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Large diamonds have successfully been synthesized from FeNiMnCo—S—C system at temperatures of 1255-1393 °C
and pressures of 5.3-5.5 GPa. Because of the presence of sulfur additive, the morphology and color of the large diamond
crystals change obviously. The content and shape of inclusions change with increasing sulfur additive. It is found that
the pressure and temperature conditions required for the synthesis decrease to some extent with the increase of S additive,
which results in left down of the V-shape region. The Raman spectra show that the introduction of additive sulfur reduces
the quality of the large diamond crystals. The x-ray photoelectron spectroscopy (XPS) spectra show the presence of S in the
diamonds. Furthermore, the electrical properties of the large diamond crystals are tested by a four-point probe and the Hall
effect method. When sulfur in the cell of diamond is up to 4.0 wt.%, the resistance of the diamond is 9.628 x 10° Q-cm. Tt
is shown that the large single crystal samples are n type semiconductors. This work is helpful for the further research and

application of sulfur-doped semiconductor large diamond.
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1. Introduction

It is well known that diamond is a hard material with
extremely excellent properties, such as wide band-gap, high
electron mobility and hole mobility, high heat conductivity,
and negative electron affinity.l'~!15 When the appropriate ad-
ditive is doped, the electronic properties of semiconductor di-
amond can be realized.['®?") Some of the properties may be
influenced by the impurities incorporated in the diamond lat-
tice. Both phosphorus and sulfur are considered as the poten-

9.10.21-281 ¢ has been established exper-

tial doping elements.
imentally that phosphorus—C and sulfur—C systems are able
to synthesize diamond at high pressure and high temperature
(HPHT).[192%1 Diamonds with sulfur additive exhibiting n-
type properties have been produced by chemical vapor deposi-
tion (CVD).[%27-301 If a large diamond with S doping becomes
an n-type semiconductor, then it will be a substantial step to-
wards its application in electronics.

Phosphorus doping for large diamond synthesis at HPHT
has been reported.>”! In this paper, a large diamond synthesis
was carried out with sulfur powder additive.

2. Experiment

The synthesis experiments were carried out in a China-
made cubic anvil high-pressure apparatus by temperature gra-
dient method (TGM). The samples were synthesized under
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the conditions of pressure at 5.3-5.5 GPa and temperature at
1255-1393 °C. The samples of large diamond are shown in
Fig. 2. The raw materials of the experiment were a FeNiM-
nCo alloy slice and graphite powder with purity not less than
99.99%. The FeNiCo alloy was used as the catalyst in the
experiment abroad, while NiMn was used in China. In the
experiment, it was found that composite catalyst FeNiMnCo
with certain percentages of both alloys is better for synthesiz-
ing diamond. The additive elemental sulfur powder (99.99%
purity) was placed between the catalyst slices with the amount
of 1.0-4.0 wt.%. High grade hexoctahedron diamond single
crystal with well faceted (100) crystal face of 0.6 mmx0.6 mm
was used as the seed.

The synthetic pressure was determined from the relation-
ship between the cell pressure and the oil pressure, which was
established based on the pressure induced phase transition of
bismuth (Bi), barium (Ba), and thallium (TI). The temperature
was measured using a Pt6%Rh—Pt30%Rh thermocouple.[”-!]
Then, the collected samples were placed in a boiling solution
of nitric acid and sulfuric acid to remove the remnant graphite
and catalyst. An optical microscope was used to observe the
color, morphology, inclusions, and surface characteristics of
the large diamond crystals. X-ray photoelectron spectroscopy
(XPS) was applied to confirm the presence of S in the dia-
monds. Raman spectroscopy (RENISHAW inVia 2400 grat-
ing, 532 laser resolution: 1 cm~!) was used to check the qual-
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ity of the large diamond crystals. The electrical resistivity was
measured at 25 °C by LSR-3 using the Van der Pauw method.
The Hall coefficient was measured using the Van der Pauw
method with a constant magnetic field of 1 T and an electri-
cal current of 1.0x10~* mA. The carrier concentration was
calculated from the Hall coefficient, assuming a single carrier
model as a Hall scattering factor of unity.

3. Results and discussion
3.1. Pressure and temperature conditions required for

large diamond growth from the FeNiMnCo-S-C sys-
tem

Firstly, the experiments were performed under the condi-
tions of pressure at 5.5 GPa and temperature at 1306 °C (Ta-
ble 1). The growth time that ranges from 20.5 h to 28.5 h was
long enough to synthesize diamond crystals of size 3—4 mm. In
the absence of S in the growth system at 5.5 GPa, the morphol-
ogy of the large diamond crystals shows that they are mainly
composed of (100) crystal faces. There is an obvious change
in the morphology of the large diamond with S doping. The
faces of the diamond crystal with 1.0 wt.% S additive include
not only (100) but also (111). When the sulfur additive is up to
2.0 wt.%, the morphology of the large diamond crystals shows
that they are mainly composed of (111) faces with minor (100)
faces. When the sulfur additive increases further, the morphol-
ogy of the large diamond crystals always displays (111) faces.
With sulfur additive increases, the quality of the crystal de-
creases and crystal defects can be found. The faces of the
diamond tend to (111) with the increase of the sulfur additive.

Table 1. Experimental results of large diamond growth from the
FeNiMnCo-S system at 5.5 GPa.

Sulfur additive/wt.%  Growth time/h  Temperature/°C Morphology

0 20.5 1306 (100)
1.0 21.6 1306 (100)+(111)
2.0 24.0 1306 (100)+(111)
3.0 24.0 1306 (111)
4.0 285 1306 (111)

The region of diamond growth is a V-shape region
bounded by the solvent—carbon eutectic melting line and
the diamond—graphite equilibrium line in the carbon-melt
system. 222321 To further explore the change of the V-shape
region (the pressure—temperature (P-T") phase diagram of car-
bon), we employed both 0 wt.% and 1.0 wt.% of sulfur ad-
ditive at pressures between 5.3-5.5 GPa (Table 2). As we
know, the processing time significantly affects the morphol-
ogy. For example, the morphologies of the diamonds with
growth time of 10 h and 50 h are different under the same con-
ditions. So the growth time was set between 9.5 h and 10 h.
In the growing system with 0 wt.% sulfur additive, the tem-
perature range is about 1286-1393 °C, and the morphology of
the large diamond crystals shows that they are mainly com-
posed of (100) crystal faces, (100)+(111) crystal faces, and
(111) crystal faces, respectively. When the additive sulfur is
1.0 wt.%, the temperature ranges from 1267 °C to 1350 °C
at a pressure of 5.5 GPa. Then, in the growing system with
1 wt.% sulfur additive, the temperature range is about 1255—
1320 °C, and the morphology of the large diamond crystals
shows that they are mainly composed of (100)+(111) crystal
faces and (111) crystal faces at the pressure of 5.3 GPa.

Table 2. Experimental results of large diamond growth from the FeNiMnCo-S system.

Pressure/GPa Sulfur additive/wt.% Growth time/h Temperature/°C Morphology
9.5 1286 (100)
9.5 1306 (100)
5.5 0 9.5 1314 (100)+(111)
9.5 1335 (100)+(111)
9.5 1393 (111)
10.0 1267 (100)
10.0 1285 (100)
5.5 1.0 10.0 1306 (100)+(111)
10.0 1324 (100)+(111)
10.0 1350 (111)
10.0 1255 (100)+(111)
53 10 10.0 1275 (100)+(111)
10.0 1305 (111)
10.0 1320 (111)

The experimental results on crystallization of carbon
phases in the FeNiMnCo-S—-C system are summarized in
Fig. 1. The addition of S additive into the growing system
results in the V-shape region moving to the lower left (curve
a moves towards curve b in Fig. 1). Namely, the temperature

and pressure requirement for the synthesis of diamond in the

FeNiMnCo-S—C system is lower than that in the FeNiMnCo—
C system. The most probable reason for this is that the el-
ements in the FeNiMnCo-S system may interact with each
other under the HPHT conditions and the characteristics of the
FeNiMnCo alloy solvent have been changed by S. Generally,

the temperature and pressure conditions of crystal growth may
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decrease with S doping, and the energy which is required for
the large diamond growing also decreases.

A solvent/carbon
eutectic melt,line

diamond/graphite
equilibrium line

>
>

P

Fig. 1. (color online) Schematic of the movement of the V-shape region
(the V-shape region of a: diamond growth from FeNiMnCo-C system;
V-shape region of b: diamond growth from FeNiMnCo—S—C system).

3.2. Effects of additive S on the morphology and inclusions
of large diamond

There are five kinds of sulfur-contained samples, corre-
sponding to the sulfur contents of 0 wt.%, 1.0 wt.%, 2.0 wt.%,
3.0 wt.%, and 4.0 wt.%, respectively (Fig. 2). All the samples

were synthesized under conditions of 5.5 GPa and 1306 °C
(Table 1). Then, the large diamonds were observed under opti-
cal microscope (Fig. 2). For clearly demonstrating the internal
station of the large diamonds, the corresponding side photos
were also taken, such as Fig. 2(a’) corresponding to Fig. 2(a).
For the non-transparent diamond in Fig. 2(e), the correspond-
ing side photo was not taken. As shown in Figs. 2(a) and 2(a’),
the crystal synthesized without any additive is yellow and has
no inclusions. The large diamond obtained in the presence
of 1.0 wt.% additive sulfur is yellower in color and no visi-
ble inclusions are observed. When the sulfur additive is up to
2.0 wt.%, the large diamond is a deep yellow and visible inclu-
sions trapped in the large diamond crystal are noticed, which
is shown in Figs. 2(c) and 2(c’). As shown in Figs. 2(d) and
2(d’), when the additive sulfur is up to 3.0 wt.%, the large di-
amond has a cluster inclusion and the transparency weakens.
It can be seen from Fig. 2(e) that when the sulfur additive is
up to 4.0 wt.%, the large diamond is of poor quality with dark
color and pits in the (111) faces. In summary, the content of
inclusions in the diamond increases with the increase of the

sulfur additive.

1 mm

1 mm

1 mm

1 mm

1 mm

(e)

1 mm

Fig. 2. (color online) Photographs of large diamonds synthesized with different amounts of sulfur additive: (a) and (a’) 0%, (b) and

(b') 1%, (c) and (¢') 2%, (d) and (d') 3%, (&) 4%.

In order to analyze the surface characters of the synthesized diamonds, SEM photographs with a magnification of 2000 were

taken. Figure 3 shows the results of the typical crystals corresponding to those in Fig. 2. It is evident from the photographs in
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Fig. 3(a) for the (111) surface and Fig. 3(A) for the (100) surface of the crystal in Fig. 2(a) that these surfaces are flat. It is found
in Figs. 3(B)-3(D) that the (100) surfaces of the corresponding crystals are flat. However, the relevant (111) surfaces appear to
have some lines, which conforms to the mechanism of crystal growth.!">] The defect parts of the crystal in Fig. 2(e) are partial
enlarged, a lot of triangle pits and gaps are discovered. From the SEM images, the produced diamond crystals show good quality,
expect for the crystal in Fig. 2(e).

10 pm 10 um

ﬁ (e2)

10 pm

Fig. 3. (color online) SEM images of large diamonds synthesized with different amounts of sulfur additive: (a) and (A) 0%, (b) and
(B) 1%, (c) and (C) 2%, (d) and (D) 3%, (el) and (e2) 4%; (A)—(D) for (100) surfaces, and (a)—(e) for (111) surfaces.

3.3. XPS spectra and Raman spectra of the large dia-
monds

XPS was applied to check whether the S element existed
in the structure of the obtained diamonds. The XPS spectrum
for the S doped diamond with 2 wt.% S is displayed in Fig. 4.
From the XPS spectrum of C 1s shown in Fig. 4(a), it is found

CPS

that the spectrum can be suitably resolved into three signals
with binding energies of 284.11 eV, 284.40 eV, and 284.53 eV,
respectively. By taking many factors into account, the decon-

volution peak at 284.11 eV can be regarded as C—C bonding 278 280 282 284 286 288 200 202 204
according to the NIST XPS database. Since the C s peaks of Binding energy/eV

C-N (over 1 ppm of nitrogen exist in the diamond), C—C, and

C-S center at 284.40 eV according the NIST XPS database, S2p (b)

the deconvolution peak at 284.4 eV can be regarded as a com-
bined contribution from the C-N, C—C, and C-S bondings. It
was reported that the C 1s spectra have peaks at 284.60 eV
for C—C bonding.[?**3?] Because the peak at 284.53 eV is ex-
tremely close to that at 284.60 eV, it can be attributed to C—C
bonding. The spectrum of S 2p (as shown in Fig. 4(b)) can be

CPS

resolved into two signals with binding energies of 164.09 eV
and 163.14 eV, respectively, which can be attributed to S-S,

C-S (164.00 eV) bonds according to the literatures*3>-3>! and 152154 156 1.58. 160162 164 166 168
Lo Binding energy/eV

the NIST XPS database. In other words, the XPS spectra indi-

cate that the S element is incorporated into the diamonds. Fig. 4. XPS spectra of the diamond with 2 wt.% S: (a) C 1s, (b) S 2p.
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For the CVD of large diamond, the full width at half max-
imum (FWHM) of the Raman spectral line is usually used to
judge the degree of the large diamond crystal integrality, and
the location of the spectral peak is used to estimate the magni-
tude of the residual stress. In fact, this method has been used
to evaluate the quality of the large diamond single crystal syn-
thesized by the HPHT method.?*! The large diamond FWHM
of the Raman peaks is calculated by Gaussian simulation (the
Gaussian simulation curve is the closest to the Raman curve).
The results of the measurements are shown in Fig. 5.

FWHM /cm ™!
(a) 3.2 (b) 3.2 1330.0
(c) 3.3 (d) 3.2
(e) 35 (e)
1330.5
5 (d)
Z
4 1330.5
=}
2 (c)
= JE1330.4
(b)
ﬁ i1330.3
(a)
1 1 1 1 1 1 1 1 1
1200 1250 1300 1350 1400 1450

Raman shift/cm~!

Fig. 5. (color online) Raman spectra of large diamonds synthesized with
different amounts of sulfur additive: (a) 0%, (b) 1%, (c) 2%, (d) 3%, (e) 4%.

Generally, the characteristic peak of natural diamond is
1331-1346 cm ™!, while the characteristic peak of the theoret-
ically perfect large diamond is 1332.5 cm~!.1**! In our exper-
iments, the peak position and FWHM for the large diamond

without sulfur doped are 133.3 cm™! and 3.2 cm™!, respec-

tively. The peak is related to many factors, such as the room
temperature and the testing lattice perfection of the large di-
amond. In general, the higher the peak displacement of the
structure of the large diamond, the more deviation from the
cubic structure, namely, the internal stress is larger.

It can be seen from Table 3 that, with the increase of the
quantity of sulfur additive in the cell, the Raman FWHM of the
large diamond gradually becomes larger. Namely, the crystal-
lization degree of the large diamond decreases. That is to say,
the introduction of additive sulfur reduces the quality of the
large diamond crystal. The testing temperature is 25 °C and
the quality of the samples is good. So, the presence of sulfur
in the large diamond is possibly the cause for the increase of
the Raman FWHM.

Table 3. Raman peak position and FWHM of large diamond with dif-
ferent amounts of S additive.

Sample  Sulfur additive/wt.%  Peak position/em~!  FWHM/cm™!
(a) 0 1330.3 32
(b) 1.0 1330.4 32
© 2.0 1330.5 33
(d) 3.0 1330.5 33
(e 4.0 1330. 35

3.4. Electrical properties of the large diamond crystals

The electrical properties of the large diamond crystals are
tested by a four-point probe and the Hall effect method, the
schematic diagram is shown in Fig. 6. The results of the mea-
surement are listed in Table 4. The Hall coefficients of the
samples doped with S are negative, while that of the sample
without S is positive. This indicates that the conduct type of
the diamonds doped with S is n-type.

Table 4. Test results of the electrical properties of the crystals.

Sample Sulfur additive/wt.% Resistivity/Q-cm Carrier density/cm 3 Hall coefficient/cm?®.C~!
(a) 0 2.923x10'0 1.403%10* 4.455%10™
(b) 1.0 5.381x10° 6.132x10° —1.019x10°
(c) 2.0 2.031x10° 1.031x10!! —6.062x107
(d) 3.0 1.312x10° 2.923x 10! —2.138x107
(e) 4.0 9.628x10° 1.116x10"3 —5.600x10°

Fig. 6. (color online) Schematic of the test method with a four-point
probe.

As can be seen, the resistance 2.923x10'0 Q-cm of the
large diamond is obviously larger compared with that of the
sulfur doped diamond. Simultaneously, the carrier density
1.403x10* cm 3 of the large diamond is distinctly smaller. It
can be seen that the carrier densities of these samples gradually
become larger with the increase of the sulfur additive, while
their resistances become gradually smaller. It is universally ac-
knowledged that the synthetic large diamond without any ad-
ditive is an insulator with a resistance greater than 10% Q-cm.
The electrical properties of the synthetic large diamond change

after sulfur doping. The resistance becomes 5.381x10° Q-cm

118104-5



Chin. Phys. B  Vol. 25, No. 11 (2016) 118104

with 1 wt.% sulfur doping. When the additive sulfur is up
to 4.0 wt.%, the experimental resistance is 9.628 x 10° Q-cm.
With the H,S additive, a n-type conductivity of the sulfur-

I was

doped diamond thin films with resistance 1.82 Q~'-cm™
obtained by Wang.!!8 The carrier concentration at room tem-
perature of the S-doped film was 1.4x10'3 cm™ reported by
Mikka,?°1 which is close to 1.116x10'3 cm™3 obtained by
us. In consideration of the probable presence of the S-S, C—
S bonds, the n-type behavior of the diamond doped with S is
given in terms of the certain activated electron donation, which
is relevant to S. Therefore, the synthetic doped crystal is deter-
mined to be an n-type semiconductor, the change of the elec-
trical properties after doping provides the basis for the further
synthesis of n-type semiconductor.

4. Conclusion

Large diamond crystals have been synthesized in the
FeNiMnCo-S—C system with sulfur additive under HPHT
conditions. The increase of the sulfur additive not only deep-
ens the color of the large diamonds but also changes the mor-
phology of the large diamonds. The pressure and temperature
conditions of large diamond synthesis decrease with the in-
crease of additive sulfur. The XPS results indicate that S has
been incorporated into the diamond. According to the Raman
spectra, the increase of sulfur content reduces the quality of the
large diamond crystals. The electrical properties of the large
diamond crystals changing with the amount of sulfur indicate
that they can be n-type semiconductors. These experiments
provide the basis of further synthesis of diamond of n-type
semiconductor.
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