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Abstract: Two-dimensional (2D) materials driven by their unique electronic and optoelectronic
properties have opened up possibilities for their various applications. The large and high-quality
single crystals are essential to fabricate high-performance 2D devices for practical applications.
Herein, IV-V 2D GeP single crystals with high-quality and large size of 20 × 15 × 5 mm3 were
successfully grown by the Bi flux growth method. The crystalline quality of GeP was confirmed by
high-resolution X-ray diffraction (HRXRD), Laue diffraction, electron probe microanalysis (EPMA)
and Raman spectroscopy. Additionally, intrinsic anisotropic optical properties were investigated by
angle-resolved polarized Raman spectroscopy (ARPRS) and transmission spectra in detail. Further-
more, we fabricated high-performance photodetectors based on GeP, presenting a relatively large
photocurrent over 3 mA. More generally, our results will significantly contribute the GeP crystal to
the wide optoelectronic applications.

Keywords: GeP single crystals; flux method; angle-resolved polarized Raman spectroscopy (ARPRS);
photoresponse

1. Introduction

Two-dimensional (2D) materials have attracted much attention due to their fascinating
optical, electronic, mechanical, and magnetic properties. The first exfoliated 2D material,
graphene, is promising for electronic and optoelectronic applications due to its excellent
and unusual properties (exceptional thermal conductivity, excellent optical transmittance,
and high carrier mobility) [1–5]. However, graphene has low light absorption efficiency
due to intrinsic zero bandgap; as a result, its device applications are severely restricted
for large dark currents, small on/off ratios, and poor photoresponses [6–9]. Black phos-
phorus (BP) has attracted widespread attention as another promising 2D layered material
with a tunable direct bandgap. The intrinsic low-symmetry lattice structure can induce
anisotropic optoelectronic properties, which is both scientifically interesting and potentially
useful [10,11]. Therefore, it provides great opportunities for designing high-performance
optoelectronic devices [12,13]. However, the practical application of BP is limited by its
intrinsic ambient instability [14]. Therefore, it is meaningful to exploit novel air-stable 2D
materials with high performance for optoelectronic applications.

Group IV–V 2D materials as a class of new promising 2D layered materials have at-
tracted significant attention due to the good air-stability, high mobility, tunable band gap,
and in-plane anisotropic properties. Pioneering studies have shown that the nano-transistors
and nano-photodetectors based on SiP, GeP, GeAs, and GeAs2 flakes exhibited excellent pho-
toresponse behavior and high in-plane optoelectronic anisotropy [15–20]. For example, 2D
SiP has good thermal and dynamic stability, high carrier mobility (2034 cm2 V−1·s−1) and
a widely adjustable band gap (1.69–2.59 eV) [21]. The SiP-based photodetector has a desir-
able photoresponse at 532 nm and 671 nm [15]. The few-layer GeAs transistors show p-type
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transport with an on–off ratio of 105 and highly anisotropic field-effect mobility with a maxi-
mum of 99 cm2 V−1 s−1 at room temperature. GeAs crystal also exhibits a strong sensitivity
to polarized light, which indicates excellent optoelectronic applications [19,20]. As a new
important member of the IV–V 2D material family, GeP shows excellent air-stability and high
in-plane anisotropic properties due to its low-symmetry structure [18,22,23]. Moreover, GeP is
a p-type semiconductor with widely tunable band gaps in the range of 0.51–1.68 eV [22], which
is demonstrated to be an ideal material for visible and near-IR optoelectronic devices [24].
GeP has wide-range optical absorption, making it a promising optical material for photonics,
especially in infrared photonic devices [25]. Besides, GeP-based FET exhibits a larger on–off
ratio [26]. In addition, GeP as an anode for sodium ion batteries also displays good cycle
stability due to its structural advantages [27,28], which renders it a promising candidate for
electronics and optoelectronics. However, due to the high vapor pressure of phosphorus
at high temperature, obtaining large-sized and high-quality GeP single crystals suitable for
practical applications is still a considerable challenge [29].

Herein, large-sized and high-quality GeP single crystals were successfully grown by
the flux method. The quality of the as-grown GeP was evaluated by X-ray diffraction
(HRXRD), electron probe microanalysis (EPMA), and Raman spectroscopy. In addition,
intrinsic anisotropic optical properties including angle-resolved polarized Raman spec-
troscopy (ARPRS) and transmission spectra were studied in detail. Furthermore, the
photodetector based on GeP was fabricated to investigate optoelectronic properties, which
presents a relatively high photocurrent over 3 mA. It is also revealed that GeP crystal
presents broad-band photoresponse from 440 to 1550 nm. Our results suggest that the GeP
is a promising candidate for highly responsive broad-band photodetection.

2. Materials and Methods
2.1. Crystal Growth of GeP by Bi Flux Method

GeP single crystals were grown with high purity elements red phosphorus (6N) and
germanium (5N) as raw materials, and bismuth (5N) as the flux. The molar ratio of the
starting reactants Ge:P:Bi was 1:2:4. These raw materials were mixed and placed in the
quartz tube, which was evacuated to 5 × 10−4 Pa. The quartz tube was then placed in
the vertical pit furnace controlled by a temperature controller (SHIMAD EN FP23). The
accuracy of the temperature control was 0.10 ◦C. The temperature was divided into the
following stages of heating. Firstly, the vertical pit furnace was heated slowly (over 10 h)
to 400 ◦C, and keep for 36 h, which was to avoid the quartz ampule exploding due to
excessive phosphorus vapor pressure. Secondly, in order to complete the reaction, the
vertical pit furnace was further heated to 890 ◦C for 70 h and kept at this temperature for
24 h. Thirdly, GeP single crystals were slowly grown driven by growth force at suitable
cooling rate (1–10 ◦C/h). When the temperature is lowered to 600 ◦C, the quartz ampule
was then drawn out of the furnace and placed in a centrifuge for centrifugation to separate
the Bi flux from the crystals. The ampoule containing the melt was then centrifuged for
3 min at a speed of 1500 r min−1, and the cooling rate after the ampule was put in the
centrifuge was natural cooling. It was necessary to move quickly during the entire drawing
and centrifugation process in order to maintain the crystallization morphology that occurs
at 600 ◦C. Finally, Bi residue was removed by soaking in concentrated hydrochloric acid.

2.2. Crystal Structure and Composition Characterization

The XRD pattern was collected with an X-ray diffractometer (Bruker D8 ADVANCE,
Billerica, MA, USA) using monochromatic Cu Kα radiation (λ = 1.54056 Å) in the 2θ range
of 10◦ to 60 with a scan step width of 0.02◦. The obtained powder X-ray diffraction data was
refined by the Rietveld method using FullProf. The crystallinity of GeP was measured by a
real-time Laue back diffractometer with a real-time back-reflection Laue camera system
(Multiwire MWL 120 with Northstar software). Raman spectroscopy was performed in
back-scattering geometry by a LabRAM HR Evolution system from HORIBA with a 633 nm
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laser as the excitation source. In addition, the distributions of the element of Ge and P were
measured by the electron probe microanalysis (EPMA-1720H, Shimadzu, Kyoto, Japan).

2.3. ARPRS Measurements

The ARPRS measurements were performed using a LabRAM HR Evolution system
with a 633 nm laser as excitation source with the parallel and cross backscattering configu-
rations. The incident laser beam was polarized, and the scattering light with polarization
was either parallel or perpendicular to the incident polarization. The polarizer in the beam
path fixed the polarization direction of the incident laser to the vertical direction, and the
directions of the analyzer were set to be vertical or horizontal. The samples were placed
on a rotation stage and then the sample was rotated clockwise with an angle θ between
the laser polarization direction and the a-axis of the crystal with a step of 15◦. The polar
plots of anisotropic Raman intensities were obtained by fitting the spectral peaks with the
Gaussian–Lorentzian function.

2.4. Transmission Spectra

The infrared polarizer used in this experiment was a Codixx polarized glass polarizer (IR
2000 BC2 HT, Beijing, China). At the wave number range of 4000–6250 cm−1, the transmittance
was more than 90%, and the extinction ratio was up to 100:1. By rotating the polarizer to obtain
the different polarized light, the in-plane anisotropy of GeP was studied.

2.5. Photoresponse Measurements

The photodetector based on GeP crystals was fabricated to investigate the photore-
sponse. The Cr/Au (10/50 nm) electrodes were made by using laser direct writing lithog-
raphy and followed by electron beam evaporation and lift-off process. The photoelectronic
measurements of the fabricated devices were recorded at room using a semiconductor
characterization system (4200SCS, Keithley, Solon, OH, USA) on a probe station (CRX-6.5K,
Lake Shore, Westerville, OH, USA). The photoresponse of the devices was carried out
under the illumination of various lasers (440–1550 nm) with incident power of 10–150 mW.
The time-resolved photoresponse curves were measured by switching light at intervals of
10 s.

3. Results and Discussion
3.1. Bulk GeP Single Crystal Growth

Due to the high melting point of GeP and high vapor pressure of P, the bismuth (Bi)
flux method was chosen to grow bulk GeP single crystals. Metallic Bi is a commonly used
flux due to its low melting point (210.3 ◦C) and high boiling point (1564 ◦C). Additionally,
the flux Bi can easily be removed from the grown GeP crystals due to its good solubility in
acid. The optimal conditions to produce GeP crystals were as follows: growth temperature
850–900 ◦C, and raw material composition of Ge:P:Bi was 1:2:4. The cooling rate is an
important growth parameter because it affects the morphology and size of GeP crystals. In
this work, the cooling rate was selected as 1–10 ◦C/h.

As shown in Figure 1a–c, the cooling rate of GeP melt has a great effect on the
morphology and size. A number of small-sized crystal grains with rough surfaces were
obtained at a faster cooling rate of 7–10 ◦C/h (Figure 1a). When the cooling rate was
decreased to 4–6 ◦C/h, the crystal surfaces of GeP became smooth and shiny, and the size
increased to 20 × 15 × 5 mm3, indicating the high crystalline quality of GeP (Figure 1b).
When the cooling rate was further decreased to 1–3 ◦C/h, the size of crystals became
smaller (Figure 1c). This result may involve a complicated crystallization process with the
competition of nucleation rate and growth velocity of GeP. On the one hand, low cooling
rate is favorable for nucleation and crystal growth, but a low cooling rate decreases driving
forces for nucleation. Therefore, GeP crystals grown at lower cooling rates have poor
quality. On the other hand, although excessive cooling rates provide a large driving force
for nucleation to occur, the time needed for the diffusion of atoms may limit nucleation and
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the growth of crystals. Therefore, GeP crystals grown at higher cooling rates are granular
in shape with poor quality. In conclusion, highly crystalline, large-sized GeP crystals can
be obtained at a cooling rate of 4–6 ◦C/h.
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Each small square in all images is 1 mm2.

3.2. XRD and Laue Measurements

XRD and Laue measurements were used to characterize the crystalline quality of the
grown bulk GeP single crystals. Figure 2 shows the XRD patterns of GeP powder, which
was consistent with the theoretically calculated values. The Laue diffraction patterns of
GeP crystals grown at different cooling rates are shown in Figure 3. The Laue diffraction
patterns in Figure 3b present the clearest and brightest diffraction points for the grown
GeP at the cooling rate of 4–6 ◦C/h, which indicates the highest quality of GeP. Therefore,
we can conclude that the cooling rate of 4–6 ◦C/h might be the optimal growth parameter
for large and high-quality bulk GeP single crystals.
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3.3. Raman and EPMA Measurements

The Raman spectrum of GeP bulk crystal is shown in Figure 4, with a 633 nm laser
as the excitation source. The Raman spectrum exhibits the sharp and matched peaks,
indicating the high quality of the grown GeP crystal, which is in good accordance with
the previously reported results [18]. GeP belongs to the C2/m space group; therefore, the
irreducible representation of GeP can be expressed as Γoptic = 12Ag + 5Au + 6Bg + 10Bu,
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where Ag and Bg represent the two typical out-of- and in-plane vibration Raman-active
modes of GeP, respectively. The Ge and P elemental distributions of the grown GeP were
measured by EPMA, as shown in Figure 5. The results indicate that the elements of Ge
and P were relatively evenly distributed in the GeP crystal. The contents of Ge and P were
measured to be 50.3% and 49.7%, respectively (Table 1). This elemental ratio matched
well with the stoichiometry of GeP. It also proves that there was no excess Bi flux in the
GeP crystal.
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Table 1. The elemental contents of Ge and P.

Element Normalized Mass (%) Mol (%)

Ge 70.353 50.312

P 29.647 49.688

Total 100.000 100.000

3.4. Anisotropic Optical Properties

In order to investigate low-symmetry crystal structure and the anisotropic vibrational
properties of GeP, the angle-resolved polarized Raman spectra were employed. The phonon
vibrations of GeP were considered to be anisotropic due to its low-symmetry monoclinic
structure [22]. Here, we studied the anisotropic phonon vibrations of GeP by ARPRS. The
normalized polarized scattering intensities evolving at the rotation angle from 0◦ to 360◦

are plotted in the false-color image shown in Figure 6a,b. The results display a periodical
feature with two-lobed and four-lobed shapes under parallel and perpendicular configura-
tions, which confirmed the strong anisotropy of Raman intensity. Angle dependence of the
Raman intensities of GeP was fitted by the formula [18], as shown in Figure 7. The intensity
anisotropies of the Ag and Bg modes are exhibited in polar coordinates. We mainly focused
on the Raman peaks at 375 cm−1 and 114 cm−1 due to their relatively high intensities.
The black dots represent the experimental data points, and the solid lines in red or blue
represent the fitted curves. The polar diagrams of Ag and Bg modes both show the petal
shapes, which clearly reveals that the polarized Raman spectra are strongly crystalline
orientation-dependent.

To further understand the anisotropic optical property of GeP, we investigated the
transmission anisotropy of GeP. As is presented in Figure 8a, the incident light was set to
pass through the polarizer, which can change partial-polarization light to linear-polarization
light and control the direction of linear-polarization light. Figure 8b exhibits the crystal-
lographic b-axis of GeP, corresponding to 0◦. As shown in Figure 8c, angle-dependent
transmission spectra of GeP flakes were obtained by shifting the polarizing angles from
0◦ (light polarized along b-axis) to 180◦ in the range of 6000–4000 cm−1. It is displayed
that when the polarization direction was parallel to the b-axis, it showed the lowest trans-
mittance. When the polarization direction was perpendicular to the b-axis, it showed
the highest transmittance. Large anisotropy of transmission was displayed to verify the
intrinsic optical anisotropy of GeP.
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3.5. Photoresponse Performance

To investigate the photoelectric performance of GeP, a photodetector based on GeP
was fabricated, as shown in Figure 9a. The transfer characteristics curve with applied
voltage ranging from −20 to 20 V under 635 nm laser illumination is exhibited in Figure 9b,
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which demonstrates satisfactory Ohmic contact between the GeP crystal and Cr/Au elec-
trodes. The photodetectors based on GeP present a broad-band photoresponse under
different illumination wavelengths from 440 to 1550 nm at room temperature, as shown
in Figure 9c. To further characterize the photocurrent of the GeP based photodetector, the
photoresponses under different power were measured under the excitation wavelength of
635 nm. The photocurrent increases with increasing incident power from 10 to 200 mW,
as presented in Figure 9d. This phenomenon was also observed in MoS2 and BP [30,31],
which could be due to a decrease in photogenerated carriers available for extraction under
high photon flux [32].
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light. (c) Time-resolved photocurrent of the GeP photodetector under 440–1550 nm incident light.
(d) Time-resolved photocurrent of the GeP photodetector under different incident power for 635 nm
incident light.



Crystals 2021, 11, 235 9 of 10

4. Conclusions

In summary, high-quality and large-sized bulk GeP single crystals with a size of
20 × 15 × 5 mm3 were successfully grown by the flux growth method. The morphology
and size of the GeP crystal can be controlled by adjusting the cooling rate during crys-
tal growth. The grown GeP crystals exhibited excellent crystalline quality. The highly
anisotropic optical properties were demonstrated by ARPRS and transmission spectra.
Furthermore, the photodetectors based on GeP present high performance with a relatively
high photocurrent over 3 mA. Our experimental results indicate that GeP might be a
promising anisotropic 2D material for optoelectronic applications.
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