10 nm; (b) 7 nm;
(c) 5 nm and (d) 4 nm, respectively.
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Figure 5. Raman spectra of CusP films annealed at different temperatures: (a) 50 °C; (b) 100 °C;
(c) 200 °C; (d) 300 °C and (e) 400 °C, respectively.
4. Conclusions

In this paper, we prepared cuprous phosphide nanofilm through the chemical vapor
deposition method. We found the Raman peaks of the CusP nanofilm is independent on the
film thicknessand the photoluminescence emission of the nanofilm is weak. In addition, we
found the presence of copper oxides in PL and Raman spectra when the film was exposed
to the laser irradiation or heated in air. Our study showed that CuzPnano film was unstable
at temperatures higher than room temperature in air.
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