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Abstract: First-principles density functional studies of the properties of zinc blende InN are presented. We

have employed density functional theory,as implemented in the CASTEP code, to investigate the electronic, e-
lastic and optical properties of the material zinc blende InN under hydrostatic pressure range up to 70 GPa. The
optimized geometrical lattice constant of InN in the ground state obtained by using generalized gradient approx-
imation is in good agreement with existing results and the lattice constants with pressure increasing. The calcu-
lated partial densities of states (PDOS) of the material have two regions in the valence band of InN. It is shown
that the PDOS is quite low in the vicinity of the Fermi level,implying that it tends to form stable structure but
has a poor conductivity. The elastic tensor components have linear scaling with pressure,C;; ,C;, and B have a
positive scaling with pressure. Whereas C,, and C, have a negative scaling. The absorption spectra move to-
wards the shorter wavelength direction. The shape of the spectra has almost no change when pressure increa-
ses. The results presented in this work is helpful for re-evaluating much of the pressure dependence of the

properties for the material InN.
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Introduction

Indium nitride(InN) is among the [l[-V nitride semiconductors. In the last two decades,InN and

its cousins,such as GaN and AIN, have attracted increasing attention due to both their technological

applications of optoelectronic devices in the blue and ultraviolet spectral region as swell as for high
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power electronics™ . In contrast to GaN or Ga-rich InGaN,which are regarded as efficient light emit-
ters even at relatively high defect concentrations,InN has been the least studied among the group [l
nitrides. Since InN usually has a hexagonal wurtzite phase, most of the research has been concentrated
on the InN wurtzite crystal lattice®* . Due to the progress made in the material InN cubic phase doping
and growing, there are some studies of the properties of the material InN in the zinc blende phase™® ™.
Experimentally,optical absorption studies™ on sputtered InN films suggested a fundamental band gap
of about 1.9 eV. However, some people studied”'*? the optical and electronic structure of molecular-
beam epitaxy (MBE) grown InN and In-rich group [l-nitride alloy films, the band gap of wurtzite
InIN was determined to be 0.7 eV by optical absorption, photoluminescence,and photo-modulated re-
flectance. The narrow gap suggested?! weaker pressure dependencies than those of GaN and AIN.

It is known that knowledge of the electronic structures of the material is very important for im-
proving quality of light devices. Study of the pressure effect of semiconductor could provide valuable
insight about these materials. Theoretically, by employing the Ceperley™'"” form exchange-correlation
functional , Saib'*’ studied the pressure induced phase transformation of the material by ab initio calcu-
lations,and their results were roughly in good agreement with the available experimental data. Ka-
noun'" predicted the pressure dependence of elastic modulus for zinc blende InN using full-potential
augmented-plane wave plus local orbitals (FP-APW+1Lo) calculations with density functional theory
in local density approximation, and they found a linear dependence of bulk modulus and elastic con-
stants with the pressure applied. Bouarissa studied the electronic and lattice properties of the zinc-
blende InN under high pressure'™ by using empirical pseudopotential method,and the dependencies of
electronic structure and lattice properties of InN with zinc-blende structure on hydrostatic pressure
were presented based on band structures computed using the empirical pseudopotential method. Still
others'™ studied the energy band structures of InN for few volumes corresponding to hydrostatic up to
10 GPa. The InN energy gap increases sublinearly with hydrostatic pressure with the pressure coeffi-
cient which was in quite good agreement with experimental data-'’.

Though there has been growing experimental and theoretical interests for pressure behaviour of
the electronic and structural properties for the group [l nitrides. However, uncertainties remain con-
cerning the basic aspects of the material InN,such as the band gap anomaly'"’. Furthermore, there has
much less investigations for zinc-blende InN,and in some case, the theoretical work was only studied
empirically™™. Up to now,no comprehensive studies are available regarding the electronic, elastic, and
optical properties of the zinc-blende InN under high pressure. Therefore,it has become necessary to re-
evaluate much of the pressure dependence of the properties for the material InN.

In order to provide some detailed information on the physical properties of zinc-blende InN under
high pressure,we have computed the electronic,elastic and lattice properties of zinc-blende InN using
the first-principles density functional theory (DFT) method. We will focus on the properties depend-
ence on hydrostatic pressure. In this work we present a first-principles investigation of the dynamical
properties of InN under high pressure. Firstly, we will study on the geometrical and the structural
properties of InN, Then a detailed analysis is performed to investigate the pressure induced effects on
the electronic,elastic and optical for zinc-blende InN. The paper is organized as follows:Sec. 2 presents
the calculation model and computational details,and then in Sec. 3 we present the results and discus-

sion. A short summary concludes the paper in Sec. 4.

2 Computational Details

The calculations were performed with the plane wave ultrasoft pseudopotential method implemen-
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ted in CASTEPM* ! quantum mechanics soltware package. Such calculations have been successful in
giving accurate and reliable structural and electronic information for a variety of systems"**3. To min-
imize the number of plane waves,we apply ultrasoft pseudopotential®’ to describe the ion-cor interac-
tion with the valence electrons.

The cut-off energy was selected as 400 eV, which ensures convergence of the total energy differ-
ence of the system to 1. 0 meV/cell. The generalized gradient approximation(GGA) , using Perdew'*”
exchange and correlation functional, was employed in the present calculations. In the optimization of
geometry,the Hellmann-Feynman™®! force on each atom was calculated. The atoms move under these
forces until no force exceeds some threshold value. This allows us to find the structure that is the nea-
rest local minimum to the starting configuration. The Pulay mixing scheme was used to achieve self-
consistency between the input and output potentials. For all these simulations, point group symmetry
was not enforced since small symmetry breaking may occur. The Monkhorst-Pack £-point sampling-*"
of 6 X6X6 mesh,was utilized to perform the integrations in k-space over the Brillouin zone, with the
grids for each cell chosen to be dense enough to converge the total energy to 1. 0 meV/atom. Zinc
blende InN belongs to cubic crystal system and the space group is F-43M(216). There are 4 In and 4 N

atoms in the conventional cell. In the calculations, the involved valence electron configurations are
N 25°2p° ,In 4d'°55°5p".

3 Results and Discussion

3.1 The Geometrical Properties of InN
We first optimized InN geometrical structures
of the ground state using the Hellman-Feynman

forcel®

. After geometry optimization by using
GGA , the lattice parameter a of the InN crystal is
0. 504 nm,which is slightly larger than the experi-
mental value 0. 498 nm"**'. In the process of geome-
try optimization, we found that when the pressure
is up to 80 GPa,there was a bond breaking in the
crystal structure. So, we study the properties of
InN under the pressures 0,10, 20, 30,40, 50, 60,
70 GPa. The relationship between the lattice pa-
rameter and pressure was shown in Fig. 1,it can be Fig.1 Calculated pressure dependence
seen that the parameter becomes smaller with the

of the lattice parameter
increase of pressure. This is due to the pressure (The inset in the figure shows the relationship
makes the crystal more compactable, so that the between the total energy and pressure)
lattice parameter becomes smaller. The inset in Fig. 1 shows the relationship between the total energy
and the pressure. It can be found that when pressure increases from 0 to 10 GPa, the total energy has a
slow increase. But when the material is under the pressure range from 20 to 70 GPa,the total energy
almost has a linear increase with pressure. This is due to the fact that with the pressure increases,the
potential energy becomes big,thus makes the energy large.
3.2 The Electronic Properties under Zero Pressures

The calculated partial densities of states (PDOS) and band structure of zinc blende InN under ze-

ro pressures are presented in the Figs. 2 and 3. It can be found from the PDOS in Fig. 2 that there two
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regions in the valence ban of InN,that is the lower band in the energy region —14.53 to —10. 74 eV
and the upper band in the region —5.69-0 eV. The upper band mainly consists of N 2p electrons,and
a few In 55 electrons. The In 4d electrons contribution to the majority of the lower band,and some N
2s electrons also make a little contribution to the lower band. There is a strong In 4d localized state at
—13.26 eV, much stronger in the intensity than that of the N 2s electrons. The conduction band is
mainly from In 5s5p,N 2p electrons, the density of states in this quite scattered. It can also be seen

from the band structure in Fig. 3,at point G,there is a direct band gap of 0. 34 eV.
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Fig. 2 (Color online) Partial density Fig. 3 (Color online)Band structure of zinc blende InN
of states of InN under O Pa. The % point coordinates are: X(0.5,0,0),
under 0 Pa R(0.5,0.5,0.5),M(0.5,0.5,0),G(0,0,0)

3.2.1 Densities of States of Atoms In and N

In order to observe the evolution of the electronic structure of atoms In,N under pressure in the
crystal InN,Fig. 4 and 5 show the partial densities of states (PDOS) distribution under the pressures
0,10,20,30,40,50,60,70 GPa for the atoms In,N in the InN crystal. From the figures,it can be found
that,with the increase of pressure,the electrons in the valence band moved slightly towards lower en-
ergy direction,whereas the electrons in the conduction band go towards the higher energy direction,
this will result in the larger band gap. Since In is a transitional element, the d electrons dominate the
physical properties,so we only discuss the densities of states of d electrons in Fig. 4. There are two
peaks when the pressure is relatively low,one peak is dominantly larger and sharper than the other,
this peak has strong locality. When the pressure is up to 60 GPa,the peak becomes slightly flat,and
has some splitting at 70 GPa. With the increase of pressure,the peak value of the PDOS is becoming
lower,and the d electrons DOS moves towards lower energy direction and distributes wider. It can be
found that at zero pressures,the DOS is in the region from —10. 28 to —14. 96 eV with energy width
of 2.41 eV. When the pressure is at 70 GPa,the DOS distribution region is in the —10. 42 to —16. 87 eV,
that is with width of 5. 04 eV, this width is more than double that of at zero pressure,and also has very
strong nonlocality. In Fig. 5,the N 25 electrons are mainly in the valence region. With increase of pres-
sure,the DOS moves towards lower energy direction,and distributes wider and the peak value is be-
comes larger. For the N 2p electrons,with the increase of pressure,the peak values of DOS in both va-
lence and conduction band become smaller. Especially those electrons which in the conduction band,
the peak value becomes obviously smaller and has strong nonlocality. The p electrons in the conduction
band move toward higher energy direction,and result in a larger band gap. We found that at zero and
high pressure,the DOS in the vicinity of the Fermi level is relatively low,indicating that the electrons

in the valence band have a smaller transition chance to the conduction band. This implies that it tends
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to form stable structure but has a poor conductivity. The N 25 and In 3d electrons have overlaps and
hybridization in the region from —10 to —15 eV ,indicating that hybrid phenomena appear at low pres-

sure,and the hybrid becomes not very obvious when pressure increases.
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Fig. 4 (Color online) Partial densities of states of Fig. 5 (Color online) Partial densities of states of
atom In in the material InN under pressure atom N in zinc blende InN under pressure

3.3 Elastic Constants of InN
For cubic zinc blende InN, the elastic components have the following relations
Ci = Cyy = Cy3,Cy = Cyy = Cy
Ciy = Cs5 = Cg.C, = (C,, —Cy)/2

Thus the symmetry has only 3 independent elements:C,, ,C,, and C,,,In Table 1,we summarize the
calculated elastic constants and bulk modulus of the material InN under 0 Pa. From Table 1,it can be
found that except C;, ,the calculated results are in reasonable agreement with other theoretical work.
In order to discuss the pressure dependence of the elastic property,we calculated the elastic contants
and bulk modulus in the pressure 0,10,20,30,40,50,60,70 GPa,and the results were illustrated in

Fig. 6. Fig. 6 shows that the elastic components

have linear scaling with pressure, C,;, C;; and B i;g_

have a positive scaling with pressure,that is, these 350k

values increase when the rising of pressure,where- = 300F

as Cy, and C, have a negative scaling. These can al- g 2500

so be found from the pressure dependence of the e- é 2001

lastic constants in Table 2. The constants C;; 5 Cys L%S 1501

and B are much larger than C,, and C,,suggesting 1(_)3: -

that the pressure has greater influence on C,,,Cy; ')0_ T 2
and B than on C,, and C,. The obtained results are 0 10 20 30 40 50 60 70
also in reasonable agreement with those in the Pressure/(GPa)

work of Kanoum’s """, For shear modulus pressure Fig. 6 (Color online) Elastic tensor constants of

dependence, it is shown that when the pressure is sinc blende InN as a function of pressure

about 55 GPa, C, has a negative value, implying

.[31-32]

that the InN is unstable. According to reported results ,for zinc blende InN under high pressure,

only when the elastic constant tensor components satisfy the following inequality,that is
Cy >0, Cy > ‘Cu ‘ ,Ch+2C, >0

Then InN crystal will reach dynamical equllibrium, so according to the above criteria, when the
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pressure is in the region 0-55 GPa,the InN structure is stable,otherwise it will be unstable.

Table 1 Elastic constants and bulk modulus for InN under 0 pressure

Method Cy, Cu C, C. B
This work 164. 23 93. 67 105.53 29. 35 124. 88
Theory'**! 206.57 117.73 112.7 44.135 144
Theory!*" 204 103 102 51 137

Experiment-*] 137

Table 2 Pressure dependence of the elastic constants and bulk modulus of InN

Reference ICy /dp ICy, /I p dB/dp 9Cy /Ip aC,/dp
This work 3. 45 4,49 4.52 —0.85 —0.51
Ref. [13] 3.852 4.925 4.56 —0.422 —0.536

3.4 The Absorption Spectra of InN

The absorption spectra of InN was shown in

4_
3
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trons in the lower valence. Since few electrons in Fig. 7 (Color online) Calculated pressure dependence

lower band can directly reach the conduction. so of the absorption spectra for zinc blende InN

most electrons have a two step transition:the first

step is from the lower valence to the upper valence,and the second is from the upper to the conduc-
tion. The two peaks have weak intensities. By comparing the spectra,it can be found that,with the in-
crease of pressure,the absorption peaks move towards the shorter wavelength direction, that is,a blue
shift. The shape of the spectra has almost no change when the pressure increases. This is due to the
fact that the structure does not have much change, only the lattice constants decrease proportionally

with the increase of pressure.

4 Conclusions

We have studied the electronic and optical properties of zinc blende InN under high pressures by
means of the first-principles method. It is shown that the lattice constants decrease with increasing
pressure. The electrons in the conduction band moves to the higher energy,and the valence band elec-
trons to the lower energy,the energy gap was broadened. The absorption spectrum under pressure has

a “blue shift”. The elastic constants C,, ,C,, ,B,C,,C,, were calculated and the evolution with pressure



563

WANG Xi-Cheng.et al:Density Functional Theory Studies of the Electronic and Optical Properties of Zinc Blende InN under High Pressure 659

was analyzed. It can be found that C,,,C,, and B increase with the rising of pressure,whereas C, and

C44 de

crease with increasing pressure. The results are in good agreement with the experimental data.

Acknowledgements: The authors would like to thank S. Clark and M. Springborg for many helpful discussions.

Refe

(1]
(2]

[3]

(4]

(5]

[6]

[7]

[8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

rences:

Morkoc H. Nitride Semiconductors and Devices [ M]. New York: Springer,1999.

Morkoc H, Mohammad S N. High-luminosity blue and blue-green gallium nitride light-emitting diodes [ J]. Science,
1995,267(5194) :51-55.

Sobolev V V,Zlobina M A. Optical spectra and electronic structure of indium nitride [J]. Semiconductors, 1990,
33(4) :385-390.

Carrier P, Wei S H. Theoretical study of the band-gap anomaly of InN [J]. ] App Phys,2005,97(3):033707-
033711.

Inushima T, Shiraishi T, Davydov V Y. Phonon structure of InN grown by atomic layer epitaxy [J]. Solid State
Commun,1999,110(9) :491-495.

Pugh S K,Dugdale D J,Brand S,et al. Electronic structure calculations on nitride semiconductors [J]. Semicondoc
Sci Technol,1999.14(1) :23-28.

Bouarissa N. Electronic structure and lattice properties of zinc-blende InN under high pressure [J]. Eur Phys J B,
2002,26(2) :153-158.

Tansley T L,Egan R J,Horrigan E C. Properties of sputtered nitride semiconductors [ J]. Thin Solid Films, 1988,
164 :441-448.

Walukiewicz W,Li S X,Wu J,et al. Optical properties and electronic structure of InN and In-rich group [ll-nitride
alloys [J]. ] Cryst Growth,2004,269(1):119-127.

Wu J, Walukiewicz W,Yu K M, et al. Unusual properties of fundamental band gap of InN [J]. Appl Phys Lett,
2002,80(21):3967-3969.

Ceperley D M, Alder B J. Ground state of the electron gas by a stochastic method [J]. Phys Rev Lett,1980,45(7) :
566-569.

Saib S,Bouarissa N. Ab initio lattice dynamics and piezoelectric properties of MgS and MgSe alkaline earth chalco-
genides [J]. Eur Phys ] B,2010,73(2),185-193.

Kanoun M B,Merad A E,Merad G,et al. Prediction study of elastic properties under pressure effect for zincblende
BN, AIN.GaN and InN []J]. Solid-State Electronics,2004,48(9):1601-1606.

Gorczyca I,Dmowski L,Plesiewicz J,et al. Band structure and effective mass of InN under pressure [J]. Phys Sta-
tus Solidi B,2008,245.:887-889.

Li S X, Wu J, Haller E E, et al. Hydrostatic pressure dependence of the fundamental bandgap of InN and In-rich
group [l nitride alloys [J]. Appl Phys Lett,2003,83(24) :4963-4966.

Payne M C,Teter M P, Allan D C,et al. Iterative minimization techniques for ab initio total energy calculations C
molecular dynamics and conjugate gradients [J]. Rev Mod Phys,1992,64(4):1045-1097.

Segall M D, Lindan Philip J] D, Probert M ], et al. First-principles simulation: Ideas,illustrations and the CASTEP
code [J]. ] Phys:Condens Matter,2002,14(11) :2717-2744.

Clark S J,Segall M D, Pickard C J,et al. First principles methods using CASTEP [J]. Zeitschrift fuer Kristallogra-
phie.2005,220:567-571.

Zheng G,Clark S J,Brand S,et al. First-principles studies of the structural and electronic properties of the polymer
poly-phenylene vinylene [J]. ] Phys:Condens Matter,2004,16(47) :8609-8620.

Zheng G,Clark S J, Tulip P,et al. Ab-initio dynamical study of poly-para-phenylene vinylene [J]. J] Chem Phys,
2005,123(2) :024904-024911.

Zheng G,Clark S J,Brand S,et al. Lattics dynamics of polymer polyaniline and poly(p-pyridyl-vinyline) ; First-prin-



660

BmooOE B #® ¥ %26 &

[22]
(23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

[32]

ciples determination [J]. Phys Rev B,2006,74(16) :165210-165217.

He K H,Zheng G,Kirtman B,et al. First principles study on the electronic structure and effect of vanadium doping
of BN nanowires [ J]. Solid State Commun,2010,150(15-16) :701-705.

Chen Q L, Tang C Q,Zheng G. First-principles study of TiO, anatase(101) surfaces doped with N [J]. Physica B,
2009,404(8-11):1074-1077.

Vanderbilt D. Soft self-consistent pseudopotentials in generalized eigenvalue formalism []J]. Phys Rev B, 1990,
41(11):7892-7895.

Perdew P J,Wang Y. Pair-distribution function and coupling-constant average for the spin-polarized electron gas
[J]. Phys Rev B,1992,46(20) :12947-12954.

Feynman R P. Forces in molecules [J]. Phys Rev,1939,56:340-343.

Monkhorst H J,Pack J D. Special points for Brillouin-zone integrations [J]. Phys Rev B,1976,13(12):5188-5192.
Kim K, Lambrecht W R L. Seagall B. Elastic constants and related properties of tetrahedrally bonded BN, AIN,
GaN,and InN [J]. Phys Rev B,1996,53(24):16310-16326.

Zhang S,Chen N X, Lattice inversion for interionic pair potentials [J]. ] Chem Phys,2003,118(9):3974-3982.
Sherwin M, Drummond T J. Gallium nitride (GaN) elastic moduli [J]. ] Appl Phys,1991,69(9) :8423-8427.

Yip S,Li J,Tang M,et al. Mechanistic aspects and atomic-level consequences of elastic instabilities in homogeneous
crystals [J]. Mater Sci Eng A,2001,317:236-240.

Sin’ko G V,Smirnov N A. Ab initio calculations of elastic constants and thermodynamic properties of bec,fec,and

hep Al crystals under pressure [J]. ] Phys:Condens Matter,2002,14(29) :6989-7005.

EETFIRNEH InN EERL

% EZ B

AR BEEH S AR,
R, ERE W, A
QL. b 3R 2% GRODOD 0= 5 B 2% B, Wb it 430074 ;
2 VTR 55 B TR A0 W dLEi 4300565
3. H 5 K2 (RO SRR S T A A 5T BT L AL R I 430074
4, E TR K2 RO M2 B LRI 430074)

BE. AAGEZRE L. HETHNET A WINAE S THEM. D FHERMEFHR,
RO T HMEEBRNERBEREHAS, AR TEET C,.C, .B.C,.C,, WA X F 70 GPa
EATHMEGTHMERNEAXR, £REFN.C.C, BHEERY AT A,C..C,, & &
BAMBEN HELEREAAZRMERERFEBRE, ENMF K, InN 9 9 &5 ¥E (PDOS)
HHAH AERKAMAFTERDN  EXHEMA T HREEEMF LT ARRE, X NET
AINAEGETHAFERARRLN, SH R FHEET @RS, THFEF @ KET 0 R
B ERSHETHREA AR KEEEINEARETESR”, HRERSARFBETNH
#7 A InNNWEN RFEREFEREAEEE N,

KR WHET InN; LM ¥ EZEE Rk

RESES: 0521.2 XERARIAEG : A



	f_朱瑞滨
	f_康彦龙
	f_李海涛
	f_黄超
	f_纪冲
	f_王猛
	f_崔杰
	f_姚小虎
	f_李万
	f_杨莉
	f_祖旭东
	f_哈跃
	f_郭则庆
	f_金山
	f_汪斌
	f_赵继波
	f_廖华林
	f_龚武霞
	2012-06.pdf
	f_2011-0071 董贺飞
	f_2012-0019 金  柯
	f_2011-0054 胡靖宇
	f_2011-0041 郑  伟,庞宝君
	f_2011-0081 闫鸿浩
	f_2011-0056 孙贵磊
	f_2012-0127 万  婕
	f_2011-0059 张新春
	f_2011-0094 王希成
	f_2011-0088 张东梅
	f_2011-0053 王新征
	f_2011-0040 丁迎春
	f_2011-0036 王荣波
	f_2011-0079 刘金宏
	f_2011-0066 蔡  杰,关庆丰
	f_2011-0043 王蓉蓉,廖小军
	f_2011-0027 徐伟杰
	f_2011-0044 罗  鑫



 
 
    
   HistoryItem_V1
   PageSizes
        
     动作：   使所有页面大小相同
     缩放：    不缩放(裁切或填补)
     旋转：                不变
     尺寸： 8.268 x 11.693 inches / 210.0 x 297.0 mm
      

        
     0
            
       D:20261019101758
       841.8898
       a4
       Blank
       595.2756
          

     Tall
     1
     0
     427
     256
    
     qi3alphabase[QI 3.0/QHI 3.0 alpha]
     None
     None
            
                
         1
         AllDoc
         169
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus3
     Quite Imposing Plus 3.0
     Quite Imposing Plus 3
     1
      

        
     0
     123
     122
     123
      

   1
  

 HistoryList_V1
 qi2base





