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Since the conduction-band structure of InP is still controversial, we perform an ab initio 
linear muffin tin orbital (LMTO) band structure calculation to obtain the valence bands with 
high accuracy. The LMTO is based OIl the local density approximation (LDA) which 
suffers from the well known "band-gap problem." We therefore combine our calculated 
valence-band energies with carefully evaluated optical data from the literature and confirm 
the interconduction-band separation energies IlErL=O.86±O.02 eV and t.Erx=0.96±O.02 
eV. We also give new empirical local pseudopotentiaI form factors adjusted to reproduce 
these experimental values. 

InP is an important material for optoelectronic 
devices. I With its low conduction-band mass (only slightly 
larger than for GaAs) it also has a potential for electrical 
high-speed-low-power applications. It has been found that 
higher electron velocities can be attained in InP over a 
longer distance than in GaAs for higher fields and launch
ing energies, mainly because the subsidiary conduction
band minima at Lj and X~ are located at higher energies in 
InP (anion at the origin). This gives a distinct advantage 
to InP, because higher applied voltages can be used in 
device applications.2 

For detailed simulations of InP-based devices, its 
conduction-band structure has to be known precisely. A lot 
of work has been done in the early 1970's,3-9 but even 
today the location of the subsidiary minima is 
controversial. 10-14 

In order to solve this controversy, we have performed 
an ab initio band-structure calculation using the linear 
muffin tin orbital (LMTO) method, based on the atomic 
sphere (ASA) in conjunction with local density approxi
mation (LDA), in order to obtain the valence-band ener
gies at r", XV, and LV with high accuracy. The self
consistent potentials are created with a scalar relativistic 
Hamiltonian, i.e., all relativistic effects except the spin
orbit coupling are included. 15,16 The valence-band energies 
thus obtained are given in Table L Results of a recent ab 
initio pseudopotential calcUlation 17 are also given in Table 
1. 

LDA band structures of semiconductors suffer from 
the wen known "band-gap problem": the gap is calculated 
too smal! by 50-100%, but experience shows that the va
lence bands nevertheless agree well with photoemission 
data (see Table I and Ref. 18). These difficulties can be 
overcome by calculating the quasi-particle energies of the 
screened electron-hole pair in the OW approximation,19,20 
but to our knowledge no such calculation has been per
formed for InP. We therefore use optical data to find the 
energies of the higher lying conduction-band minima. 

The energy gap El between the highest valence and 
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lowest conduction bands along the A direction can be 
found from modulation spectroscopy with high accuracy. 
Lautenschlager et at.? e.g., report E] = 3.355 ±O.005 eV 
at 30 K (spin-orbit splitting removed). Using this along 
with the value £(L3) = ~ 0.98 eV obtained from the 
band-structure calculation or photoemission data 18 and the 
low-temperature band-gap value of Eo = 1.46 eV (see Ref. 
21, spin-orbit splitting removed), we obtain LlE[,£=0.91 
eV (see Fig. 1), in rather good agreement with the result of 
Alekseev and co-workers,l3 who found t.ErL=O.86±O.02 
e V from hot luminescence experiments under uniaxial 
strain.22 

Dumke et al. 9 have performed infrared absorption 
measurements in n-type InP at 77 K. They find a sharp rise 
in the absorption coefficient at 0.91 ±0.01 eV which is at
tributed to transfer of electrons to a satellite vaHey. After 
subtracting the energy of the phonon involved in the indi
rect transition (40 meV), their data agree with those of 
Ref. 13. We therefore conclude that the L1 minimum at 
about 0.86 eV is the lowest side valley in InP. Similar 
transmission measurements have found the energy of the 
lowest side valley in GaAsY On the other hand, Onton 
and co-workers} observed indirect interconduction-band 
transitions in wavelength-modulated absorption at 
0.483±O.01S eV (GaAs) and O.960±O.OO5 eV (InP) , 
after subtraction of the intervalley phonon energies. In 
analogy with GaAs (ilErx =0.480 eV) we assign 
AE['x=O.96±O.OI eV for InP. This also explains the ori
gin of the shoulder just below 1 e V observed by Alekseev et 
al. in their hot-electron luminescence measurements.!3 We 
conclude that the gap at X between the highest valence 
bUIld and the lowest conduction band is 4.82 eV. Although 
this gap cannot be observed in ellipsometry, its energy 
should be dose to that of E2 which was found at 4.96 eV by 
Lautenschlager et alY Onton et al. 3 also found a structure 
near 0.86 eV which they associated with donor levels as
sociated with XI, but which could also be due to transitions 
to Ll. 

This assignment is in disagreement with other experi
ments; Wada et al. 14 obtain ..:lEn =0.39 eV from an anal
ysis of capacitance measurements. Using photoemission 
with very high-energy resolution,24 t.ErL =O.52 and 0.64 
eV have been found in Refs. 4 and 11. These results, how-
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TABLE 1. Valence-band energies for InP from LMTO and EPM band-stfllcture calculations and photoemission experiments (in eV, without spin-orbit 
sp1ittings) . 

InP rt r" 15 Li Lj L" J 
XI, Xv 

J X5 r 1 1'" 15 V' 'I 1.) Xj X' j 

LMTO" 11.59 0.0 -·9,89 - 5.93 - 0.98 ·9.24 - 5.93 - 2.40 0.50 4.23 1.30 4.94 1.68 2.30 
EPM - 11.34 o.a - 10.16 - 5.02 - 0.73 - 9.73 ·5.23 -- 1.83 1.45 4.83 2.32 5.54 2.43 3.22 
ARPESb - 11.4 0.0 - 10.0 -- 1.0 -·9.6 -5.9 - 2.45 1.46 5.3 2.8 
l'Spa., -11.16 0.0 -- 9.73 '- 5.54 . -0.85 - 9.14- - 5.59 - 2.12 0.98 1.60 1.68 

"Straight LDA calculation (uncorrected). 
bAngulaT-resolved photoemission and inverse photoemission data, see Ref. 18. 
cAb initio norm-conserving pseudopotential calculation from Ref. 17. 

ever, can be directly ruled out by comparison with ultrafast 
luminescence,12 hot-electron luminescence,13 and infrared 
transmission. ') 

Extrapolations of the energy position of the Xl point 
from Ga)n\ _ xP alloys8 agree with the assignment given 
above, but are not very reliable as these materials are direct 
for x < 0.7, in which case indirect transitions from r l5 to 
X~ are not observable. By applying hydrostatic pressure,25 
it is possible to determine the energy of Xl for an aHoy with 
x as low as 0.36. In pure InP, however, the pressure for the 
direct-indirect crossover is close to a phase transition, 
therefore E(X)) cannot be found with accuracy.26 Pitt and 
co-workersS

-
7 have performed Han-effect measurements 

under high pressure. Their analysis depends on many pa
rameters that were not wen known, like the masses i.n the 
subsidiary minima and the pressure coefficients of the 
interconduction-band separations. From ab initio pseudo
potentia127

,28 and LMT029 calculations based on the LDA, 
these pressure coefficients are now well established 
(4.0±O.SX10 2 and -1.5±LOXW- 2 eV/GPa for L1 
and Xl' relative to the position of the valence-band maxi
mum). With. the interconduction-band separations given 
above, the data of Pitt and co-workers can only be ex
plained if one assumes that the mass at L in lnP is a 
mUltiple of that in Ge, which is not reasonable. We there
fore believe that the data of Pitt have to be analyzed in a 
different way. 

The inversion asymmetry splitting 8 = E(X:i) 
- E(Xj) (heteropolar gap) at the X point in the conduc

tion band (see Fig. 1) has been estimated in ab initio band
structure calculations29

,30 to be about 0.5 eV, but this value 

FIG. 1. Band structure of InP, calculated with the EPM form factors 
given here. The discontinuities are due to the finite cutoff. 
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may be influenced by the band-gap problem inherent to the 
LDA. Recent photoemission measurements!] suggest that 
this splitting could be lower (about 0.2 e V). On the other 
hand, InP (jf = 0.53) is much more ionic than GaAs 
if; = 0.31). Here, f is Phillips's ionicity3l as calculated in 
Ref. 32. As (j is a measure of ;; (see Ref. 33), 15 should be 
much larger in InP than in GaAs (8 = 0.4 eV, see Ref. 
34). 

The density-of-states mass at the Ll point in InP (for 
one vaHey) is probably35 similar than that in GaAs and Ge 
(O.22mo), if one discards the results of Pitt. 5 The mass in 
the Xl valley is probably higher than in the L'l vaney, 
probably between O.S and l.Omo, based on experiments by 
Pitt' and on the results for GaAs.2 

In order to facilitate device simulations, we have ad
justed the empirical pseudopotential (EPM) form factors 
for InP (Ref. 36) to coincide with the most reliable exper
imental transition energies. The interconduction-band en
ergies have been weighted higher in the fitting procedure 
than the valence energies. The band energies thus obtained 
are also given in Table I (EPM). We suggest the following 
pseudopotential form factors for InP (compare Ref. 36): 

Vs (3) = - 0.2397 

Vs (8) =0.0091 

Vs( 11) =0.0722 

These form factors are meant to be used in the Cohen
Bergstresser scheme with a cutoff of El = E2 = 14 (see 
Ref. 36), corresponding to 4.5 Ry or about 60 plane waves. 
From these form factors we obtain a value of {j = 0.79 cV, 
which may seem rather large. However, alternative sets of 
form factors that give smaller values of {j and the correct 
values of !:iEn and AErx will shift the lowest valence band 
down (Le., increase the heteropolar gap in the valence 
band) and overestimate the conduction-band mass at ri. 
With our pseudopotential form factors this mass is 
m = O.08mo, in reasonable agreement with experiment 
(m = O.077mo)' Note that the EPM calculations confirm 
that the r) mass of InP is larger than that of GaAs al
though the Eo gap is smaller. 
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We conclude that the interconduction-band separa
tions in InP are t.El'L=O.86 eV and ~Erx=O.96 eV. We 
have shown that first-principles band-structure calcula
tions for the valence bands can be ased in conjunction with 
ellipsometric data for optical interband transitions to reach 
conclusions about the conduction-band structure of semi
conductors. This infonnation will be useful for future sim
ulations of intervalley scattering in optical or electrical de
vices based on InP. 
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