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Flux method growth of bulk MoS2 single crystals and 
application as a saturable absorber 

Xixia zhang,1Fei Lou,1Chunlong Li,1Xiang Zhang,1 Ning Jia,1Tongtong Yu,1 
Jingliang He,1,2Baitao Zhang,1,2Haibing Xia,1,2Shanpeng Wang,1,2*and Xutang 
Tao1,2* 

Molybdenum disulfide (MoS2) has attracted a great deal of attention because of its outstanding 
physical, chemical and optoelectronic properties. The method used to prepare large sized MoS2 
crystals of very high quality is still an important issue for determining the feasibility of its 
application. Herein, we propose a novel Sn flux method to grow single crystal MoS2, and bulk 
MoS2 single crystals with a size of 3 mm × 5 mm were successfully obtained by using a 
cooling rate of 2-4 °C/h. The growth mechanism of the MoS2 crystal in Sn flux was 
investigated in detail using optical microscopy and atomic force microscopy (AFM). The 
obvious screw dislocation steps that are revealed suggest that the growth of MoS2 is controlled 
by a screw-dislocation-driven (SDD) spiral growth mechanism. The flux-grown MoS2 crystals 
were exfoliated to produce high-quality large-scale films using the liquid-phase exfoliation 
method. Using ultrathin MoS2 films as a saturable absorber, a passively Q-switched laser at a 
wavelength of 1.06 μm was constructed and operated, with a narrow pulse width of 326 ns. 
 

Introduction  

Recently, layered transition metal dichalcogenides (TMDCs) with 
formula MX2 (M = Mo, W; X = S, Se, and Te) have attracted a great 
deal of attention due to their unique properties.1-3 These interesting 
properties make them promising candidates for applications in 
electronics,4 optoelectronic devices,5, 6 energy storage devices,7, 8 and 
electrocatalysis.9 MoS2 is a representative layered TMDC. It consists 
of stacked covalently coupled S-Mo-S sheets, with adjacent layers 
connected by weak van der Waals forces. The indirect bandgap of 
bulk MoS2 is 0.89-1.2 eV，while monolayer MoS2 has a direct 
bandgap of 1.8 eV.4, 10, 11  So far, much research effort has been 
devoted to MoS2 in focusing on the preparation12-17 of few-layered 
MoS2 and its applications. Excellent crystal quality and a large 
surface area are important to realize the applications of ultrathin 
MoS2 films.18, 19 Ultrathin MoS2 sheets can be obtained through 
scotch-tape exfoliation4, lithium-based intercalation13 or liquid-phase 
exfoliation20 from commercially available, naturally occurring MoS2 
crystals or MoS2 powder. Recently, chemical vapor deposition 
(CVD)18, 21 has also been used to directly grow large-area 
monolayered or few-layered MoS2 crystals. However, the two types 
of method still have shortcomings for obtaining MoS2 films. MoS2 

films obtained by the former method are relatively small, while those 
grown by the latter method usually exhibit some defects. Therefore, 
the way to obtain large-area and highly crystalline MoS2 ultrathin 
layers is still a critical issue. However, there are very limited 
literatures on the growth of bulk single MoS2 crystals, which has a 
significant effect on the scale and crystallinity of ultrathin MoS2 
films. Ubaldini et al. reported  the growth of bulk TMDCs crystals 
by chemical vapor transport method.22 H. J. SCHEEL23 reported that 
alkali polysulfides were flux suitable for the preparation of many 

metal sufides, including NaCrS2, CdS, FeS2 , MoS2 etc. In addition, 
very recently, MoS2 films have been found to hold promise for use 
in optoelectronic applications. For example, there are some reports 
on Q-switched and mode-locked laser operation of fiber lasers using 
MoS2.

24-26 In the field of solid state lasers (SSLs), Wang et al.11 
studied the broadband saturable absorption of MoS2 prepared by 
pulsed laser deposition (PLD); and Xu et al.27 reported on a 
passively Q-switched laser using sub-micron scale MoS2 sheets as 
the saturable absorber. In order to achieve higher pulse peak power 
and pulse energy, further investigation should be carried out on the 
saturable absorption properties of high quality MoS2 single crystals， 
especially in SSLs. Large-scale high-quality MoS2 sheets would 
exhibit more advantages in the complex SSLs. 

In this work for the first time, to the best of our knowledge，
large-sized high-quality bulk MoS2 single crystals with dimensions 
of 3 mm×5 mm were grown by the Sn flux method. The MoS2 
crystals develop with a screw-dislocation-driven (SDD) growth 
mechanism, as supported by the observation of screw dislocation 
steps on the surface of the crystals. From the as-grown MoS2 crystals, 
high-quality and large-scale ultrathin MoS2 samples were obtained 
by liquid-phase exfoliation. Using the ultrathin MoS2 sheets, we 
experimentally demonstrated the photonics application of the MoS2 
SA for passive Q-switching operation, with nanosecond pulses of 
width 326 ns that were successfully generated at an operational 
wavelength of 1.06 μm. 

 
Experimental section 

Sn flux method growth of MoS2  
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scalable low cost solution to the production of highly crystalline 
bulk clear MoS2 single crystals with a smooth large-sized area. 

  In order to characterize the crystalline quality of the bulk MoS2 

single crystals that were grown, we carried out X-ray diffraction 
(XRD) and Laue measurements. Figure 3 shows the XRD patterns of 
MoS2 flakes and their powder. The MoS2 powder pattern agrees well 
with the theoretically calculated one (Figure 3b), while only the [00l] 
diffraction lines were visible for the MoS2 flakes, indicating that the 
surface of the crystals lies in the crystallographic ab-plane due to its 
strong two dimensional growth habit. Figure 2b shows a typical 
Laue diffraction pattern with hexagonal symmetry, and the clear and 
bright diffraction points indicate that the bulk MoS2 single crystals 
grown by Sn flux method are of high crystalline quality. 

 
Figure 2.   (a)Highly crystalline bulk MoS2 single crystal grown by Sn flux method 

at  a  cooling  rate  of  2  °C/h.  The  crystal  size  is  about  3 mm  ×  5 mm.  (b)  Laue 

pattern of bulk MoS2 single crystal grown by Sn flux method at a cooling rate of 2 

°C/h. 

 

 
Figure 3. XRD pattern of (a) MoS2 crystals, (b) MoS2 powder ground from grown 

crystals, and (c) calculated. 

 
Figure 4 shows a typical Raman spectrum of MoS2 grown by the 

Sn flux method. Hexagonal MoS2 belongs to the D4
6h(P63/mmc) 

group, and contains two molecular units with a total of six atoms 
within the unit cell.29 There are twelve modes of lattice vibration: 
A1g+2A2u+2B2g+B1u+E1g+2E1u+2E2g+E2u, among which only four 
are Raman active (A1g, E1g, E2

1g, E2
2g).

29, 30  The A1g mode 
corresponds to in-plane vibration involving the S atoms (408 cm−1), 

while the E1
2g mode relates to out-of-plane vibration of the Mo and S 

atoms (383 cm−1).29-31 The weaker peak at 453cm-1 is due to a 
secondary phonon mode 2LA(M).31 For the as-grown crystal, the 
other two modes (E1g, E2

2g) could not be detected due to selection 
rules for scattering geometry (E1g)

30 or because the energy (E2
2g) was 

below our measurement range. 
SEM measurements were used to further characterize the MoS2 

crystals grown under the optimal growth parameters. In Figure 5(a,b), 
the surface of the crystals appear clean and smooth, and no obvious 
defects are observed. From EDS results (see Figure S2), one can 
conclude that no trace of the Sn flux was present in the as-grown 
crystals. The high magnification (Figure 5a) shows the sharp 120 ° 
angles, in accordance with the six-fold symmetry of the crystal 
structure. According to the periodic bond chain (PBC) theory,32 the 
direction of strongest chemical bonds is considered to be the fastest 
growth  direction in the crystal. In the MoS2 crystal structure, the 
covalent bonds in the c-plane are much stronger than the van der 
Waals forces perpendicular to the c-plane, and so the growth of 
MoS2 crystals in the c-plane proceeds at a much faster rate than that 
along a direction that is perpendicular to the c-plane. This situation 
leads to a layered structure with a sequence of flats (~0.5−1μm thick) 
stacked along the c-axis.  

 

 
Figure  4.  Raman  spectrum  of  MoS2  at  room  temperature.  The  A1g  mode 

corresponds  to  in‐plane  vibration  involving  S  atoms  (408  cm−1), while  the  E12g 

mode  relates  to  out‐of‐plane  vibration  of  Mo  and  S  atoms  (383  cm−1).  The 

weaker peak at 453cm‐1 is due to a secondary phonon mode 2LA(M). 

 
It has been confirmed that high quality MoS2 crystals can be 

obtained at a cooling rate of 2-4 °C/h.  The morphology and growth 
mechanism of MoS2 crystals grown under these conditions were 
investigated by using AFM. According to classical crystal growth 
theory33, there are three basic kinds of growth mechanism, including 
SDD34, layer-by-layer (LBL) and dendritic growth. The growth 
preference depends on the degree of supersaturation. Generally at 
low supersaturation, SDD growth is dominant. Screw dislocation 
defects can provide self-perpetuating active edges that serve as 
nucleation sites to promote crystal growth at low supersaturation. 
Recently, some researchers have also reported SDD growth in 
Bi2Se3,

33 WSe2
35 and MoS2

36 nanosheets by CVD at a low 
supersaturation.  

Through observation by optical microscope, we found that the 
surface of the MoS2 crystals exhibited hexagonal screw dislocation 
steps, and the magnified screw dislocation steps were characterized 
by AFM in Figure 5c. The clear AFM image implies that screw 
dislocations with  multiple Burgers vectors are produced in the Sn 

Page 3 of 6 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



AR

4 | 

flux
pro
in t
cry
des
me
The
abo
app
nm
late
the 
sup
sup
a ch
form
wid

exf
eth
low
(Fig
and
thin
reso
spa
cry
sho
red
for 
thic

Figu

diffr

exfo

insi
mo
the 

RTICLE 

J.  Name., 2012

x system, and 
omote continued
the process of 

ystal surface. W
scribe the grow
asured by AFM
e step height h 
out 1-2μm. T
proximately equ

m). According 
eral step velocit

slope p = h /
persaturation. 
persaturation ma
hange  in Vs an
m a single step
dths appear on t

Considering th
foliated the as-g
anol, and ultrat

w-magnification
gure 6e), the e
d some folds 
nness. More d
olution images

acing demonstr
ystal domain. T
ows the typical 
dundant diffract

the exfoliated
ckness of the M

ure  6.  (a)  high‐re

raction pattern of

oliation method. (g

Passive Q-sw
ide the laser 
dulated by emp
saturable abso

2, 00, 1‐3 

the dislocation
d crystal growth
f crystal growth

We measured the
wth ledges. Th
M along the re

varies from 0.
The basic step
ual to the thick
to Burton-Cab
ty Vs, the growt
/λ= Rm / Vs  a
In the flux 
ay fluctuate dur
nd Rm, and adj
. Consequently
the surface of th
he application o
grown MoS2 cr
thin sheets wer
n transmission 
entire field of v

are visible, w
detailed inform
s (Figure 6a,b,c
rate that an ind
The electron di

six-fold symm
tion points, ind
d MoS2 sheet

MoS2 sheets was

solution  image  o

f MoS2 sheet.  (e)L

g) height profile o

witching is achie
resonator, the
ploying the sat

orber.39 The 2D

ns then serve 
h. The step sou
h and so form 
e step height h a
he height prof
ed dashed line 
.9 to 4 nm, and
p with a hei
kness of a Mo

brera-Frank (BC
th rate normal t
are closely rela

growth system
ring the growth
acent steps cou

y, steps with inc
he crystals, as s
of the crystals f
rystals by liquid
re prepared for 
electron micro

view shows the
which reveal 

mation can be 
c). Uniform ato
dividual sheet 
ffraction image

metry characteri
dicating a well-
t. Moreover, t
s investigated w

f MoS2  sheet  exf

Low‐magnification

of the few‐layer M

eved by placing
n the loss of
turated absorpt
 semiconductor

as step source
urces do not disa

spiral tracks o
and terrace wid
file (Figure 5d
shown in Figu

d the terrace w
ight of 0.9 n

oS2 single layer
CF) theory,37, 

to the surface R
ated to the deg
m, the amou
h process, result
uld bunch toget
consistent heigh
shown in Figure
for use in devic
d-phase exfoliat
characterization

oscopy (TEM)
e large ultrathin
high flexibility
obtained from 
omic orientatio
consists of a 

e (Figure 6d) c
stic of MoS2 w

-crystallized str
the morphology
with AFM (see F

foliated  by  liquid‐

n TEM  image of M

oS2 sample in (f) 

g a saturable ab
f the cavity c
ion characterist
r materials, inc

es that 
appear 
on the 

dth λ to 
d) was 
ure 5c. 

width is 
nm is 
r (0.65 

38 the 
Rm, and 
gree of 
unt of 
ting in  
ther to 
hts and 
e 5d. 
ces, we 
tion in 
n. In a 
image 

n film, 
ty and 

high-
on and 
single 

clearly 
with no 
ructure 
gy and 
Figure 

6f). T
sheet
0.65 n

 

Figure

AFM  i

profile

thickn

‐phase  exfoliation

MoS2 sheet  (f) AFM

bsorber 
can be 
tics of 

cluding 

MoS2

and th
can e
the e

T

The height prof
s consist of abo
nm. 

 5. (a,b) SEM imag

mage of  screw di

e  of  hexagonal  sc

ess is 1‐4 nm, and

n.  (b,c)  selected  a

M  image of MoS2 

2, show a simp
he valence band

excite carriers fr
xcitation has s

This journal is © 

file diagram (Fi
out 4 layers, sin

ges of MoS2 crysta

slocation  steps on

rew  dislocation  st

 terrace width is 1

area  high‐resolutio

sheets exfoliated 

le dual energy 
ds. Incident ligh
from the valenc
stronger intensi

The Royal Socie

igure 6g) indic
nce the height 

als grown at a coo

n MoS2 crystal  su

teps  along  red  d

1‐2μm.  

on  enlarged  imag

from as‐grown c

band structure
ht with energy h

ce band to the c
ity, all possibl

Journal Na

ty of Chemistry 2

cates that the M
of a single laye

oling rate of 2 °C/

urface.  (d) AFM h

ashed  line  in  (c), 

ges  of  (a).(d)  elec

rystals by  liquid‐p

e of the conduc
higher than the 
conduction band
le initial states

ame 

2012 

MoS2 
er is 

 
h. (c) 

eight 

step 

ctron 

phase 

ction 
 gap 
d. If 
 are 

Page 4 of 6CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Jou

This

dep
wit
satu
inse
from
ultr
as 
pre
ont
abs
lase
Usi
1.0
pul
wer
in 
pow
a m
0.4
that
as 
exf
can

Figu

Figu

corr

524

 
Co

I
can
to t
wit
Sn 
con
scre
gro
(SD
larg
exf

urnal Name 

s journal is © Th

pleted and the 
th the Pauli b
urated. As a co
erted into a las
m continuous w
rathin MoS2 sh
MoS2 saturable
pared ultrathin 

to the ultraviol
sorber mirror in
er experiment w
ing the MoS2 SA
6 μm, was oper

lse width and 
re measured wi
Figure 8 with 
wer is 4 W, the 
maximum repeti
8 μJ. The pulse
t reported elsew
the SA. The 

foliated from 
ndidate for use a

ure 7. Schematic d

ure  8.  Q‐switche

responding spectr

 kHz recorded at 2

onclusions 

In conclusion, 
n be used to gro
the growth of o
th dimensions o
flux method. T

ntrolled by adju
ew dislocation 

own by the Sn
DD) growth me
ge-scale MoS2 
foliation. Ultra

e Royal Society o

final states ar
locking effect 

onsequence, wh
er cavity, the la
wavelength ope
heets exfoliated
e absorbers（ 
MoS2 suspensi

et quartz glass
n the laser exp
was conducted
A, a passively 
rated with a Nd
repetition rate 
ith a digital osc
pulse width o
maximum outp

ition rate of 52
e width obtained
where in the lit

laser results 
the flux-grow
as the saturable

diagram of passive

ed  pulse  profile

rum centered at 1

2 μs per division. 

we have report
ow bulk MoS2 
other TMDCs m
of 3 mm × 5 m

The morphology
usting the cool
steps that app

n flux method 
echanism. From
films were obta

athin MoS2 fil

of Chemistry 201

re partially occ
such that the

hen a high-qual
aser will be mo
eration to pulse
 from as-grown
SA）in a solid
ion was uniform
 substrate to s

periment. The p
d with the setup
Q-switched las

d:YVO4 crystal 
of the passive

cilloscope. Typi
of 326 ns. Whe
put power of th

24 kHz and a si
d in our experim
terature11 using 

demonstrate 
wn MoS2 cryst
e absorber for Q

ely Q‐switched exp

e  with  pulse  wi

.06 μm, pulse trai

ted on a novel 
crystals. It can

materials. Bulk 
mm were succe
y and size of the
ing rate during

peared suggeste
follow a scre

m the bulk crysta
ained by the m
lms were used

12 

cupied in accor
e absorption w
ity MoS2 nanof

odulated and ch
ed operation.40 
n crystals, were
d state laser. T
mly applied dro
erve as the sat
passively Q-sw
p shown in Fig
er at a wavelen
as gain medium
ely Q-switched
ical pulses are s
en an incident 
he laser was 250
ingle pulse ene
ment is narrowe
PLD prepared 
that ultrathin 
tals is a prom

Q-switched SSL

perimental set‐up

dth  of  326  ns,

ns with repetition

Sn flux metho
n be widely ext

MoS2 single cr
ssfully grown b
e MoS2 crystal 
g crystal growth
ed that MoS2 cr
ew-dislocation-
als, highly crys
ethod of liquid-
d as a Q-swi

rdance 
will be 
film is 
hanged 
41 The 
e used 

The as-
opwise 
turable 

witched 
gure 7. 
ngth of 
m. The 
d laser 
shown 
pump 

0 mW, 
ergy of 
er than 

d MoS2 
MoS2 

mising 
Ls. 

 

 
,  Inset: 

n rate of 

od that 
tended  
rystals 
by the 
can be 
h. The 
rystals 

-driven 
stalline 
-phase 
itching 

eleme
width
pulse
 
Ack

Th
Green
gratef
Scien
51272
Found
Infrar
of Di

Note
 
1State
100, C
2Key L
ersity,

Corre

Xutan

 
1 M.

Na
2 Q. 

Na
3 H. 
4 B. 

Na
5 N. 

520
6 Z. 

and
7 H. 
8 K. 
9 D. 

As
10 K. 

105
11 S. 

Wa
12 R. 
13 P. 

198
14 J. N

Yo
15 Y. 

Y. 
232

16 S. 
Ka
4, 4

17 J. Z
Liu

18.Y. H
Y. 
20

19 W.
Aja

20 J. N
Yo
Sta
Bo
Shm
D. 

ent in laser ex
h of 326 ns, a m

energy of 0.48

nowledgmen

he authors appr
n State Univers
fully acknowle

nce Foundation
2129 and 513
dation, China 
red Physics (Z2
sciplines to Un

es and refer

Key Laboratory
China 
Laboratory of Fun
, Ministry of Edu

esponding Autho

ng Tao：txt@sdu

 Chhowalla, H. 
ature chemistry, 2

H. Wang, K. Ka
ature nanotechnol

Wang, H. Feng a
Radisavljevic, A

ature Nanotechno
Huo, S. Yang, Z

09. 
Yin, H. Li, H. L
d H. Zhang, ACS 
Hwang, H. Kim 
Chang and W. Ch
Voiry, H. Yamag
efa, V. B. Shenoy
F. Mak, C. Lee, J
5, 4. 
Wang, H. Yu, H

ang, Adv. Mater., 
Frindt, Journal of
Joensen, R. Frin
86, 21, 457-461.
N. Coleman, M. L
ung, A. Gaucher,
H. Lee, X. Q. Zh
C. Yu, J. T. W. W
20-2325. 
Balendhran, J. Z.

ats, S. Bhargava, 
461-466. 
Zheng, H. Zhang,
u and K. P. Loh, N
H. Lee, X. Q. Zh
C. Yu, J. T. W. W
12, 24, 2320-232

Zhou, X. Zou, 
ayan, B. I. Yakob
N. Coleman, M. L
ung, A. Gaucher

anton, H. Y. Kim
oland, J. J. Wan
meliov, R. J. Nic
W. McComb, P.

xperiments, wit
maximum outpu
 μJ  

nt.  

reciate the help
ity) for revising

edge financial 
n of China (G
23002), Shand
(ZR2014EMM

201401), and th
iversities in Ch

ences 

of Crystal Materi

nctional Crystal M
cation), Jinan, 25

or 

.edu.cn; Shanpen

S. Shin, G. Eda
013, 5, 263-275. 
lantar-Zadeh, A. 
logy, 2012, 7, 699
and J. Li, Small, 2
A. Radenovic, J.
logy, 2011, 6, 147

Z. Wei, S.-S. Li, J

Li, L. Jiang, Y. Sh
nano, 2011, 6, 74
and J. Cho, Nano
hen, ACS Nano, 2
uchi, J. Li, R. Sil

y and G. Eda, Nat
J. Hone, J. Shan a

H. Zhang, A. Wan
2014, 26, 3538-3

of Applied Physics
ndt and S. R. M

Lotya, A. O’Neill
 S. De and R. J. S

hang, W. Zhang, 
Wang, C. S. Chan

. Ou, M. Bhaskar
S. Zhuiykov and 

, S. Dong, Y. Liu,
Nature communic
ang, W. J. Zhang

Wang, C. S. Chan
5. 
S. Najmaei, Z. 

bson and J.-C. Idro
Lotya, A. O'Neill
r, S. De, R. J. S

m, K. Lee, G. T. K
ng, J. F. Donega
cholls, J. M. Perk
 D. Nellist and V

J. Name

th the resultin
ut power of 250

p of Dr. R. I. 
g the manuscrip
support by the

Grant Nos. 513
dong Provincia
M015), Nation
he Program of I
hina (111 Progra

ials, Shandong U

Maerials and Dev
50100, China 

ng Wang: wshp@

a, L.-J. Li, K. P.

Kis, J. N. Colem
9-712. 
2014, 10, 2165-21
. Brivio, V. Gia
7-150. 
J.-B. Xia and J. L

hi, Y. Sun, G. Lu
4-80. 
o Lett., 2011, 11, 
2011, 5, 4720-47
lva, D. C. Alves, 
ture materials, 20
and T. F. Heinz, P

ng, M. Zhao, Y. 
3544. 
s, 1966, 37, 1928

Morrison, Materia

l, S. D. Bergin, P.
Smith, Science, 2
M. T. Chang, C. 

ng and L. J. Li, A

ran, S. Sriram, S.
d K. Kalantar-Zad

u, C. T. Nai, H. S. 
cations, 2014, 5, 2
g, M. T. Chang, C
ng, L. J. Li and T

Liu, Y. Shi, J. 
robo, Nano Lett., 
l, S. D. Bergin, P.
Smith, I. V. Shv
Kim, G. S. Dues
an, J. C. Grunl

kins, E. M. Griev
V. Nicolosi, Scie

ARTI

., 2012, 00, 1‐3

g pulses havin
0 mW, and a sin

Bougton (Bow
pt. The authors 
e National Nat
321091, 512270
al Natural Scie
al Laboratory 
Introducing Tal
am No. b06015

University, Jinan, 2

vice (Shandong U

@sdu.edu.cn. 

 Loh and H. Zh

man and M. S. Str

181. 
acometti and A. 

Li, Sci. Rep., 201

u, Q. Zhang, X. C

4826-4830. 
28. 
T. Fujita, M. Che
013, 12, 850-855
Phys. Rev. Lett., 2

Chen, L. Mei an

8-1929. 
als research bull

. J. King, U. Khan
011, 331, 568-57
T. Lin, K. D. Ch

Adv. Mater., 2012

 Ippolito, Z. Vasi
deh, Nanoscale, 2

Shin, H. Y. Jeon
2995. 

C. T. Lin, K. D. Ch
. W. Lin, Adv. Ma

Kong, J. Lou, P
2013, 13, 2615-2
. J. King, U. Khan
vets, S. K. Arora
berg, T. Hallam, 

lan, G. Moriarty
eson, K. Theuwis

ence, 2011, 331, 

ICLE 

3 | 5 

ng a 
ngle 

wling 
also 
tural 
002, 
ence 

for 
lents 
5). 

250

Univ

hang, 

rano, 

Kis, 

4, 4, 

Chen 

en, T. 
. 

2010, 

nd J. 

letin, 

n, K. 
71. 
hang, 
2, 24, 

ic, E. 
2012, 

g, B. 

hang, 
ater., 

P. M. 
2622. 
n, K. 
a, G. 

J. J. 
y, A. 
ssen, 
568-

Page 5 of 6 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE  Journal Name 

6 | J.  Name., 2012, 00, 1‐3  This journal is © The Royal Society of Chemistry 2012 

571. 
21 S. Balendhran, J. Z. Ou, M. Bhaskaran, S. Sriram, S. Ippolito, Z. Vasic, E. 

Kats, S. Bhargava, S. Zhuiykov and K. Kalantar-Zadeh, Nanoscale, 2012, 
4, 461-466. 

22 A. Ubaldini, J. Jacimovic, N. Ubrig and E. Giannini, Crystal Growth & 
Design, 2013, 13, 4453-4459. 

23 H. J. Scheel, Journal of Crystal Growth, 1974, 24–25, 669-673. 
24 R. S. Chen, C. C. Tang, W. C. Shen and Y. S. Huang, Nanotechnology, 

2014, 25. 
25 H. Zhang, S. Lu, J. Zheng, J. Du, S. Wen, D. Tang and K. Loh, Optics 

Express, 2014, 22, 7249-7260. 
26 K. Wang, J. Wang, J. Fan, M. Lotya, A. O’Neill, D. Fox, Y. Feng, X. 

Zhang, B. Jiang and Q. Zhao, ACS nano, 2013, 7, 9260-9267. 
27 B. Xu, Y. Cheng, Y. Wang, Y. Huang, J. Peng, Z. Luo, H. Xu, Z. Cai, J. 

Weng and R. Moncorgé, Optics Express, 2014, 22, 28934-28940. 
28 M. G. Kanatzidis, R. Pöttgen and W. Jeitschko, Angewandte Chemie 

International Edition, 2005, 44, 6996-7023. 
29 T. Wieting and J. Verble, Phys. Rev. B, 1971, 3, 4286. 
30 J. Verble and T. Wieting, Phys. Rev. Lett., 1970, 25, 362. 
31 X. Zhang, W. Han, J. Wu, S. Milana, Y. Lu, Q. Li, A. Ferrari and P. Tan, 

Phys. Rev. B, 2013, 87, 115413. 
32 P. Hartman and P. Hartman, Crystal growth: an introduction, North-

Holland Publishing Company, 1973. 
33 A. Zhuang, J. J. Li, Y. C. Wang, X. Wen, Y. Lin, B. Xiang, X. Wang and J. 

Zeng, Angewandte Chemie, 2014, 126, 6543-6547. 
34 W. K. Burton, N. Cabrera and F. C. Frank, Philosophical Transactions of 

the Royal Society of London. Series A, Mathematical and Physical 
Sciences, 1951, 243, 299-358. 

35 L. Chen, B. Liu, A. N. Abbas, Y. Ma, X. Fang, Y. Liu and C. Zhou, ACS 
nano, 2014, 8, 11543-11551. 

36 L. Zhang, K. Liu, A. B. Wong, J. Kim, X. Hong, C. Liu, T. Cao, S. G. 
Louie, F. Wang and P. Yang, Nano Lett., 2014, 14, 6418-6423. 

37 W.-K. Burton, N. Cabrera and F. Frank, Philosophical Transactions of the 
Royal Society of London. Series A, Mathematical and Physical Sciences, 
1951, 299-358. 

38 W. Burton, N. Cabrera and F. Frank, Nature, 1949, 163, 398-399. 
39 W. Koechner, Solid-State Laser Engineering, Springer, 2006. 
40 S. Wang, H. Yu and H. Zhang, Photon. Res., 2015, 3, A10-A20. 
41 R. I. Woodward, R. C. T. Howe, G. Hu, F. Torrisi, M. Zhang, T. Hasan and 

E. J. R. Kelleher, Photon. Res., 2015, 3, A30-A42. 
 

 

 

 

 

 

 

 

 

 

 

 

Page 6 of 6CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


