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Abstract: Cubic boron arsenide (BAs) has attracted great attention due to its high thermal conductivity, however, its controllable, stable, and
ideal preparation remains challenging. Herein, we investigated the effect of iodine-containing transport agents I, and boron triiodide (Bl;) on
BAs synthesized and grown through chemical vapor transport. Results show that similar to the commonly used I,, BI; accelerates the synthesis
and improves the mass fraction of BAs from ~12% to over 90% at 820°C and 1.5 MPa, a value beyond the promoting effect of only increasing
temperature and pressure. Both agents enhance the quality of BAs crystals by reducing the full width at half maximum by up to 10%-20%. I,
agglomerates the grown crystals with twin defects (~50 nm wide), and BI; improves the crystal anisotropy and element uniformity of BAs
crystals with narrow twins (~15 nm wide) and increases the stoichiometry ratio (~0.990) to almost 1. Owing to the boron interstitials from the
excessive boron supply, the spacing of layers in {111} increases to 0.286 nm in the presence of I,. Owing to its coordinated effect, BI; only
slightly influences the layer spacing at 0.275 nm, which is close to the theoretical value of 0.276 nm. In the chemical vapor transport, the aniso-
tropic crystals with flat surfaces exhibit single-crystal characteristics under the action of BI;. Different from that of I,, the coordinated effect of

BI; can promote the efficient preparation of high-quality BAs crystal seeds and facilitate the advanced application of BAs.

Keywords: boron arsenide; transport agent; boron—arsenic reaction; iodine; boron triiodide

1. Introduction

Cubic boron arsenide (BAs) crystals with high experi-
mental thermal conductivity of ~1300 W/m'K [1-2] can im-
prove the performance of microelectronics [3]; however, its
stable and controllable preparation is challenging. High-qual-
ity BAs crystals with a theoretically appropriate stoichiomet-
ric ratio and few defects have excellent applications [4-7]
and are essential in the mass production of cubic BAs crys-
tals when used as seeds. Nevertheless, the slow solid-state
(gas—solid) reaction rate [8] for BAs synthesis and the tend-
ency to form polycrystals [9—10] complicate the preparation
of suitable crystal seeds.

The efficient synthesis of high-quality crystals constrains
the production and application of BAs. Whiteley ez al. [11]
tried to prepare boron-rich compounds using a nickel flux
method but only obtained boron subarsenide (B,,As,). Ther-
modynamic theory indicates that B,As, is stable at temperat-
ures greater than 920°C [12]. At below 920°C, only sub-
stable BAs compounds can be obtained using widely applied
high-temperature synthesis methods with gaseous arsenic and
solid boron [8,13]. A convenient technique to improve the
quality and yield of single crystal in deposition is to use a
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crystal seed. Chemical vapor transport (CVT) is a promising
technology to produce high-quality BAs crystals and seeds.
However, this route requires a long period of up to weeks or
even months and involves a multistep hand-picking process
[2,13—18]. In addition, the reported synthesis methods share
the characteristics of slow synthesis rate, polycrystalline
particles, and defective structures, which are thought to be re-
lated to the fluctuation of components during mass transfer
[19-21]. The use of transport agents has greatly improved the
efficiency of the reaction and growth. The commonly used
transport agent I, allows the transport efficiency of the boron
source to reach ~90% [16]. Other effective transport agents
include Asl; [20], Tel, [21], and NH,I [19]. Elemental iodine
halogenates the boron source to produce gaseous B-I com-
pounds [19-21]. The shift in the boron-binding form con-
verts the mass transfer process from solid-state diffusion to
gaseous convection. However, defective crystal structures,
such as twins [22], vacancies [5,13], interstitial atoms, and
anti-sites [7,23], still occur and cause the stoichiometric ratio
to deviate from the theoretical value of 1 [9]. Solid-source
boron, even when effused at 1700-1800°C, eventually se-
gregates in other gaseous deposition systems, such as mo-
lecular beam epitaxy [24—25]. This segregation might be re-
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lated to the production of boron-rich subarsenide compounds
[25]. To date, the suppression of structural defects associated
with mass transfer remains poorly studied. Especially for
BAs, iodine-containing transport agents are effective for the
mass transfer of the boron source. However, defects occur
occasionally, and this problem might be related to the type of
transport agent that affects the incorporation of boron and ar-
senic. Hence, the type of transport agent is crucial for the ef-
ficient synthesis of high-quality compounds and crystal seeds
of BAs.

In this work, we apply a new transport agent, boron triiod-
ide (BI;), and investigate its effect on the solid-state reaction
between boron and arsenic and the crystal growth behavior.
We provide an alternative route for the efficient synthesis of
high-quality BAs crystals in the future.

2. Experimental
2.1. Synthesis and growth of BAs crystals

BAs crystals were synthesized as follows. High-purity
metallic natural boron powders (B, 99.999wt%, Aladdin) and
pure metallic arsenic lumps (As, 99.9999wt%, DONG-
FANG Electric) with iodine particles (I,, 99.995wt%, Alad-
din) or boron triiodide (BlL;, >98wt%, Alfa Aesar) were
placed at one end of a fused quartz tube inside an Ar-flowed
glovebox (H,O < 0.000001%, O, < 0.000001%) with an
atomic ratio of As : B = 2.2. The atomic percentages of iod-
ine were set at 0.0at%, 1.3at% and 2.5at%. The ratio of As :
B was selected based on a previous study [9]. The quartz tube
has a 20 mm length, 2 mm thickness, and 16 mm inner dia-
meter. Reaction pressure P was estimated using the formula
P =nRT/V, MPa, where n is the mole of gases (As,, AsL, L,
and Bl;), mol; 7 is the reaction temperature, K; V is the tube
volume, mm?®; and R is the universal gas constant, 8.314
J-mol™K™". Different reaction pressures P=0.1, 0.3, 0.7, and
1.5 MPa were investigated.

BAs samples were synthesized through solid-state reac-
tions. The quartz tube was evacuated and then flame-sealed
in a high vacuum (~0.01 Pa). The containers were placed in a
horizontal two-zone tube furnace for B-As reaction and CVT
growth. Finally, the mixed raw materials in the B—As reac-
tion batches were placed in a one-temperature zone with two
zones of the same temperature for 3 d, and the temperatures
were configured at 780, 820, 860, and 915°C.

The crystals were grown using the CVT method. The tube
with raw materials was placed in the high-temperature zone
at 890°C, and the SiO, (0001) substrate was positioned in the
low-temperature zone at 800°C for 15 d to grow BAs crys-
tals. The temperature accuracy varied by +1°C. The furnace
was heated to 620°C first at 1°C/min and then at 0.33°C/min
to the target holding temperature and cooled to room temper-
ature below 150°C. The excessive arsenic lumps were manu-
ally removed, and the products were cleaned with dilute nitric
acid, deionized water, and ethyl alcohol for further analysis.

We summarize the chemical reactions of boron and arsen-
ic as follows:

Without an agent, B(s) + 0.25As4(g) i BAs(s);

With I [14,20-21,26], 1.5L,(2) + BAs(s) <> 0.25As4(g) +

Bl;(g); N
With BI,, BI;(g) + BAs(s) & 0.25As,(g) + BI; B(g).

2.2. Characterization

We performed X-ray diffraction (XRD) on a Rigaku TTR
[I X-ray diffractometer with a Cu K, radiation source. The
26 angle scanning range was 15°-90°, and the scanning speed
was 6°/min. The diffraction patterns were analyzed and re-
fined with the software package MDI Jade 6.5 to obtain the
full width at half maximum (FWHM) of the BAs plane (111).
Peak area data were correlated to the crystal quality and used
for the semiquantitative calculation of BAs fraction using the
RIR method in the supporting information.

We performed the vibration spectrum analysis of BAs
crystals on a confocal Raman spectrometer (inVia, Renishaw,
UK) with a laser wavelength of 532 nm. The input power
was set to ~25 mW to avoid overheating the sample, and a
50x objective lens (Numerical Aperture = 0.5) collected the
backscattered signals. The diameter of the light spot on the
sample surface was 2—5 pum. For each sample, at least five
points were collected and graphed in a box plot to analyze the
dispersion range. The data were processed using the Origin
software package to obtain the FWHM of fingerprint peak P1
with the PsdVoigtl function for peak fitting.

We observed crystalline structures by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). SEM imaging was implemented on a field emission
scanning electron microscope (Nova NanoSEM230, FEI,
USA) with energy dispersive X-ray spectroscopy (EDS) us-
ing an accelerating voltage of 18 kV for backscattered elec-
tron imaging (BSE). A two-beam scanning electron micro-
scope equipped with a focused ion beam machine (Helios
Nanolab, G3 UC FEI, USA) was used to prepare TEM
samples. The sheet sample was cut from a bulk BAs crystal
and milled with a Ga ion beam until the sample was thin
enough (<100 nm) to be traversed by the electron beam for
TEM testing. The sample was cleaned by an ion beam at low
voltage and then observed at 300 kV with an aberration-cor-
rected TEM (Titan G2 60-300, FEI, USA) equipped with
EDS. TEM images and related analyses were processed with
Gatan software.

We employed an optical microscope (DSX500, Olympus,
Japan) to observe the crystal morphology of BAs on the SiO,
substrate. Dynamic focusing and imaging at bright-dark
mixed differential interference contrast (DIC) mode were
performed along the height dimension to collect a three-di-
mensional image.

3. Results and discussion

3.1. Characteristics of BAs crystals synthesized through
solid-state reaction

3.1.1. Effect of reaction pressure and temperature
The chemical reaction between boron and arsenic only oc-
curs at the gas—solid interface and is influenced by thermal
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dynamic factors, namely, temperature and pressure. Metallic
arsenic sublimates to gas As,, but metallic boron with low
saturated vapor pressure and high melting point is hardly
volatile [27]. XRD patterns in Fig. 1 show the products after
the solid-state reaction. The products match well with the dif-
fraction peaks of boron (PDF 80-0324) and BAs (PDF 03-
004-5090). The peaks of BAs are symmetrical, and the main
peak’s intensity increases with the reaction pressure, as
shown in Fig. 1(a). The BAs crystals crystallize well with in-
creasing pressure. Based on the ratio of products, we ob-
tained the mass fraction of BAs after fitting and refining with
Jade software. The fraction of BAs in Fig. 1(b) increases lin-
early from 3.8% + 0.4% (P=0.1 MPa) to 12.1% + 1.1% (P =
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1.5 MPa). Although the solid-state reaction between boron
and arsenic is slow, it is positively related to the reaction
pressure. When the pressure is retained at 1.5 MPa (Fig.
1(c)), the intensity ratio of the main diffraction peak between
boron and BAs gradually increases with temperature. When
the reaction temperature reaches 915°C, the peak intensity of
the boron powders almost disappears, indicating the maxim-
um conversion ratio of boron. As shown in Fig. 1(d), the
mass fraction of BAs varies from 12.3% + 0.5% at 780-
820°C to 87.5% =+ 5.0% at 920°C. These results suggest that
although high reaction pressure and temperature can acceler-
ate the solid-state reaction between boron and arsenic, the ef-
fect has further room for improvement.
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XRD patterns of BAs in the solid-state reaction: (a) under different pressures at 820°C; (c) at different reaction temperat-

ures under 1.5 MPa. (b, d) Mass fraction of BAs in (a) and (c) calculated by RIR method. PDF 80-0324 and PDF 04-007-5090 belong

to boron powder and BAs, respectively.

3.1.2. Effect of the transport agents

To further improve the synthesis efficiency, we examined
the effect of the new agent. lodine-containing transport
agents can significantly enhance the solid-state reaction
between boron and arsenic. As shown in Fig. 2(a), the char-

acteristic peaks’ intensity of BAs increases with the rising re-
action pressure and iodine atoms concentration. It is en-
hanced slightly by increasing the pressure from 0.3 to 0.7
MPa at the same iodine concentration. However, the synthes-
is efficiency of BAs is closely related to the element iodine.
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The peaks in batches reacting under 0.7 MPa appear signific-
ant. The enlarged view ranging from 15° to 20° in Fig. 2(b)
shows that the characteristic peaks of boron powders gradu-
ally decrease, indicating that the transformation efficiency of
boron improves sharply. With reaction pressures up to 1.5
MPa, the peaks of the boron powders almost disappear. Es-
pecially in batches with agent Bl; at a dose of 2.5at% I, the
pressure can be reduced to 0.7 MPa to eliminate the peaks of
boron powders. The calculated fraction of BAs in Table S1 is
over 90% under 1.5 MPa in the presence of I, or Bl;. The
agents can increase the production by 6-10 times compared
with batches with no addition. Halogenation can effectively

yi yi

accelerate the mass transport of boron sources [28-29]. We
confirm that intermediate BI; can also realize the mass trans-
port of boron powders. As a result of gasification at high tem-
perature, B-I compounds convert the gas—solid interface re-
action into a gas—gas reaction between metallic boron and ar-
senic. The distinct acceleration effect between I, and BI; is
based on their different molecular affinities to metallic boron
in the reaction. In theory, BI; more easily sticks to the boron
surface and react with boron powder than I, because the con-
tained boron atom forms a transition state BI;'B to speed up
boron transport. Similar to the commonly used I,, Bl; accel-
erates the reaction rate even under low pressure at 820°C.
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Fig. 2. (a) XRD patterns of products under the action of transport agents I, and BI; at various reaction pressures and 820°C for 3
d; (b) partially enlarged view of XRD patterns (gray dashed lines point to the diffraction peaks of boron in the range of 15°-20°).

3.2. Evolution of crystalline morphology under the ac-
tion of transport agents

In addition to accelerating the reaction, the ability of trans-
port agents to change the crystal features should be con-
sidered carefully, especially for Bl;. The results in Fig. 3 (at
820°C under 1.5 MPa) show that transport agents change the
growth and agglomeration features of BAs crystals. The re-
action without agents disperses few small BAs crystals with a
size of approximately 5 um on the coral-shaped boron
powders. These crystals gather together similar to small
grapes (Fig. 3(a)). After BL; or I, is added, the BAs crystals
become the dominant phase (Fig. 3(b) and (c)). A small num-
ber of unreacted B powders can be found around the BAs
crystals in both experimental batches and are not detected by
XRD due to their low content. Crystals gather around similar
to apples under the action of I, and agglomerates into spher-
ical polycrystals with a size over 50 pm. Many boundaries
(indicated by yellow arrows) appear on the crystal surface.
When BI; is added to the reaction, the growth of BAs indi-
vidual polyhedral crystals can be considered because of the

evident facets between individual crystals (Fig. 3(c)). An in-
dividual crystal after physical dispersion is shown in Fig. 3
and is identified as a polyhedron consisting of facets without
distinct boundaries on the surfaces. In addition, the different
transport effects of agents on element boron are reflected.
Table 1 shows that the average atomic ratio of boron and ar-
senic in BAs crystals is 55.54:41.83 (the stoichiometry ratio
is 1.328) in Fig. 3(b) and 49.28:50.16 (the stoichiometry ra-
tio is 0.982) in Fig. 3(c). Impurities such as Si and I can also
be detected. The large crystal size implies the intense trans-
port effect of I, and BI; on boron. Nevertheless, Bl; can co-
ordinate the uniform incorporation behavior of arsenic and
boron in a polyhedron shape.

3.3. Role of transport agent Bl; on boron—arsenic crystal
growth

3.3.1. Improving the crystalline property

Given the enhancement of the reaction efficiency and the
changes in the morphological characteristics, the synthesis
process was optimized to improve the crystal quality. The
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5 pm

"—'

Table 1. Composition of elements in district D1 and D2 in
Fig. 3(b) and (c) from the EDS spectra
D1 D2
Element - -
Content/ at% yin B,As Content/ at% yin B,As
B 55.54 49.28
Si 0.13 0.46
1.328 0.982
I 2.50 0.10
As 41.83 50.16

Raman spectra in Fig. 4(a) show the typical vibration curves
of BAs. We located the fingerprint peak P1 of BAs crystal at
the wavenumber 699—702 cm ™', which refers to the theoretic-
al peak P1 for "BAs (704 cm™', using the natural boron) [30].
We analyzed the FWHMs for the main peak (plane (111)) in
the XRD patterns of the samples (obtained at 820°C and un-
der 1.5 MPa) and for the peak P1 in Raman spectra to invest-
igate the quality of BA crystals [14,26,31-32]. After the iod-
ine-containing transport agent is added, the average FWHM

(@)
— BL (2.5at% 1)
— 0,
L (2.5a%1 D 702 cm™
5 | = No addition
< Pl
z P2
g
E
699 cm™!
@@ @A~ 00O
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Raman shift / cm™

Fig. 4.

FWHM of plane (111)

Int. J. Miner. Metall. Mater., Vol. 29, No. 4, Apr. 2022

10 pm

10 pm' &
— L8

] .
Fig. 3. SEM graphs (BSE) of BAs crystals synthesized at 820°C and 1.5 MPa: (a) with no addition; with (b) I, and (c) BI; at a dose
of 2.5at% 1. The inset in (c) shows the undispersed state. Yellow arrows indicate boundaries on the crystal surface.

P

of plane (111) decreases from ~0.14° to ~0.11° in Fig. 4(a),
indicating the improved crystallinity of BAs. This finding is
consistent with Fig. 2. However, the histograms (blue color)
in Fig. 4(b) reflect minimal difference between the influ-
ences of I, and BI;. The addition of agents (Bl; or L) en-
hances the order of the synthesized BAs crystals. The aver-
age FWHM of peak P1 in Raman spectra shares the same
trend as that of plane (111) in XRD patterns. Given that the
microzone order (from Raman spectra) is consistent with
macrocrystallinity (from XRD patterns), the agents act uni-
formly and the FWHM values vary in a narrow range. The
decrease in average FWHM is up to 10%—20%, implying a
non-negligible optimization of crystallization for Bl;. Simil-
ar to I,, BI; also improves the crystallinity and order structure
of BA crystals. We found a Raman shift of ~3 cm™ under the
action of I, and BI; compared with that for the samples with
no addition. This shift is associated with disorders originat-
ing from defects [33-34], and its magnitude can be sup-
pressed by I, and BI;.

0.25 10
(b) SN FWHM of plane (111)
H V//]FWHM of P1
[
o Mean value
0.20 | il
/ > 8 ~
!
\M %
0.15 | L . =
0.14 ° 16 =
I - 0.11 0.11
0.10-= S? S i x
0 LN NN N |,
No addition I, (2.5at% ) BI; (2.5at% I)

(a) Raman spectra of boron-arsenic crystals and (b) quality evaluation of BAs crystals synthesized at 820°C with various

transport agents. FWHMs of plane (111) in XRD patterns (blue histograms) and fingerprint peak P1 in Raman spectra (pink boxes)
were meaasured for crystal quality evaluation; the Raman spectra of BAs crystals are fitted with fingerprint peak P1 using the func-

tion PsdVoigtl in a chi-square tolerance of 10°.

3.3.2. Suppressing structural defects and maintaining the
stoichiometry ratio

Raman spectra reflect the suppression of structural dis-
orders in Fig. 4(a), and the details of the defective structure
should be discussed to provide insights into the variation. The
inner structure of the obtained BAs crystal is affected by the
agents, especially BI;, because of the crystal’s distinctive
polyhedron shape. The individual crystal particles shown in

Fig. 3(c) may infer a few defects. TEM was employed to gain
insights into the microstructures and components of the BAs
crystals and observe their internal structure. The scanning
transmission electron microscopy (STEM) image reveals
many parallel bright and dark lines in the range of ~120 nm
in the crystal with no addition. In addition to twin crystal
characteristics, twin-like stacking faults are indicted by
streaking (white arrows) in the selected area electron diffrac-
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tion (SAED) patterns (inset in Fig. 5(a)). Although both
agents can eliminate the bright and dark lines (Fig. 5(b) and
(c)), sheet-shaped twin crystals remain with widths of ~50
nm in the presence of I, and ~15 nm in the presence of Bl;.
Under the action of I, and BI;, the formed BAs crystals ex-
hibit distinct internal structures. A line profile of elemental
boron and arsenic was implemented across the defective area
(yellow line) to explore the variation of mass transfer. The
stoichiometry ratio of BAs (denoted as B,As) along the line is
displayed in Fig. 5(d)(e). The calculated y value in B,As is
0.717 £ 0.015 in BAs crystal with no addition, 1.791 £ 0.029
in BAs with I,, and 0.990 + 0.021 in BAs with BI;. The stoi-
chiometry ratio of BAs regulated by BI; is the closest to the
theoretical value of 1. In addition, the lattice parameters near
the twin boundary have changed. Owing to the light weight

No addition

L (2.5at% I)

667

of boron, the high-angle annular dark field images (HAADF)
in Fig. 5(g)—(i) reflect only arsenic sites in the atomic struc-
ture with coherent twin boundary (CTB). The spacing of lay-
ers in {111} increases from 0.280 nm in the absence of
agents to 0.286 nm in the presence of I,. Meanwhile, BI; only
slightly affects the layer spacing at 0.275 nm (the theoretical
value of 0.276 nm). For the samples without addition, the de-
ficient boron supply can lead to local arsenic agglutination,
and anti-site defects can easily occur to enlarge the spacing
[7,23]. In the presence of agents, iodination promotes the
mass transfer of boron (section 3.1.2). Considering the small
atomic radius of boron, we infer the formation of boron inter-
stitials at high temperatures. The excessive boron or arsenic
supply accompanies the increase in lattice parameters, but al-
most no stacking faults remain when boron is excessive. We
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Fig. 5. STEM images of BAs crystals synthesized at 820°C and 1.5 MPa with no agent (no addition) (a), with I, (b) and BI; (c) at a
dose of 2.5at% I; (d, e, f) corresponding y values in B,As along the yellow line; (g, h, i) corresponding HAADF images and the layer
spacing of {111} near the coherent twin boundary (CTB). The insets in (a), (b), and (c) are SAED patterns, and white arrows pointed
to the streaking indicate staking faults along the twin plane {111}. Observation direction is B = [011].
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speculate that the excessive boron supply may eliminate the
stacking faults but contribute to twin formation. However,
BI; suppresses the formation of boron interstitials in lattice
and coordinates the incorporation of boron and arsenic, be-
sides providing the adequate boron supply. The matching
supply of boron and arsenic facilitates the ordered growth of
crystal and reduces the defects to maintain anisotropic
growth. The suppression is probably related to the interac-
tion between faults and boron atoms, which will be dis-
cussed in detail in upcoming work. We conclude that I, trans-
fers excessive boron to grow the twins and causes significant
deviations in the stoichiometric ratio. Meanwhile, BI; can
regulate the mass transfer to coordinate the ratios. Both
agents can suppress the lack of boron atoms to be incorpor-
ated with arsenic, a phenomenon that commonly occurs in
cases without agent action. Therefore, few and thin twin
grains are formed under the action of BI;, and uniform chem-
ical components are achieved in the BAs crystal. The in-
creased uniformity might benefit single-crystal growth.

We continued growing the BAs crystal on a substrate
(SiO, (0001)) in the CVT for 15 d to verify the effect of
transport agents, especially Bl;, on single-crystal growth.
DIC optical microscope (Fig. 6) was used to determine the

L (2.5at% I)

BL (2.5at% 1)

In summary, BI; accelerates the anisotropic growth of
BAs. Even in the solid-state reaction, we can obtain individu-
al BAs crystals and use them as seeds for further growth. BI;
acts as a coordinator in the synthesis and growth of BAs to
maintain the near theoretical stoichiometry ratio and favors
defect suppression and anisotropic growth compared with .

4. Conclusions

The role of iodine-containing agents in the reaction
between metallic boron and arsenic is discussed in this paper.
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single-crystal growth trend of BAs. Few planar defects in the
crystal indicate a uniform contrast of the image. The results
in Fig. 6 show that the effect of I, (Fig. 6(a)~(d)) differs
greatly from that of BI; (Fig. 6(¢)—(h)). Owing to the aggreg-
ated effect of I, (in Fig. 3(b)), the number of particles in Fig.
6(a) is less than that in Fig. 6(e). The enlarged views in Fig.
6(b) and (f) reflect the distinct exposure of facets. Under the
action of Bl;, BAs crystals present a flat surface. DIC image
reveals colorful contrasts on the crystal surface in Fig. 6(c)
and monotonous contrasts on the crystal surface in Fig. 6(g).
Therefore, BI; favors the characteristics of single-crystal
growth. I, probably produces crystals with defective bound-
aries, such as twin boundaries, similar to those in the pres-
ence of I, in the solid-state reactions in Fig. 5(b). SEM im-
ages in Fig. 6(d) and (h) show the surface details. As shown
in Fig. 6(d), a twin crystal (pointed by yellow arrow) with a
shape similar to step-stairs appears in the middle of the iso-
tropic bulk crystal with small crystal facets. The size of the
crystal particle is up to 30-50 pm. Meanwhile, crystals with
flat hexagonal surfaces grow anisotropically up to a size of
~30 pm. Therefore, the use of Bl; as a transport agent for
CVT can increase the formation probability of single-crystal
BAs.

v

Fig. 6. Morphologies of BAs crystals on the SiO, substrate after a growth period of 15 d in CVT: (a—d) regulated by I, and (e—f)
regulated by BI;, both at a dose of 2.5at% I (a, e) optical image with low magnification, (b, f) optical image with high magnification,
(¢, g) DIC image, and (d, h) SEM image. DIC image in (c) shows defective boundaries (yellow arrows) in colorful contrasts.

Agents I, and BI; accelerate the reaction without the need for
extremely high temperatures. The mass fraction of BAs eas-
ily increases from ~12% to over 90% at 820°C and 1.5 MPa,
a value beyond the promoting effect of only increasing the
temperature and pressure. Both agents improve the quality of
BAs crystals by reducing FWHM by up to 10%—20%. In par-
ticular, I, can lead to the agglomeration of BAs crystals with
twin defects and the insertion of boron interstitials into the
lattice due to the excessive boron supply. Bl; improves the
anisotropy and uniformity of BAs crystals with few defects
and maintains the layer spacing of {111} at 0.275 nm and the
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stoichiometry ratio (~0.990) approaching 1.0. We confirm
the coordinated effect of BI; in CVT, and the anisotropic
crystals with flat surfaces exhibit monotonous contrast in the
DIC image. We conclude that these crystals have single-crys-
tal characteristics. The use of BI; favors single-crystal
growth, and its coordinated effect can enhance the prepara-
tion of BAs crystal seeds and facilitate the advanced applica-
tion of BAs.
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