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Soft-x-ray fluorescence spectra of IlI-V phosphides BP, GaP, and InP
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The valence band electronic structures of the IlI-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.lThesPectra of these phosphorus
compounds are reported and compared with the calculated )-local partial densities of statésPDOS’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 suppressespBctrum was
observed in resonance with the B spectrum of BP. Also, strong resonant inelastic x-ray scattering was
observed at the GBI, ; edge associated with energy loss to local electronic excitations from tlibs@aes,
permitting the Gad states to be accurately located with respect to other band features.
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[. INTRODUCTION Advanced Light SourcéALS) at Lawrence Berkeley Na-
tional Laboratory(LBNL). This beam line consists of a
The semiconducting I1I-V phosphides have attracted cons-cm-period undulator and a spherical grating monochro-
siderable interest in solid state physics because of their us@ator, which delivers x rays in the energy range between
ful electronic properties. These materials are significant foA00 and 1000 eV with high resolution and intensity. The
the production of electronic devices, e.g., GaP has been usdight from the undulator is passed through a high-resolution
as a material for light emitting diodg6ED’s), and InP is  spherical grating monochromator and then directed to the
especially important for the design of transferred-electrorfa@mple chamber. The photon flux from the monochromator
devices. Because of their extensive applications, a great deis estimated to be #8photons per second into a focused line
of experimental and theoreti¢at®effort has been devoted to 0f 200 umx2 mm with a maximum resolving power of
the study of the energy band structures and related propertid$ 000. For the more modest resolving powers<o£000
of these materials. However, most of the soft x-rayused for soft x-ray fluorescnece studies, the monochromator
emissiot’ 19 studies were carried out in the 1970’s and delivers fluxes of approximately 1bphotons/sec into a fo-
1980's using electron excitation. Recently, th& Rmission ~ cused line of 20umx2 mm aligned with the entrance slit of
spectra of 11V phosphides and a few transition-metal phosthe emission spectrometer.
phides have been measuréd. The soft x-ray fluorescence end-station consists of a Row-
In the present work, we used soft x-ray fluorescencdand circle grating spectrometer with a photon-counting area
(SXF) spectroscopy to study the element- and angulaflétector and an ultrahigh vacuum sample chamber. The
momentum-selected densities of states in the valence bang@mple chamber has a\Y Z 6 sample manipulator and a
of the 111-V phosphides BP, GaP, and InP. Th& P;spectra  Sample load lock for quick sample exchange. The grating
of these phosphorus compounds were measured, and thé&famber utilizes four interchangeable gratings to permit cov-
band structure calculations were carried out within the denerage of the energy range from 40 eV to 1000 eV with ex-
sity functional theor?>??> The comparison between the P cellent resolution. The grazing incidence spectrometer has a
L2'3 Spectra and the Correspondisg.d local partia' densi- fixed entrance slit r|g|d|y mounted on a ﬂange in the Samp|e
ties of StateiLPDOS’s of these phosphorus Compounds is chamber. The phOtOﬂ-COUnting area detector is mounted tan-
reported. A generally good agreement between calculatiogent to the Rowland circle. It is scanned on the Rowland
and experiment is obtained. Besides this, two other interes€ircle by a precisionXY Z ¢ table that permits different
ing results are found. A surprising result is that the normallyRowland circles5 m and 10 mto be utilized for low- and
suppressed B, spectrum was observed in resonance withhigh-energy spectra. The detector consists of a stack of mi-
the BK spectrum. Also, resonance inelastic x-ray scatteringrochannel plate output to a shaped resistive sheet, which
(RIXS) was observed at the G, edge associated with provides true photon-counting detection with a measured
energy loss to local electronic excitation from the Ge 3 resolution of less than 5am. The pixels of the 25-mm-
levels. This measurement permits thietates to be located diameter detector are binned electronically to provide a reso-
accurately with respect to the valence bands of the system!ution of approximately 10Qum in the dispersion direction
and 1.5 mm in the transverse direction. The 1.5-mm strips
are shifted by software to remove curvature in the spectra.
Il EXPERIMENTAL PROCEDURES The detector is Iim_it_ed to a _total count rate o_f abouf 10
counts/sec, so that it is not suitable for use with intense spec-
The experiments described here were performed at thea. For the phosphorus spectra at about 135 eV, the spec-
soft x-ray fluorescence end-station of beamline 8.0 of thérometer(with a 100-.um entrance slit, a 600-line/mm, 10-m
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TABLE |. Parameters used in the LPDOS calculations for BP, GaP and InP.

BP GaP InP
Lattice type fcc fcc fcc
Lattice constants ap,=4.538 A ap="5.4505 A a,=5.8687 A
(=8.58 a.u). (=10.30 a.u. (=11.09 a.u.
Muffin-tin radius Ry (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 egs. 8 18 24
Total charge/unit cell 20 36 64
Cutoff parametefa.u. Ry 8.0 8.0 8.0
Core/valence cutoff energiRy) -6.0 -6.0 -6.06
Core electrons BfHe] Ga:[Ar] In: [Ar]3d1%s?
P:[Ne] P: [Ne] P: [Ne]
Valence electrons B:&2p Ga: 3d*%s?4p In: 4p%4d*%s?5p
P: 3s23p° P: 3s23p°® P: 3s?3p°

Rowland circle¢ has an energy resolution of about 0.4 eV.the opposite kind. The atom positions of these phosphorus
The optical plane of the emission spectrometer is in the horicompounds are listed in Table I. In the past, various calcu-
zontal plane and the sample rotation axis is vertical, so thaational methods have been applied by different investigators
spectra are excited with- rather thars-polarized light. Fur-  to study the electronic structures of a number of important
ther details of the properties of the SXF spectrometer argemiconductors including 1lI-V phosphides. Among them,
described elsewheré. _ Cohen and Bergstresdarsed the empirical pseudopotential

If the spectrum covers a wider energy range than can bgethod and calculated the band structures and pseudopoten-

acquired in a single scan, then the detector is moved alongy| form factors for a number of semiconductors of the dia-
the Rowland circle and several overlapping scans are ac-

range of present experiments are based on known x-ray ed%(iarical nonlocal pseudopotential method and recalculated the

features. The exciton peak of hexagonal BN at 188 eV wa . )
used as a calibration for thel® 5 and BK spectra reported _and structures a}nd density of states of several diamond and
3 zinc-blende semiconductors. But these methods used only

here. 3 . ; : _— .
The materials studied in this paper were purchased froniP basis a_nd did not include the contribution tate in
dpe calculations.

the Alfa/Aesar Research Chemicals. Because many of the To take | hd ibution in th |
materials are sensitive to moisture, samples were prepared jn_ 0 fake Into account the state contribution in the calcu-
nitrogen bags with extra care to reduce the chance of oxidi‘:"t'ons’ we used an all-electron full-potential approach with a

tion before measurements could take place. Powder sampl 'geari_zeldFeCl'JAgljjn\}\elznted ﬁl?jne w_a(/blAPW) bgs_is, H;e full-
were first poured into a pellet die and then pressed by Zotential( ) method, as implemented in theiEns?
odes” The exchange and correlation were treated with the

hydraulic pump at pressures about 8000 psi to form sma lized aradi i MatiBGA) using th
pellets to improve the emission intensity. The exposure tim&€neraiized gra lent apg)sroxmau()@ ) using the param-
trization of Perdevet al.“> Core electrons were treated rela-

was shortened by keeping the freshly made samples in the" “¢
nitrogen bag until they were ready to be moved to the sampIHV'St'_Ca”y' and all the valence eIectrons were treated _self-
transfer arm and then transferred to the sample chamb&PNSistently. For the purpose of reducing the computational
when pressure in the sample chamber is pumped down 8ad, all of the band structure calculations presented here
workable pressure. The working pressure 10 8 torr or were Car['fd out.by first converging the tqtal energy to

better. Unwanted oxygen contamination of the samples wa®ithin 10~ Ry with 1000k points in the Brillouin zone

readily detected from the presence of sharp emission line Z). Using thi_s new.st_arting potgntial, they Were_then re-
associated with the phosphate complex. converged again to within Id Ry with 3000k points in the

BZ. In addition, in all of the calculations, data were normal-
ized to set the energy at the top of the valence band equals to
I1l. CALCULATIONS . o .
0 eV. Local partial densities of states were determined by
I1-V phosphides crystalize in the cubic zinc-blende struc-means of the modified tetrahedron method ofdBleet al.?®
ture, and each atom is tetrahedrally coordinated by atoms df is called LPDOS because it is selective to eleméluisal)
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and selective to angular momentupartia). The element- lence bandLVB) of the normal fluorescence spectra is de-
and angular-momentum-selected LPDOS’s are shown forived from the phosphoruss3states, and the peaks in the
BP, GaP, and InP in Figs. 1-3. The location of critical pointsupper valence bandJVB) are derived primarily from states
in the calculated valence band are shown for the total DO%f s-like symmetry associated with the covalent bonding be-

for P in BP in Fig. 1%/ tween phosphorup and cations states in these compounds.
These spectral features change little with increasing excita-
IV. RESULTS AND DISCUSSION tion energies, and there is no threshold effect observed in

these phosphorus, ; spectra.
In Fig. 4, two well-resolved peaks in the lower valence
In Figs. 4 and 5, the B, 3 soft x-ray fluorescence spectra band are observed in the phosphotys; spectrum of BP.
are compared with the correspondisig d local partial den- These two peaks in the LVB are separated by about 1.2 eV.
sity of states of BP, GaP, and InP. These experimental sped-is splitting in the low-energy peak is also shown in the
tra are excited well above the threshold so that they are nodensity of states calculation of BP. The splitting in this low-
mal fluorescence spectra that can be appropriately compareshergy peak is not clearly resolved inLi ; spectra of GaP
to the calculated LPDOS'’s. These spectra are similar to oner InP, reported in Fig. 5. From the LPDOS calculations of
another with minor differences. The peak in the lower va-BP, GaP, and InP, we can see that the splitting in low-energy

A. PhosphorusL , ; spectra of BP, GaP, and InP
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peak in BP is greater than that in GaP or InP. Therefore, it isack of an inversion center in the zinc-blende lattice and the
reasonable not to resolve the splitting inLR ; spectra of  electronegativity difference between the catié@s, In and
GaP and InP. phosphorug® Since thed electrons in phosphides of gallium
The PL,3; SXF spectra of both GaP and InP show aand indium lie at deeper positions below the valence band,
high-energy shoulder on the lower valence band. The shouthey do not participate directly in the bonding. However,
der is not well resolved in BP but broadens the upper edge dfecause of the repulsive effect of tdédands of Ga and In,
the spectra spaced about 1 eV above the peak value. Thighich lies near the bottom of the valence band, the main
shoulder results from the 1-eV spin-orbit splitting of phos-peaks in thd., ; spectra of phosphides of these metals have
phorus ., and 2p3, core levels. More specifically, the a smaller binding energy than those of the other 1l1I-V phos-

main peak in LVB results from phosphorus 8lectrons fill-  phides.
ing the 23, states, and the high-energy shoulder results The PL, 3 spectra for the three compounds are compared
from 3s electrons filling the §,,, states. in Fig. 6. We observe that the peaks at the LVB shift toward

Both gallium and indium have filled shells, and theid  the high energy from BP to GaP to InP with increasing ion-
bands are located several electron volts below the lower vaeity of compounds. In general, two interesting trends can be
lence band. The valence band gap of several electron volestablished from an overview of the SXF spectra of these
between the lower and upper valence bands is related to tHd-V phosphides. First, when the lattice constant increases
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the valence bandwidth decreases. Second, when the comy E;_,. The calculated heteropolar gdf _. is smaller
pound becomes more ionic, the gap occurring in the valencthan the experimental value.
band increases. In the calculations by Chelikowsky and
Cohent? these trends were indicated for the 11I-V gallium
and indium compounds as well, and the second trend was
attributed to the changes in the antisymmetric part of the BP shows especially interesting structure changes in soft
pseudopotential and ionicify. x-ray fluorescence spectra at the bokredge as shown in
Peak positions in the spectra are compared with equivaFig. 7. The structural features are those labeled #tsough
lent features of the LPDOS calculation in Table 1. Tabulatedf in Fig. 4, which can be directly associated with density of
energies are binding energies measured from the top of thstates features seen in the band structure calculations. We
upper valence band of the, spectrum. This energy is taken observe that the spectral features change dramatically within
to be 1.0 eV below the extrapolated position of the;spec- 6 eV of the threshold. At excitation energpy;,=188.3 eV,
trum in order to account for the contributions of thespec-  the fluorescent peak starts to show. As the excitation energy
trum. These positions are indicated in the tableHgr From  increases from 189.3 eV to 191.2 eV, the peak indicated in
Table I, we can see that a good measure of the bandwidth dhe figure by a dashed line tracks the elastic peak and shifts
the UVB is given byE._,. The location of the LVB is given toward higher energy; the energy separation between this

B. Boron K spectra of BP
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FIG. 5. Comparison of R, ; spectra of(a) GaP and(b) InP

with calculated LPDOS's.
peak and the elastic peak is about 6.8 eV. This tracking of
elastic and inelastic features is the signature of the RIXS
process, which is discussed further in the following sectiornay be significant that this peak in thepPtates is strongly
of this paper. We also notice that ht,=191.2 eV, the hybridized with Bs states as may be seen in the LPDOS'’s of
elastic peak resonates strongly, the intensity of the peak 1d=19. 1.
cated at 186.1 eV(arrow) is enhanced. Then, ay;,

=193.0 eV, a second resonance is observed in the elastic C. Gallium M, 3 spectra of GaP
pei';;gd 3nother mter;)sny er:jhancement of peakocated Although no significant changes are observed at the P
at -6 eVlarrow) is observed. edge, the situation is very different near the Ma ; edge

The first resonance in the elastic peakial,=191.2 eV | are inelastic scattering dominates the observed spectra. In

is associated with excitation to a core-exciton state near thfﬁe resonant inelastic x-ray scattering process, the incident
bottom of the conduction band minimum. We believe that ’

the second resonance in the elastic peak and the accompany- : : , .
ing enhancement of the emission pdakis associated with -
the presence of thie; threshold for phosphorus, which lies 1
eV above the K edge. Two features identify the spectrum

excited at 193 eV as being associated in part with B;P B _

spectrum. First, a second resonance appears in the elastic 2 BP

peak 1 eV above the R resonance, and second, the strongly g - Gap |
— a

enhanced peake) is also strongly intensified in the
LPDOS of P shown in Fig. 1. Normally ah; emission Inp
spectrum is not observed for phosphorus and other light el- L -
ements, but is suppressed by nonradiative deexcitation pro- . - : :

cesses. In this case, however, since the phosphgresige no. 118 120 125 130

is only 1 eV higher than boroK edge, we believe that reso- Energy (eV)

nance coupling between thelBand PL ; excitations greatly

enhances radiative decay to thé Plevel in this material. It FIG. 6. Comparison of ., 3 spectra among BP, GaP, and InP.
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FIG. 8. Resonant inelastic x-ray scattering at theNMbg; edge
in GaP. The excitation energy is indicated on the right-hand side of
photon loses energy to an electronic excitation, and is dethe elastic(right) peaks.
tected at a lower energy, coincident in energy with the nor-
mal x-ray emission process. An example of this scattering
process was reported by Zhetal?® at the ZnM ; edge in
ZnS and ZpSSe. This scattering is described as a secondndependent of the intermediate states. Also the spectral
order perturbation effeéf=32 One of the important features widths are affected only by the lifetime broadening in the
of the RIXS process is that the energy losses are determinduhal state of the system and are not limited by the lifetime of
only by the energy difference between initial and final statesthe core hole that exists in the intermediate state, whereas the
spectral intensity is determined by matrix elements for the
intermediate states.

f e deb 4 Spectra described from the inlastic scattering process are
IR observed at the GM, ; edge in GaP and are presented in
Fig. 8. In this figure, the elastic peaks are plotted on the
right-hand-side of the figure and the inelastic peaks on the
left. All spectra shown are normalized to the incident photon
- 2195 flux with the excitation energies labeled next to the elastic
peaks. For display purposes, the normal fluorescence spec-
- 210.0 trum is multiplied as indicated. The energy separation be-
tween the measured elastic and inelastic peaks is 19.8 eV.
- 200.6 This energy loss is associated with an electronic excitation
10000 process produced by an excitation from Ga &ates to a
9000 P 1959 relatively narrow final state. The 1 eV width of this inelastic
peak provides a measure of the width of the final state. Com-
8000 194.0 parison with thes+d LPDOS of Ga in Fig. 2 indicates that
Z 7000 the sharp final state is probably associated with the promi-
z 193.0 nent peak in thes density of states located at about 2.8 eV.
% 6000 This scattering process is illustrated in Fig. 9. Given this
= 192.2
g 5000
% 4000 191.2
+2.8
% s000 190.3 0 |
2000 |
189.3 108
1000 !
0 188.3 |
: I o I 144 N 1 | | Inelastic
170 180 190 200 : gzg:scence ? | Seattaring
Energy (eV) -103.5=— Ga-3p - A .
FIG. 7. BK spectra of BP excited near threshold. The excitation
energy is indicated on the right. FIG. 9. Diagram of RIXS at G/l ; edge in GaP.
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It is apparent from an overview of Fig. 8 that the RIXS
spectrum is much narrower than the normal fluorescence
spectrum at the G, ;3 edge. This results from the RIXS
feature in which the shape and energy position of the RIXS
spectra are determined only by the distribution of the energy
levels in the final state of the system. However, the charac-
teristic features of RIXS spectra depend on materials. In
many insulators, the excitation can occur between localized
states associated with valence excitons or localaeohd f
states and vyield effects similar to those observed fieik,
whereas in covalent solids such as crystalline silicon, dia-
mond, and graphite, it is found that the crystal momentum is
conserved in the scattering procéss® We also note that
the spectra have another interesting feature—the inelastic
peak is prominent only within the range of the normal fluo-
rescence spectrum and has an intensity that tracks the ampli-
tude of the normal fluorescence spectrum. This characteristic
is made clear in Fig. 10. This is another RIXS feature that is
related to the lifetime broadening of the intermediate state of
the scattering process. Thus, the different roles played by the
intermediate and final states in the RIXS process are well
represented in the G , 3 spectra of GaP.
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