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Abstract. The linear muffin-tin orhilal method is used with the atomic-sphere 
approximation to study the ground-state propenies, band slmctures and pressure 
dependence of the hand g a p  of zincblende GaN. The equilibrium lattice constant 
calculated is smaller than the experimental value by about 2%. It is found that the 
fundamental band gap is direcl from rlrv to rl. and that the value (3.90 ev) is in good 
agreement with the experimental value. The linear p m u r c  mefficient for this band 
gap is much smaller than thme for GaAs and Gal? The total density of states and local 
density of states are discussed. Moreover, :he band s:ruclure of wurczite GaN is also 
studied. It is found that the band gap of WuRZite GaN is smaller than that of zincblende 
GaN, which agrees well with the experimental results. 

1. Introduction 

Gallium nitride (GaN) has attracted much attention because of the foUowing two 
important properties. First, it possesses a wide energy gap in the ultraviolet region 
of the spectrum which makes it useful for fabricating near-ultraviolet optoelectronic 
devices, such as blue-light-emitting diodes [l]. Second, it is predicted to have a large 
saturated electron drift velocity [2], which results in a short transit time and thus 
allows the fabrication of high-frequency devices. 

Usually, most of the GaN film grown have a wurtzite structure (a-GaN) [3-5] 
and n-type conductivity with a high carrier concentration; p-type doping has met with 
little success. Recently, zincblende GaN (p-GaN) has been reported to be grown on 
various substrates. Paisley et nf [6] have reported the growth of zincblende GaN films 
on a closely lattice-matched pSiC(lo0) surface, using a modified molecular beam 
epitaxy (MBE) technique. The lattice constants of the films are about 4.54 k Lei et 
a1 [7l have reported the epitaxial growth of zincblende and wurtzite GaN thin films 
on a large-lattice-mismatched silicon(100) surface by electron cyclotron resonance 
microwave plasma-assisted MBE and found that the lattice constant for 0-GaN to be 
4.49 k Okumura et af [SI have grown GaN films on GaAs substrates and found 
that the films have the zincblende structure on the GaAs(lo0) surface and have the 
wurtzite structure on the GaAs(ll1) surface. They have also found that the band-gap 
energy of p-GaN is around 0.37 eV larger than that of a-GaN whereas, for other 
compound semiconductors such as Sic, ZnS and ZnSe 181, the band gaps of the cubic 
phase (zincblende) are smaller than those of the hexagonal phase (wurtzite). 
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Although there have been some theoretical studies on the electronic properties 
of a-GaN [%15], there have been very few theoretical studies on the electronic 
pIOpeRieS of P-GaN. In the present paper, we report the electronic band structures, 
pressure dependence of the band gaps and other ground-state properties of 0-GaN. 
In addition, we also calculate the band structure of a-GaN and the results obtained 
agree with the earlier theoretical results. 

2. Results and discussion 

In the present calculation, the linear muffin-tin orbital (WO) method [16,17] is used 
within the framework of the atomiosphere approximation (MA), which has proved 
to be reasonable for the open structure [18,19] if empty spheres are introduced 
at interstitial sites. The exchange-correlation potential is approximated by the von 
Barth-Hedin [20] parametrization. The 3d orbitals of the Ga atom are considered as 
the valence orbitals, since their energy levels are very close to that of the 2s valence 
orbital of the N atom. 

The calculated equilibrium lattice constant a" of P-GaN in the present work is 
4.40 84 which is smaller than the experimental lattice constant of 4.49 8, [6] by about 
2%. The bulk modulus Bo is 3.09 m a r .  lb our knowledge, no experimental value 
nor other theoretical calculation of the bulk modulus has been reported. Using the 
same method, we have obtained the bulk modulus Eo of p-Sic which is in very good 
agreement with experiments and other theoretical calculations [21]; therefore, the 
present value of the bulk modulus for 0-GaN is reliable. 

The calculated variation in V/V, for zincblende GaN is plotted in figure 1 for 
pressures up to 600 kbar. This pressure corresponds to a volume compression down 
to about 0.874V0 and the lattice constant is isotropically reduced by about 4% from 
its equilibrium value. The equation for V/V, is linear under 120 kbar pressure, and 
non-linearity occurs above this pressure. 

0 30 0 600 
Rkbar) 

Figure 1. Plot demonstrating Ihe equation oi state for zincblende GaN. 
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Figure 2. Electronic band structures of bulk P-GaN. The energy Zero point is chosen to 
be at the valence band maximum. 

The energy bands for P-GaN calculated with the L?.tTo method are given in 
figure 2. The zero-point energy is chosen to be at the valence band maximum. 
Some difference between the results shown here and the energy bands of other 111-V 
semiconductors exists. Fully filled 3d states of the Ga atom are located between s-like 
and p-like bands for p-GaN, while for other 111-V semiconductors these d states are 
located below the sp band. This is due to the interaction between Ga 36 and N 2s; 
the energy level of the 3d orbital of the Ga atom is very close to tbat of the 2s valence 
orbital of the N atom. This indicates that the Ga 3d orbitals must be included in 
the basis set as mentioned before. By comparing the band structure of 0-GaN with 
that of an elemental semiconductor, it is found that the valence band splits into three 
parts. The first part (between 0 and -6.0 ev) and the third part (between -15.0 
and -16.0 ev) are mainly contributed by Ga 3s and 3p and N 2s and 2p states. The 
second part near -12.0 eV consists of Ga 3d stat= mainly. The splitting value of the 
valence band at the special point X between the first and the second parts is about 
5.0 eV and is larger than those for GaP and GaAs (about 3.0 ev). This splitting is a 
measure of the ionicity, which indicates that p-GaN has a higher ionicity than GaP 
and GaAs do. This might be a consequence of the difference between the core sizes 
of N and Ga. 

The calculated energy bands for a-GaN are shown in figure 3. Similar to the 
energy bands of p-GaN, the N 2s and Ga 3d bands are localized and are not plotted 
in figure 3. The valence band given in the figure is contributed mainly by the N 2p 
and Ga 3s and 3p states. The present band structures for a-GaN agree qualitatively 
with other theoretical results [I>15]. 

It is found that the fundamental band gap of p-GaN is direct from rlsv to rlc 
and that of a-GaN is also direct from rc to rlc. Experiments show that p-GaN has 
a band gap larger than that of hexagonal GaN by about 0.37 eV [8]. The band gap 
of hexagonal GaN is about 3.50 eV [22], whereas the band gap of p-GaN is about 
3.87 eV [SI. The values calculated for the band gaps are 229 eV and 2.04 eV for 
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Figure 3. Electronic band struclurcs of bulk u-GaN. The energy zero p i n t  is chosen 
10 be at the valence band maximum. 
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Figure 4 "tal DOS for bulk P-GaN (-) and o-GaN (- - -). 

0-GaN and a-GaN, respectively, which are narrower than the experimental values 
by about 41%. As is generally known, this underestimation is a result induced by 
the local-density approximation (LDA). In order to improve the calculated results, the 
following approximate self-energy correction to the band gaps will be introduced. 

In general, a better calculation for taking into account the excitation energies is 
the GW approximation of Hedin [U] and Hedin and Lundquist [24]. However, it is not 
easy to calculate the self-energy. In order to overcome the difficulties, Bechstedt and 
Del Sole I251 have made a simplified tight-binding analysis of the GW approximation 
and obtained a simple analytic expression for the correction A to the LDA band gap: 

A = e'*/~/6(1+ 7 . 6 2 ~ )  (1) 

where co is the high-frequency dielectric constant taken from [22]. pTF is the Thomas- 
Fermi wavenumber and 

= 4TFKl- + - A t  (1 t Qp)rB1/2 (2) 
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where ap the polarizability as defined by Harrison [26] and only affects the band- 
gap COIreChOn slightly. A variation of 0.1 in ap gives a change of only 0.02 eV in the 
correction. A value of 0.6 can be appropriately chosen for ap [%I. rA and rB are 
the cation and anion ionic radii, respectively (251: 

rA = a f 4npA ( 3 4  

rB = a f4npg (3b) 
where a is a lattice constant, PA = 1.6 and pB = 1.8 for 111-V group semiconductors. 

When equation (1) is used to calculate the band-gap correction, the approximation 
7.621 > 1 is adopted, which is reasonable for most materials [SI. The result of band- 
gap correction is 1.61 eV It follows that the values of the corrected fundamental band 
gaps are 3.90 eV and 3.65 eV for p-GaN and a-GaN, respectively. The band gap of 
p-GaN is larger than that of a-GaN. Although the above correction is empirical, the 
results obtained are in good agreement with experiments. 

However, for other compound semiconductors the situation is different. Usually, 
the band gap of the cubic phase (zincblende) is smaller than that of the hexagonal 
phase (wurtzite). We have calculated the energy bands of silicon carbide. Within the 
LDA, the fundamental band gaps of P-SiC and a-Sic calculated are about 1.50 eV (211 
and 220 eV, respectively. By using the above correction, the high-frequency dielectric 
constant eo is also taken from [22] and the polarizability ap from [%I; it is found 
that the band-gap correction calculated from equation (1) is about 0.97 eV Then the 
corrected band gaps of PSiC and a-Sic are 2.47 eV and 3.17 eV, respectively. The 
above results are in good agreement with the experimental values [22]. 

It has also been found that the fundamental band gaps of both p-Sic and a S i C  
are indirect from rlsv to XI, for the zincblende structure and from rsv to MI, for the 
wurtzite structure. The value of the band gap for @-Sic is less than that for a-Sic. 
The calculated direct gaps at the r point for ,%Sic and a-Sic are 6.1 eV and 3.5 eV, 
respectively. The direct band gap at the r point of @-Sic is larger than that of a-SiC, 
which is simiiar to the fundamental band gaps of GaN. Moreover, it is found that 
the indirect band gap rlsv-X,, of P-GaN (4.79 ev) is smaller than the indirect band 
gap rsv-Mlc of a-GaN (6.22 ev) (see table 1). It can be seen that the direct band 
g a p  at the r point of zincblende GaN and Sic are larger than the direct band gaps 
of their respective wurtzite phases, whereas the indirect band gaps rlsv-X,, of their 
zincblende phases are smaller than the indirect band gaps r,,-M,, of their wurtzite 
phases. Since the fundamental band gaps of both p-GaN and a-GaN are direct at 
the r point, the fundamental band gap of P-GaN is larger than that of a-GaN. 

Table t Direct and indirect band gaps of gallium nitride and silicon carbide. 

Band gap (ev) 

r&-rlc repk r&-xlc rk-Mls 
u-GaN - 3.65 - 6.22 

oSiC - 350 - 3.17 
pOaN 390 - 4.79 - 

p-SiC 6.10 - 2.47 - 

The density of states (DOS) is calculated by means of the tetrahedron technique 
[27]. The total DOS of P-GaN and a-GaN in the energy region from -9 to 9 eV 
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is plotted in figure 4. There are two main peaks A and B at about 5.0 eV and 
1.0 eV for P-GaN and at 4.0 eV and 1.0 eV for a-GaN below the valence band 
maximum. These two peaks are mainly contributed by N 2p and Ga 3s and 3p states. 
By comparing the total DOS of P-GaN with that of a-GaN, it is found that they 
are very similar. This is because the difference between the zincblende and wurtzite 
structures lies only in the stacking order, whereas the bond lengths and bond angles 
of these two structures remain almost the same. N 2s and Ga 3d states localized 
at 15 eV and 12 eV below the valence band maximum are not shown in figure 4. 
The total DOS of a-GaN is in good agreement with the empirical pseudopotential 
calculation [12]. 

The local DOS of Ga and N atoms and empty spheres E, and E, for P-GaN is 
given in figure 5. It can be seen that the DOS of empty spheres in the valence band 
is negligible. The DOS of the N atom in the valence band is much larger than that of 
the Ga atom. 
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F@rr 5. Local ws for Ga and N atoms and the WO empty spheres of P-GaN. The 
vertical line indicates the valence band maximum. 

The pressure dependences of the fundamental band gap rlc-I',5v and the other 
band gaps X,,-I',, and L,,-r,, for P-GaN are plotted in figure 6. The gap X,, 
rlsv is almost constant at 3.18 eV, Le. this gap is not affected by the isotropic 
compression or expansion of the lattice constant. The gaps rlc-rl* and L,,-r,, 
increase monotonically with pressure varying from negative to positive. When the 
pressures are between -100 and 100 kbar, the variation is hear ;  otherwise it is 
non-linear. By using the least-squares fitting, as done in [Zl], the band gaps up to 
the second order in pressure can be expressed as 

r,c-rl* = 2.29 + 1.46 x 10-5, - 2.90 x 

bc-r,* = 5.39+ 1.55 x 1 0 - ~ ~  - 4.53 x  IO-?^^. 
(4) 

(5) 

In the above expressions, the energy is in electronvolts and the pressure in kilobars. 
The h e a r  pressure coefficient for the direct fundamental gap is 1.46 meV kbar-I; 
which is smaller than those of GaAs and GaP (about 10 meV kbar-') [22]. This 
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P(100kbar) 

Pigum 6. Pressure dependences of the band gaps of p-GaN: -, the i-lk-rlc gap; 
_ _ -  , the rIT*-LtC gap; . . . . . ., the ryv-xl. gap. 

small pressure coefficient for P-GaN might arise because the d-state energy for the 
N atom is much higher than those for the P and As atoms. The sublinear coefficient 
is also very small. The linear and sublinear coefficients for the hc-r1* gap have the 
same orders of magnitude as those for the fundamental gap. 

The experimental value in [ZS] for the linear coefficient of the direct band gap 
of a-GaN is 4.2 meV khar-'. The theoretical value obtained by Peilin et al [15] is 
4.1 meV kbar ' .  The present value for P-GaN (1.5 meV kbar-*) is small; however, 
it is meaningless to compare the linear coefficient of P-GaN with that of a-GaN 
because of the different structures of these two phases. 

3. Summary 

In summary, in the present paper the ground-state properties, electronic band 
structures and pressure dependences of the band gaps of p-GaN are calculated. 
The equilibrium lattice constant calculated is smaller than the experimental value by 
about 2%. The hulk modulus B, calculated is 3.07 M a r .  It is interesting that the 
fundamental gap of P-GaN (a-GaN) is direct from rlSv (r,) to rle Their values in 
the LDA calculation are underestimated by about 41%, whereas the corrected values 
using the model of Bechstedt and Del Sole [ Z ]  are in good agreement with the 
experimental values [S,22]. The fundamental band gap of P-GaN is larger than that 
of a-GaN whereas that of p-Sic is smaller than that of a-SiC. This might be because 
the fundamental band gaps are direct at the r point for GaN and indirect for SIC 
Moreover, it is found that the linear pressure coefficient for the band gap of 0-GaN 
is smaller than those of GaAs and Gap. 

References 

[I] Davis R E Sitar Z, Williams B E, Kong H S, Chimp H J, Palmour J W. Edmond J A, Ryu J, Glass 
J T and Carter C H Jr 1988 Mam Sci En& B 1 77 



882 Lu Wenchang et a1 

[Z] Das K and Feny D K 1976 Solid-Smle Ekcuon 19 851 
p] Akasaki I, Amano H, Koide Y, Hiramatsu K and Dwaki N 1989 3. Cy6t Growth 98 209 
141 Sasaki T, Matsouka T and Katsui A 1984 AppL Surf Sci 4 1 3  512 
[SI Sasalri T and Matsouka T 1988 J.  AppL Phys. 64 4531 
161 Paisley M J, Sitar Z Pmthill J B and Davis R F 1989 I VG Sri Tcdutd A 7 701 
[‘/I Lei T Fanciulli M, Molnar R J, Moustakas T D, Graham R J and Scanlon J 1991 AppL Phys. Len 

[SI Okumura H, Misawa S and Yoshida S 1991 AppL Phy. Leu 59 1058 
[9] Jon- D and Letlington A H 1969 solid Smfc C0”w 7 1319 

[lo] Bourne J and Jacobs R L 1972 I Phys C: Solid Stale Phyx 5 3462 
[11] Bloom S, Harbeke G, Meier E and Ortenburger I B 1974 P+ Smm So[rik’ b 66 161 
[lZ] Grinayev S H. Molachow W J and ~ I d y s Z R v  W A 1986 In! M a  FL (USSR) 29 69 
1131 Golrzyca I and Christensen N E 1991 Solid Smc C O ~ M M  80 335 
1141 Peilin P, Golrzyca 1. Suski 1: Teheyre H, G r z e g q  I and Christensen N E 1991 Acka Phys. POL A 

[lS] Peilin P, Gorayca I, Christensen N E, Gmgory I, g i i  H and Swki T 1992 Php. Rm B 45 

1161 Andersen 0 K 1975 Phys Rm B 12 3060 
1171 Sluiver H L 1984 27zc M O  M c M  (Berlin: Springer) 
[18] Gloml D, Segall B and Anderson 0 K 1980 Solid Stule Commun 36 403 
[19] Bachelet G B and Christensen N E 1985 Phys. Rm B 31 879 
[XI] w n  Barth U and Hedin L 1972 J.  P h p  C: Solid Slaie Phys 5 1629 
pl] Lu Wenchang, Zhang Kaiming and Xie Xide I993 3. Phyx: Condm.  M m  5 883-90 
p2J L~mdolr-Bdmrrcin New Sui- 1982 ~0117% ed 0 Madelm& M Shuh and H Weiss (B& Springer) 
[U] Hedin L 1965 Phys RN. 139 A796 
[24] Hedin Land Lmdquist S 1969 Solid Slale Physics vol 7.3, ed F Seitr, H Ehrenreich and D 3”ull  

1251 Bechsledt F and Del Sole R 1988 P h p  Rw. B 38 7710 
1261 Hanison W A 1980 E~cuonii S ” r e  and Propm’icc of Solids (San Francisco, CA: Freeman) 
1271 Jepsen 0 and Andersen 0 K 1971 Solid Sloe C o ”  9 1763 
[ZS] Camphausen D L and Connell G A N 1971 3. AppL Phys. 42 4438 

59 944 

80 421 

13307 

(New Yo*. Academic) p 1 


