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perimental results show that the color distribution in diamond crystals with low concentration of P3Ns additive is
not uniform. The color becomes deep green with the increase of P3Ns additive. The optical images and FTIR
spectra reveal that the nitrogen atoms are more easily incorporated via {111} than {100} in the same conditions.
In addition, the result of FTIR spectra of synthesized diamond indicates that the hydrogen atoms in the form
of sp>~CH,- are more likely to enter the diamond lattice in the P/N co-doped system, compared with the
single N-doped system. The absorption peak at 3107 cm ™! attributed to vibration of H-related point defects
(sp?>-~CH=CH-) is observed in diamonds, which is often found in natural diamonds. The Raman shifting to

lower frequency and FWHM value becoming wider are due to the doping of phosphorus atoms.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Due to its unique physical, mechanical and electrical properties, the
diamond as a promising material has attracted wide research for me-
chanical and electrical applications. Much of this research reveals that
the presence of impurities and defects in diamond can affect its
mechanical application such as the morphology, hardness, toughness,
etc. For electrical applications, we required the fabrication of low-
resistivity n-type and p-type material by doping diamond with donor
and acceptor impurities, respectively. However, n-type conduction of
diamond is basically more challenging than p-type, which has already
been achieved by B-doping [1-4]. In recent years, the researchers have
focused on nitrogen, phosphorus and sulfur doping primarily. However,
the nitrogen atoms incorporated at substitutional sites in diamond form
adeep donor level with activation energy of 1.7 eV [5]. No electrical con-
duction could be observed at room temperature [6-8]. Theoretical can-
didates for shallow donors are phosphorus (substitutional) [9-11].
However, phosphorus atoms are difficult to incorporate into the dia-
mond lattice, because its atomic radius is larger than the carbon atom.
What is more, the electron mobility of P-doped diamond crystal is
low, which makes its application problematic at room temperature.
The effect on S-doped diamond is similar with P-doping.
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Recently, theoretical studies have indicated that the co-doping
might be a universal valence control method to overcome self-
compensation in wide-gap and super-wide-gap semiconductors [12].
Experimentally, there was still a lack of investigation on the synthesis
of co-doped diamonds. HPHT is a kind of effective method to research
the single crystal synthetic diamond [13]. Therefore, it is an interesting
work to investigate the synthesis and characterization of diamond crys-
tal co-doped with P and N under HPHT conditions. And we expect to im-
prove the characteristics of diamond crystals by P and N synergistically
doped, especially their electrical properties.

In this paper, diamond crystals synergistically doped with P and N
are successfully obtained, and the FTIR spectra of synthetic diamond in-
dicated that the hydrogen atoms in the form of sp>~CH,- can more eas-
ily enter into the diamond lattice in the P/N co-doped system. It will be
of help for deep understanding of the genesis of natural diamond.

2. Experiment

The synthetic experiments were carried out in a china-type large
volume cubic high-pressure apparatus (CHPA) (SPD-6 x 1200) with
sample chamber of 10 mm in diameter. The diamond crystallization
was run at pressure of 5.8-6.3 GPa and temperature of 1280-1550 °C.
Diamonds were synthesized through both film growth method (FGM)
and temperature gradient method (TGM). The sample assemblies for di-
amond synthesized by HPHT are shown in Fig. 1. Graphite with a purity
of 99.9% was used as a source of carbon. The synthesized diamond
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1.Pyrophyllite; 2. Metal plate; 3. Graphite heater; 1. Steel ring; 2. Dolomite; 3. Pyrophyllite; 4. NaCl;
4. Steel ring; 5. Dolomite; 6.MgO based insulating sleeve: 5. Graphite heater; 6. Metal plate; 7. ZrO; based pressure medium; 8. Graphite;
7. ZrO2 based pressure medium; 9. Metal catalyst; 10. Seed.

Fig. 1. Sample assembly for diamond synthesized by HPHT. (a) The sample assembly for FGM; (b) the sample assembly for TGM.

Table 1

The corresponding experimental parameters of diamond synthesis with P3Ns additive at (0.8 mm in size) was selected as seed crystal. A NiMnCo alloy was used

HPHT conditions. as the solvent-catalyst. We took the P3sNs powders (99.99%), carbonyl
Run P5Ns (Wt%) Temperature (°C) Time (h) Method iron powders (the special iron with 99 wt.% in purity and 5-10 um in
Na o1 13501450 05 o size) aqd phosphorus powde.rs as the nitrogen and phosphorus source,
N-b 04 1450-1550 05 FGM respectively. These carbonyl iron powders were synthesized from car-
N-c 0 1280 15 TGM bonyl iron with a purity of 99.999 wt.% deoxidizing by iron powders
N-d 0.15 1300 15 TGM in a stream of ammonia (NHs3) in a running quartz reactor at
N-e 025 1320 15 TGM 300-400 °C. Then the carbonyl iron powders were deoxidized under
N-f 0.4 1330 15 TGM

hydrogen for 1 h. As a result, the major impurities in the carbonyl iron

Fig. 2. Optical images of the diamond crystals synthesized from the NiMnCo-C system with PsNs additive: (a) 0.15 wt.%, (b) 0.4 wt.%, (c) 0 wt.%, (d) 0.15 wt.%, (e) 0.20 wt.%, (f) 0.4 wt.%.
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Fig. 3. The schematic drawings of the nitrogen states in diamond and the corresponding typical IR absorption spectra.

powders were N, O, and a little H. The temperature was calibrated using
a Pt-30% RH/Pt-6% Rh thermocouple, whose junction was placed near
the crystallization sample. Pressure was calibrated at room temperature
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Fig. 4. FTIR spectra of a sample prepared from a octahedral diamond crystals (run N-a).
The inset image lying at top right corner is the corresponding optical image of the diamond
sample. The spectra of curves (a) and (b) correspond to the A and B zones of diamond.
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Fig. 5. The typical FTIR recorded for the synthesized diamond crystals by FGM:
(a-c) 0.4 wt.% P3Ns, (d) the natural diamond.

by the change in resistance of standard substances and at high temper-
atures by the graphite-diamond equilibrium.

After the HPHT experiment, the samples were placed in a bottle of a
boiling mixture of H,SO, and HNOs to remove the metal catalysts. The
P/N co-doped diamond crystals were characterized by optical micro-
scope. The synthetic diamonds were measured by a Perkin-Elmer
2000 Fourier-transform infrared (FTIR) spectrometer in a spectral
range between 400 and 4000 cm™' with a spectral resolution of
2 cm™ ! in transmittance mode. Furthermore, Raman spectrum and X-
ray photoelectron spectroscopy (XPS) were used to confirm their chem-
ical composition and atomic-level hybrid qualities.

3. Results and discussion
3.1. Diamond crystallization and morphology

The diamond crystallization was run in a cubic anvil high pressure
and temperature apparatus (SPD-6 x 1200) at temperature of
1280-1550 °C. The main parameters are summarized in Table 1. The di-
amonds were synthesized at 5.8 GPa (N-a) and 6.0 GPa (N-b) by film
growth method (FGM), respectively. The synthesized diamonds exhibit
cubic, cub-octahedral and octahedral at 1350-1450 °C, and the color
distribution in some diamonds is uneven with 0.1 wt.% (weight ratio
in catalyst) P3Ns additive (Fig. 2a). The diamonds are light green in
some regions and green in other regions. However, when P3Ns additive
increases to 0.4 wt.%, most of the diamond crystals are deep green in
color. More interestingly, some strips are found on the {111} faces
(Fig. 2b). In addition to the growth morphology and color, the HPHT
conditions on diamond synthesis also change a lot with the increase of
P5Ns additive.

The experiments (N (c-f)) were run at 6.3 GPa for 15 h by tempera-
ture gradient method (TGM). The content of P3sNs additive in the catalyst
ranges from 0 to 0.4 wt.%. The typical single crystal synthetic diamond
without additive displays cubic morphology with developed {100}
face, shown in Fig. 2c. At a low concentration of P3Ns additive (N-d
and e), some slices are found at the intersection of two {100} faces
(Fig. 2d and e). However, in experiment (N-f) with 0.4 wt.% P3Ns addi-
tive, the polycrystalline diamond usually takes initiative as shown in
Fig. 2f. From the figure, we can see that the obtained diamond exhibits
a green color and displays good octahedral faces. At these conditions,

Table 2
Nitrogen concentrations in diamonds synthesized with 0.4 wt.% PsNs additive.

Sample Concentration of nitrogen/ppm
Nc Na Niotal
a 1425 0 1425
b 529 202 731
371 317 688
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Fig. 6. The typical FTIR recorded for the synthesized diamond crystals by TGM:
(a) 0.15 wt.% P5Ns, (b) 0.20 wt.% P3Ns.
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Fig. 7. The typical FTIR recorded for the synthesized diamond crystals with 0.4 wt.% P3Ns
additive by TGM. The inset image lying at top right corner is the corresponding optical
image of the diamond sample. The spectra of curve correspond to the region by circles
of diamond in the Fig. 2-f.

the synthesized diamonds are primarily composed of slice and strip
shapes. Even so, it is clearly seen that the diamond strips and slices are
almost transparent. The transition from single crystal growth to aggre-
gate growth (Fig. 2f) is via the formation of twin crystals (Fig. 2d and e).
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3.2. FTIR spectra of the synthesized diamond

The IR absorption is used for quantitative measurements of the
nitrogen concentration [14]. Typical FTIR spectra of the synthesized di-
amond are shown in Fig. 4. All samples show absorption in the defect-
induced one-phonon region (1400-800 cm™!) caused by nitrogen im-
purity. The nitrogen content in the form of A (pairs of nearest neighbor-
ing substitutional nitrogen atoms) and C (single substitutional nitrogen
atoms) defects are determined by decomposing the IR spectra into A
and C components and using the conversion factors of 25 atomic
ppmcm™ ' of absorption at 1130 cm™ ' for the C defects and 16.5 atomic
ppm cm™~ ! of absorption at 1282 cm™! for the A defects. The schematic
drawings of the nitrogen states in diamond and the corresponding typ-
ical IR absorption spectra are shown in Fig. 3. The nitrogen concentra-
tion N is given by [15-17]:

Ni130 (ppm) = (1130 cm™ 1) /(2120 cm™ ') x 5.5 x 25
Niago (ppm) = (1282 cm™ ') /(2120 cm™ ') x 5.5 x 16.5.

Fig. 4 shows the typical FTIR spectra of a diamond crystal with
0.1 wt.% P3Ns additive. The sample exhibits two zones. The A region
gives light green color, while the B region shows deep green color con-
tinuously. The nitrogen concentration of the A and B region are 860 and
1200 ppm, respectively. It proves that the nitrogen atoms are more eas-
ily incorporated via {111} compared to {100} in the same conditions.

Fig. 5 shows the FTIR spectra recorded for diamond crystals with
0.4 wt.% P3Ns additive and the natural diamond. The concentrations of
the nitrogen impurities in the samples (a-c) are summarized in
Table 2. Fig. 5 illustrates that nitrogen in diamond is predominantly in
the C-form with strong and sharp peaks at 1130 and 1344 cm ™! at
low temperature (below 1500 °C). At 1500 °C A centers (1282 cm™ 1)
appear and their concentration increases significantly with the in-
creases in temperature. At 1550 °C, we find that the absorption peaks
at 1130 and 1344 cm™! for Ib characteristics have almost disappeared,
leaving only the stronger absorption peak at 1282 cm™ . It indicates
that the synthesized diamond crystal could be classified as the IaA-
type. The peak intensities of 1282 cm™ reach the maximum with nitro-
gen concentration of about 317 ppm. In addition to the nitrogen-related
bands, the samples also exhibit some absorption peaks related to hydro-
gen impurity at 2850, 2920 and 3107 cm ™ !. The absorption peaks at
2850 and 2920 cm™ ! are responsible for sp>~CH,- anti-symmetric vi-
brations and sp>~CH,- symmetric vibrations in diamond, respectively
[18-20]. The sharp absorption peak at 3107 cm~! attributed to
stretching vibration of hydrogen-related point defects (sp>~CH=CH-),
which is often found in natural diamonds [21-23]. For the synthesized
type IaA diamond crystals with high nitrogen content mainly in the
form of A-center, the absorption peak at 3107 cm™ ! will be observed
[24]. On the basis of previous and present experiments, we can infer
that the hydrogen-related infrared absorption has a great correlation
with the nitrogen concentration and substitutional form.

Tmm

il

Tmm

Fig. 8. The optical images of the diamonds obtained from NiMnCo-C system by TGM. (a) 5 wt.% carbonyl iron powders, (b) 5 wt.% carbonyl iron powders + 0.8 wt.% P, (c) 5 wt.% carbonyl

iron powders + 1.5 wt.% P.
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Fig. 9. The typical FTIR recorded for the synthesized diamond crystals: (a) 5 wt.% carbonyl
iron powders, (b) 5 wt.% carbonyl iron powders + 0.8 wt.% P, (c) 5 wt.% carbonyl iron
powders + 1.5 wt.% P.

The emergence of hydrogen-related absorption peaks is very curi-
ous. It should be noted that though hydrogen has been recognized as a
common impurity in the natural diamonds, data on its occurrence in
the IR spectra form in synthetic HPHT diamonds are very scarce. Kiflawi
et al. have found that the 3107 cm™ " absorption peak can be produced
in some HPHT grown diamonds by annealing at high temperatures [25].
So, we think that the atmosphere sealed in the cavity is more likely the
possible hydrogen source in diamond crystallization.

313

Figs. 6 and 7 show that the optical images and typical FTIR spectra re-
corded for diamond crystals by TGM with P3Ns additive range from 0.15
to 0.4 wt.%. Synthetic crystal is basically polycrystalline diamond. The
crystal morphology is very poor with 0.4 wt.% P3Ns additive. The nitro-
gen concentrations are evaluated to be 356-869 ppm. The low nitrogen
concentration of Fig. 7 is due to the fast growth for polycrystalline dia-
mond. The hydrogen-related absorption peak at 2850 cm™ ! has been
found. However, we didn't find those hydrogen-related absorption
peaks in the FTIR spectra of synthesized diamond with carbonyl iron
powders, NaN3, Ba(N3),, and CaCN,, etc. additive. It may indicate that
the introduction of phosphorus atoms can promote the hydrogen
atoms' entry into the diamond lattice.

In order to verify our speculation, we add some phosphorus powders
to the carbonyl iron powder system. Fig. 8 shows optical images of the
synthetic diamond crystals. As the phosphorus powder additive in-
creases to 1.5 wt.%, the absorption peaks at 2850 and 2920 cm ™!
begin to appear (Fig. 9c¢).

3.3. XPS and Raman measurements

The chemical bonding state of the diamonds is studied by X-ray pho-
toelectron spectroscopy (XPS) measurements. The N 1s, C 1s and P 2p
spectra of the samples are shown in Fig. 10, respectively. Fig. 10a
shows the N 1s spectrum of the diamond synthesized in our system. It
can be deconvoluted into two bands at 399.45 and 400.32 eV, respec-
tively. These bands can be assigned to the graphite-like and pyridine-
like N-C structures [26-28]. The deconvolution of the XPS spectrum
from the C 1s core level is carried out using XPS singles of C-C, C-N,
and C-0 bonds, the bonding energies of which are 284.60, 285.69 and
288.60 eV, respectively (Fig. 10b) [26, 29-31]. It is clear that no signal

N-C (395.45¢V) c1 C-0 (288.60eV)
Nls N-C (400.32eV) $ C-N (285.6%¢V)
b C-C (284.60eV)
= =
£ s
I &
= =
N I . 1 " 1 N 1 N 1 N 1 N 1 N 1 N 1 1 1 1 1
396 397 398 399 400 401 402 403 404 405 280 282 284 286 288 290
Binding Energy/ev Bonding Energy/eV
P2p
3
&
;.
E
130 132 134 136 138 140

Bonding Energy/eV

Fig. 10. N s, C 1s and P 2p XPS spectra together with the single Gaussian peak and the deconvolved component peaks for the diamond co-doped with P and N.
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Fig. 11. The Raman peaks and FWHM of the obtained diamonds: (a) 5 wt.% carbonyl iron
powders, (b) 5 wt.% carbonyl iron powders + 1.5 wt.% P.

related to P atoms is observed by XPS (Fig. 10c). As we know, the explo-
ration depth of XPS is about 10 nm. Therefore, the XPS measurement
may not be the most ideal detection means, because of the low concen-
tration of phosphorus atoms.

To obtain information about the effect of nitrogen and phosphorus
atoms on the crystallinity of synthesized diamond crystals, Raman spec-
trais performed. The Raman spectra of the samples with 5 wt.% carbonyl
iron powders and 5 wt.% carbonyl iron powders + 1.5 wt.% phosphorus
powder additives are shown in Fig. 11. The Raman peak of diamond
with 5 wt.% carbonyl iron powder additive is located at 1330.04 cm™ .
It is noticed that the Raman peak of N/P co-doped diamond with
1.5 wt.% P additive is shifted down to 1329.32 cm™'. As is well
known, the variation of the full width at half-maximun (FWHM) is usu-
ally used to characterize the crystalline order in diamond. We can find
that the FWHM value of diamond in the 5 wt.% carbonyl iron powder
system is 5.2 cm~ !, and the value with 1.5 wt.% P additive is
7.4 cm™ . Previously it has been shown that nitrogen impurity affects
the integral perfection of the diamond lattice, giving the rise to defect-
induced broadening of the diamond Raman lines. Therefore, we infer
that phosphorus atoms enter into the diamond lattices, and make the
Raman peaks shift to lower frequency and the FWHM value broaden.

Therefore, one of the reasons for the phenomenon that the introduc-
tion of phosphorus atoms can promote the hydrogen atoms' entry into
the diamond lattice, may be that the phosphorus atoms caused many
defects and formed many carbon atom suspended bonds. As we know,
the dissolved nitrogen ability of iron is stronger, and the diamond syn-
thesized in Fe-C system is Ila type with low nitrogen concentration.
Therefore, we infer that another reason may be the solubility of hydro-
gen in the catalyst is reduced by phosphorus additive.

4. Conclusion

A series of P and N synergistic doped diamond crystals are success-
fully synthesized with P3Ns and carbonyl iron powders + P additive
under pressure 6.3 GPa and temperature ranging from 1280 to
1550 °C. We find that the nitrogen atoms are more easily incorporated
via {111} compared to {100} in the same conditions. The FTIR spectra

reveal that the hydrogen atoms are more likely to enter the diamond
lattice in the P/N co-doped system, compared with the single N-doped
system. Hydrogen atoms are mainly incorporated in two forms. The
absorption peak at 3107 cm ™! attributed to vibration of hydrogen-
related point defects (sp?>~CH=CH-) is observed in diamond with A
centers. The other is due to sp> hybridization C-H bond symmetric
(2850 cm™ ') and anti-symmetric (2920 cm ™ !) vibrations. Raman mea-
surement indicates that the phosphorus atoms enter into the diamond
lattices. Two possibilities that the phosphorus atoms can promote hy-
drogen atoms into the diamond lattice are given. And the measurement
of the electrical properties of synthetic crystals remains to be further
researched.

We believe that our work is helpful for the work on the study of the
hydrogen impurity in diamond and the genesis of natural diamond.
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