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Soft-x-ray fluorescence spectra of III-V phosphides BP, GaP, and InP

L. Lin, G. T. Woods, and T. A. Callcott
Department of Physics and Astronomy, The University of Tennessee, Knoxville, Tennessee 37996-1200

~Received 27 September 2000; published 14 May 2001!

The valence band electronic structures of the III-V phosphides BP, GaP, and InP were investigated using
soft x-ray fluorescence spectroscopy and compared with band structure calculations using full-potential linear-
ized augmented plane wave method based on density functional theory. The PL2,3 spectra of these phosphorus
compounds are reported and compared with the calculated (s1d)-local partial densities of states~LPDOS’s!.
For BP, the BK spectrum is also reported. Generally good agreement is obtained between the spectra and
calculated LPDOS’s. Two other interesting results were found. The normally suppressed PL1 spectrum was
observed in resonance with the BK spectrum of BP. Also, strong resonant inelastic x-ray scattering was
observed at the GaM2,3 edge associated with energy loss to local electronic excitations from the Gad states,
permitting the Gad states to be accurately located with respect to other band features.

DOI: 10.1103/PhysRevB.63.235107 PACS number~s!: 78.70.En, 71.20.Mq
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I. INTRODUCTION

The semiconducting III-V phosphides have attracted c
siderable interest in solid state physics because of their
ful electronic properties. These materials are significant
the production of electronic devices, e.g., GaP has been
as a material for light emitting diodes~LED’s!, and InP is
especially important for the design of transferred-elect
devices. Because of their extensive applications, a great
of experimental and theoretical1–16effort has been devoted t
the study of the energy band structures and related prope
of these materials. However, most of the soft x-r
emission17–19 studies were carried out in the 1970’s a
1980’s using electron excitation. Recently, the PK emission
spectra of III-V phosphides and a few transition-metal ph
phides have been measured.20

In the present work, we used soft x-ray fluorescen
~SXF! spectroscopy to study the element- and angu
momentum-selected densities of states in the valence b
of the III-V phosphides BP, GaP, and InP. The PL2,3 spectra
of these phosphorus compounds were measured, and
band structure calculations were carried out within the d
sity functional theory.21,22 The comparison between the
L2,3 spectra and the correspondings1d local partial densi-
ties of states~LPDOS’s! of these phosphorus compounds
reported. A generally good agreement between calcula
and experiment is obtained. Besides this, two other inter
ing results are found. A surprising result is that the norma
suppressed PL1 spectrum was observed in resonance w
the B K spectrum. Also, resonance inelastic x-ray scatter
~RIXS! was observed at the GaM2,3 edge associated with
energy loss to local electronic excitation from the Gad
levels. This measurement permits thed states to be located
accurately with respect to the valence bands of the syste

II. EXPERIMENTAL PROCEDURES

The experiments described here were performed at
soft x-ray fluorescence end-station of beamline 8.0 of
0163-1829/2001/63~23!/235107~9!/$20.00 63 2351
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Advanced Light Source~ALS! at Lawrence Berkeley Na
tional Laboratory ~LBNL !. This beam line consists of a
5-cm-period undulator and a spherical grating monoch
mator, which delivers x rays in the energy range betwe
100 and 1000 eV with high resolution and intensity. T
light from the undulator is passed through a high-resolut
spherical grating monochromator and then directed to
sample chamber. The photon flux from the monochroma
is estimated to be 1013 photons per second into a focused lin
of 200 mm32 mm with a maximum resolving power o
10 000. For the more modest resolving powers of<1000
used for soft x-ray fluorescnece studies, the monochrom
delivers fluxes of approximately 1014 photons/sec into a fo-
cused line of 200mm32 mm aligned with the entrance slit o
the emission spectrometer.

The soft x-ray fluorescence end-station consists of a R
land circle grating spectrometer with a photon-counting a
detector and an ultrahigh vacuum sample chamber.
sample chamber has anXYZ-u sample manipulator and
sample load lock for quick sample exchange. The grat
chamber utilizes four interchangeable gratings to permit c
erage of the energy range from 40 eV to 1000 eV with e
cellent resolution. The grazing incidence spectrometer ha
fixed entrance slit rigidly mounted on a flange in the sam
chamber. The photon-counting area detector is mounted
gent to the Rowland circle. It is scanned on the Rowla
circle by a precisionXYZ-u table that permits differen
Rowland circles~5 m and 10 m! to be utilized for low- and
high-energy spectra. The detector consists of a stack of
crochannel plate output to a shaped resistive sheet, w
provides true photon-counting detection with a measu
resolution of less than 50mm. The pixels of the 25-mm-
diameter detector are binned electronically to provide a re
lution of approximately 100mm in the dispersion direction
and 1.5 mm in the transverse direction. The 1.5-mm str
are shifted by software to remove curvature in the spec
The detector is limited to a total count rate of about 15

counts/sec, so that it is not suitable for use with intense sp
tra. For the phosphorus spectra at about 135 eV, the s
trometer~with a 100-mm entrance slit, a 600-line/mm, 10-m
©2001 The American Physical Society07-1
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TABLE I. Parameters used in the LPDOS calculations for BP, GaP and InP.

BP GaP InP

Lattice type fcc fcc fcc
Lattice constants a054.538 Å

~58.58 a.u.!
a055.4505 Å
~510.30 a.u.!

a055.8687 Å
~511.09 a.u.!

Muffin-tin radiusRMT ~a.u.! B: 1.85 Ga: 2.0 In: 2.0
P: 1.85 P: 2.0 P: 2.0

No. k points/BZ 3000 3000 3000
No. plane waves 170 278 336
No. Kohn-Sham eqs. 8 18 24
Total charge/unit cell 20 36 64
Cutoff parameter~a.u. Ry! 8.0 8.0 8.0
Core/valence cutoff energy~Ry! -6.0 -6.0 -6.06
Core electrons B:@He# Ga: @Ar# In: @Ar#3d104s2

P: @Ne# P: @Ne# P: @Ne#

Valence electrons B: 2s22p Ga: 3d104s24p In: 4p64d105s25p
P: 3s23p3 P: 3s23p3 P: 3s23p3
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Rowland circle! has an energy resolution of about 0.4 e
The optical plane of the emission spectrometer is in the h
zontal plane and the sample rotation axis is vertical, so
spectra are excited withp- rather thans-polarized light. Fur-
ther details of the properties of the SXF spectrometer
described elsewhere.23

If the spectrum covers a wider energy range than can
acquired in a single scan, then the detector is moved a
the Rowland circle and several overlapping scans are
quired. These overlapping spectral segments are then jo
smoothly. Calibration of the spectrometer in the ene
range of present experiments are based on known x-ray
features. The exciton peak of hexagonal BN at 188 eV w
used as a calibration for the PL2,3 and BK spectra reported
here.

The materials studied in this paper were purchased f
the Alfa/Aesar Research Chemicals. Because many of th
materials are sensitive to moisture, samples were prepare
nitrogen bags with extra care to reduce the chance of ox
tion before measurements could take place. Powder sam
were first poured into a pellet die and then pressed b
hydraulic pump at pressures about 8000 psi to form sm
pellets to improve the emission intensity. The exposure t
was shortened by keeping the freshly made samples in
nitrogen bag until they were ready to be moved to the sam
transfer arm and then transferred to the sample cham
when pressure in the sample chamber is pumped dow
workable pressure. The working pressure is 131028 torr or
better. Unwanted oxygen contamination of the samples
readily detected from the presence of sharp emission l
associated with the phosphate complex.

III. CALCULATIONS

III-V phosphides crystalize in the cubic zinc-blende stru
ture, and each atom is tetrahedrally coordinated by atom
23510
.
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the opposite kind. The atom positions of these phospho
compounds are listed in Table I. In the past, various cal
lational methods have been applied by different investiga
to study the electronic structures of a number of import
semiconductors including III-V phosphides. Among the
Cohen and Bergstresser7 used the empirical pseudopotenti
method and calculated the band structures and pseudop
tial form factors for a number of semiconductors of the d
mond and zinc-blende structures; speculating that a pu
local pseudopotential technique could not yield satisfact
results, Chelikowsky and co-workers9,10 employed an em-
pirical nonlocal pseudopotential method and recalculated
band structures and density of states of several diamond
zinc-blende semiconductors. But these methods used
sp3 basis and did not include the contribution ofd state in
the calculations.

To take into account thed state contribution in the calcu
lations, we used an all-electron full-potential approach wit
linearized augmented plane wave~LAPW! basis, the full-
potential ~FLAPW! method, as implemented in theWIEN97

code.24 The exchange and correlation were treated with
generalized gradient approximation~GGA! using the param-
etrization of Perdewet al.25 Core electrons were treated rel
tivistically, and all the valence electrons were treated s
consistently. For the purpose of reducing the computatio
load, all of the band structure calculations presented h
were carried out by first converging the total energy
within 1024 Ry with 1000 k points in the Brillouin zone
~BZ!. Using this new starting potential, they were then
converged again to within 1024 Ry with 3000k points in the
BZ. In addition, in all of the calculations, data were norma
ized to set the energy at the top of the valence band equa
0 eV. Local partial densities of states were determined
means of the modified tetrahedron method of Blo¨chl et al.26

It is called LPDOS because it is selective to elements~local!
7-2
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FIG. 1. Calculated local partia
densities of states for BP.
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and selective to angular momentum~partial!. The element-
and angular-momentum-selected LPDOS’s are shown
BP, GaP, and InP in Figs. 1–3. The location of critical poi
in the calculated valence band are shown for the total D
for P in BP in Fig. 1.9,27

IV. RESULTS AND DISCUSSION

A. PhosphorusL 2,3 spectra of BP, GaP, and InP

In Figs. 4 and 5, the PL2,3 soft x-ray fluorescence spectr
are compared with the correspondings1d local partial den-
sity of states of BP, GaP, and InP. These experimental s
tra are excited well above the threshold so that they are
mal fluorescence spectra that can be appropriately comp
to the calculated LPDOS’s. These spectra are similar to
another with minor differences. The peak in the lower v
23510
or
s
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lence band~LVB ! of the normal fluorescence spectra is d
rived from the phosphorus 3s states, and the peaks in th
upper valence band~UVB! are derived primarily from state
of s-like symmetry associated with the covalent bonding b
tween phosphorusp and cations states in these compound
These spectral features change little with increasing exc
tion energies, and there is no threshold effect observed
these phosphorusL2,3 spectra.

In Fig. 4, two well-resolved peaks in the lower valen
band are observed in the phosphorusL2,3 spectrum of BP.
These two peaks in the LVB are separated by about 1.2
This splitting in the low-energy peak is also shown in t
density of states calculation of BP. The splitting in this low
energy peak is not clearly resolved in PL2,3 spectra of GaP
or InP, reported in Fig. 5. From the LPDOS calculations
BP, GaP, and InP, we can see that the splitting in low-ene
7-3



l

L. LIN, G. T. WOODS, AND T. A. CALLCOTT PHYSICAL REVIEW B63 235107
FIG. 2. Calculated local partia
densities of states for GaP.
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peak in BP is greater than that in GaP or InP. Therefore,
reasonable not to resolve the splitting in PL2,3 spectra of
GaP and InP.

The P L2,3 SXF spectra of both GaP and InP show
high-energy shoulder on the lower valence band. The sh
der is not well resolved in BP but broadens the upper edg
the spectra spaced about 1 eV above the peak value.
shoulder results from the 1-eV spin-orbit splitting of pho
phorus 2p1/2 and 2p3/2 core levels. More specifically, th
main peak in LVB results from phosphorus 3s electrons fill-
ing the 2p3/2 states, and the high-energy shoulder resu
from 3s electrons filling the 2p1/2 states.

Both gallium and indium have filledd shells, and theird
bands are located several electron volts below the lower
lence band. The valence band gap of several electron v
between the lower and upper valence bands is related to
23510
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lack of an inversion center in the zinc-blende lattice and
electronegativity difference between the cations~Ga, In! and
phosphorus.16 Since thed electrons in phosphides of gallium
and indium lie at deeper positions below the valence ba
they do not participate directly in the bonding. Howeve
because of the repulsive effect of thed bands of Ga and In,
which lies near the bottom of the valence band, the m
peaks in theL2,3 spectra of phosphides of these metals ha
a smaller binding energy than those of the other III-V pho
phides.

The PL2,3 spectra for the three compounds are compa
in Fig. 6. We observe that the peaks at the LVB shift towa
the high energy from BP to GaP to InP with increasing io
icity of compounds. In general, two interesting trends can
established from an overview of the SXF spectra of th
III-V phosphides. First, when the lattice constant increa
7-4
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FIG. 3. Calculated local partia
densities of states for InP.
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the valence bandwidth decreases. Second, when the
pound becomes more ionic, the gap occurring in the vale
band increases. In the calculations by Chelikowsky a
Cohen,10 these trends were indicated for the III-V galliu
and indium compounds as well, and the second trend
attributed to the changes in the antisymmetric part of
pseudopotential and ionicity.28

Peak positions in the spectra are compared with equ
lent features of the LPDOS calculation in Table II. Tabulat
energies are binding energies measured from the top of
upper valence band of theL3 spectrum. This energy is take
to be 1.0 eV below the extrapolated position of theL2,3 spec-
trum in order to account for the contributions of theL2 spec-
trum. These positions are indicated in the table forEa . From
Table II, we can see that a good measure of the bandwidt
the UVB is given byEe2a . The location of the LVB is given
23510
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by Ef 2a . The calculated heteropolar gapEf 2e is smaller
than the experimental value.

B. Boron K spectra of BP

BP shows especially interesting structure changes in
x-ray fluorescence spectra at the boronK edge as shown in
Fig. 7. The structural features are those labeled asa through
f in Fig. 4, which can be directly associated with density
states features seen in the band structure calculations.
observe that the spectral features change dramatically w
6 eV of the threshold. At excitation energyhn in5188.3 eV,
the fluorescent peak starts to show. As the excitation ene
increases from 189.3 eV to 191.2 eV, the peak indicated
the figure by a dashed line tracks the elastic peak and s
toward higher energy; the energy separation between
7-5
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peak and the elastic peak is about 6.8 eV. This tracking
elastic and inelastic features is the signature of the R
process, which is discussed further in the following sect
of this paper. We also notice that athn in5191.2 eV, the
elastic peak resonates strongly, the intensity of the peak
cated at 186.1 eV~arrow! is enhanced. Then, athn in
5193.0 eV, a second resonance is observed in the el
peak and another intensity enhancement of peak~e! located
at 178.6 eV~arrow! is observed.

The first resonance in the elastic peak athn in5191.2 eV
is associated with excitation to a core-exciton state near
bottom of the conduction band minimum. We believe th
the second resonance in the elastic peak and the accomp
ing enhancement of the emission peak~e! is associated with
the presence of theL1 threshold for phosphorus, which lies
eV above the BK edge. Two features identify the spectru
excited at 193 eV as being associated in part with a PL1
spectrum. First, a second resonance appears in the e
peak 1 eV above the BK resonance, and second, the stron
enhanced peak~e! is also strongly intensified in thep
LPDOS of P shown in Fig. 1. Normally anL1 emission
spectrum is not observed for phosphorus and other light
ements, but is suppressed by nonradiative deexcitation
cesses. In this case, however, since the phosphorusL1 edge
is only 1 eV higher than boronK edge, we believe that reso
nance coupling between the BK and PL1 excitations greatly
enhances radiative decay to the PL1 level in this material. It

FIG. 4. Comparison of PL2,3 and B K spectra of BP with
calculated LPDOS’s.
23510
f
S
n

o-

tic

e
t
ny-

stic

l-
o-

may be significant that this peak in the Pp states is strongly
hybridized with Bs states as may be seen in the LPDOS’s
Fig. 1.

C. Gallium M 2,3 spectra of GaP

Although no significant changes are observed at the PL2,3
edge, the situation is very different near the GaM2,3 edge
where inelastic scattering dominates the observed spectr
the resonant inelastic x-ray scattering process, the incid

FIG. 5. Comparison of PL2,3 spectra of~a! GaP and~b! InP
with calculated LPDOS’s.

FIG. 6. Comparison of PL2,3 spectra among BP, GaP, and In
7-6
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photon loses energy to an electronic excitation, and is
tected at a lower energy, coincident in energy with the n
mal x-ray emission process. An example of this scatter
process was reported by Zhouet al.29 at the ZnM2,3 edge in
ZnS and Zn2SSe. This scattering is described as a seco
order perturbation effect.30–32 One of the important feature
of the RIXS process is that the energy losses are determ
only by the energy difference between initial and final stat

FIG. 7. BK spectra of BP excited near threshold. The excitat
energy is indicated on the right.

TABLE II. The energy separations between peak positions i
L2,3 spectra of III-V phosphides in experiments and calculations

BP
~B K edge!

BP
~P L edge!

GaP
~P L edge!

InP
~P L edge!

Eb2a expt.~theory! 2.2 ~1.8!
Ec2a expt.~theory! 3.9 ~3.6!
Ed2a expt.~theory! 6.0 ~5.8!
Ee2a expt.~theory! 8.4 ~7.9! 7.8 ~7.8! 6.1 ~6.1! 4.8 ~5.2!
Ef2a expt.~theory! 11.8~10.6! 11.4~10.5! 9.9 ~9.3! 9.5 ~8.9!
Eg2a expt.~theory! 12.4~11.9! NAa ~10.1! NAa ~9.5!
Ef2e expt.~theory! 3.4 ~2.7! 3.6 ~2.7! 3.8 ~3.2! 4.7 ~3.7!

aNot available.
23510
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independent of the intermediate states. Also the spec
widths are affected only by the lifetime broadening in t
final state of the system and are not limited by the lifetime
the core hole that exists in the intermediate state, wherea
spectral intensity is determined by matrix elements for
intermediate states.

Spectra described from the inlastic scattering process
observed at the GaM2,3 edge in GaP and are presented
Fig. 8. In this figure, the elastic peaks are plotted on
right-hand-side of the figure and the inelastic peaks on
left. All spectra shown are normalized to the incident phot
flux with the excitation energies labeled next to the elas
peaks. For display purposes, the normal fluorescence s
trum is multiplied as indicated. The energy separation
tween the measured elastic and inelastic peaks is 19.8
This energy loss is associated with an electronic excita
process produced by an excitation from Ga 3d states to a
relatively narrow final state. The 1 eV width of this inelast
peak provides a measure of the width of the final state. Co
parison with thes1d LPDOS of Ga in Fig. 2 indicates tha
the sharp final state is probably associated with the pro
nent peak in thes density of states located at about 2.8 e
This scattering process is illustrated in Fig. 9. Given t

FIG. 8. Resonant inelastic x-ray scattering at the GaM2,3 edge
in GaP. The excitation energy is indicated on the right-hand sid
the elastic~right! peaks.

FIG. 9. Diagram of RIXS at GaM2,3 edge in GaP.

P
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interpretation, our experimental results indicate that the
culations underestimate the separation between Ga 3d bands
and the conduction band by about 2.6 eV.

FIG. 10. Comparison of the intensities of RIXS peaks with n
mal fluorescent spectrum at the GaM2,3 edge in GaP.~a! An over-
lap of RIXS peaks at different exitation energies.~b! The dots rep-
resent different RIXS peaks in~a! and are connected together
compare with the normal fluorescent spectrum.~c! Normal fluores-
cent spectrum excited above the GaM2,3 edge.
. B

23510
l-

It is apparent from an overview of Fig. 8 that the RIX
spectrum is much narrower than the normal fluoresce
spectrum at the GaM2,3 edge. This results from the RIXS
feature in which the shape and energy position of the RI
spectra are determined only by the distribution of the ene
levels in the final state of the system. However, the char
teristic features of RIXS spectra depend on materials.
many insulators, the excitation can occur between locali
states associated with valence excitons or localizedd and f
states and yield effects similar to those observed here,33,34

whereas in covalent solids such as crystalline silicon, d
mond, and graphite, it is found that the crystal momentum
conserved in the scattering process.35–38 We also note that
the spectra have another interesting feature—the inela
peak is prominent only within the range of the normal flu
rescence spectrum and has an intensity that tracks the am
tude of the normal fluorescence spectrum. This character
is made clear in Fig. 10. This is another RIXS feature tha
related to the lifetime broadening of the intermediate state
the scattering process. Thus, the different roles played by
intermediate and final states in the RIXS process are w
represented in the GaM2,3 spectra of GaP.
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