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X-ray photoemission spectra (XPS) of several forms of phosphorus have been measured

with the use of a monochromatized AlEa x-ray source with a resolution of -0.6 eV full

width at half maximum. We have investigated orthorhombic black phosphorous, cubic
white phosphorus, and triclinic NaP» as well as bulk amorphous red phosphorus and

plasma-deposited hydrogenated amorphous thin films, and present the first published XPS
spectra of most of these allotropes. We also report the results of electronic structure calcu-
lations for orthorhombic phosphorus and for the tetrahedral P4 molecular constituent of cu-

bic white phosphorus (w-P). Differences in densities of states are interpreted in terms of the
different bonding configurations of the various allotropes. The spectra of black P is fitted
well by the calculated valence bands. The spectra of amorphous P are not inconsistent with

the presence of pentagonal tubes of phosphorus atoms as they are present in Hittorf's phos-

phorus and in NaP». The electronic structure of m-P is well described by that of isolated P4

tetrahedra.

I. INTRODUCTION

Phosphorus was first isolated by Hennig Brand in
1669.' Since then it has been obtained in more allo-
tropic modifications than any other element. At
present, there are over a dozen bulk solid forms
known as well as several thin-film modifications.
Interest has largely concentrated on the structure
and chemistry of these allotropes and our knowledge
about the electronic structure of phosphorus is still
limited.

Fichter, Fomichev, Wiech, and Zuckerman
have measured the soft x-ray emission spectra of
black and red phosphorus and the first band-
structure calculations of black phosphorus have re-

cently become available. ' By comparison, there is
an extensive literature on the electronic structure of
the other group-V elements As, Sb, and Bi both in
their crystalline and amorphous forms.

It is the purpose of this work to investigate with
x-ray photoemission spectroscopy (XPS) the elec-
tronic structure of the most common forms of bulk
phosphorus, namely orthorhombic black, cubic
white, and amorphous red. We have also studied
NaP&5, a polyphosphide that contains structural ele-
ments characteristic of Hittorf's phosphorus, anoth-
er crystalline allotrope of phosphorus. In addition
we present data on a new material, thin-film hydro-
genated amorphous phosphorus (a-P:H) prepared by
the plasma decomposition of phosphine. A prelimi-

nary account of the valence-band spectra of this ma-
terial has been given by von Roedern et al. '

White phosphorus (w-P) has a cubic structure
with 58 tetrahedral P4 units per unit cell and is
grown by condensation from P4 vapor. The bonding
within the P4 units is covalent whereas the phos-
phorus tetrahedra are held together by weaker van
der Waals forces. ' White P is cream color and
waxy, has a very high vapor pressure (0.181 mm Hg
at room temperature) and burns upon contact with
air. w-P is an insulator but no value for the funda-
mental gap has been determined to our knowledge.

Controlled heating of w-P above 250'C yields
bulk amorphous red phosphorus (r-P) which is ther-
modynamically and chemically more stable than w-

P. X-ray diffraction analysis indicates that P is
threefold coordinated in r-P with an average bond
distance and bond angle of 2.24 A and 102', respec-
tively. ' Red phosphorus is quite stable, even in air
and is a wide gap (2.5—3.0 eV) semiconductor.

Orthorhombic black phosphorus (b-P), with eight
atoms per unit cell, is obtained from several other
forms of phosphorus by heating under high pressure
(well over 10 kbar). ' Orthorhombic b Pis the den--
sest and most stable form of the element under nor-
mal conditions. The atoms are arranged in double
layers as indicated in Fig. 1 with three nearest
neighbors at distances of 2.224 A and 2.244 A,
respectively, within the layer and four next-nearest
neighbors in adjacent layers 3.592 A and 3.801 A
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away. Although band-structure calculations for a
single layer indicate a zone-center band gap of
1.3—1.8 eV, interactions between the layers reduce
the gap to 0.3 eV in both the pseudopotential calcu-
lation and the present atomic-orbital calculations
(see Sec. IV) for the bulk material, in agreement
with electrical measurements. '

Another allotrope is the crystalline red or so-
called Hittorf's phosphorus (H-P). It crystallizes
from a lead-phosphorus melt in a monoclinic space
group with 84 atoms per unit cell. The phos-
phorus atoms are arranged in the form of infinite
tubes with pentagonal cross section. Only one out of
21, atoms within a tube bonds to adjacent tubes
which run at right angles. All P atoms are threefold
coordinated with an average bond length of 2.219 A
and an average bond angle of 100.9' (Ref. 25).

Since it had been suggested by Thurn and Krebs
that the pentagonal tubes of 0-P might represent
the structural elements of amorphous r-P, we con-
sidered it necessary to obtain the photoemission
spectra of H Pfor com-parison. Unfortunately crys-
tals of H Pof suff-icient size were not available.
Thus we investigated instead the polyphosphide
NaP~5 which contains pentagonal phosphorus tubes
of a kind very similar to those of 0-P. NaP&5 crys-
tallizes triclinic, it is dark red, transparent, and
stable in air. Phosphorus atoms are arranged in
the form of infinite tubes with pentagonal cross sec-
tion which are divisible into P» units as shown in
Fig. 2(a). Out of the 15 P atoms one is twofold
coordinated and bonds directly to the Na atom. All
other P atoms are threefold coordinated with bond
distances of 2.18 and 2.30 A, respectively. The bond
angles are between 93' and 112'. Each Na atom un-

ites four P» segments as shown in Fig. 2(b).
Thin-film amorphous phosphorus can be pro-

duced in many ways. Evaporated films must be sta-
bilized by annealing at -280'C and they are yellow
in color. It is likely that they are incompletely po-

24A

lymerized m-P. Films prepared by plasma-assisted
chemical vapor transport, on the other hand, are
glassy and dark red. These films contain (6 at. %
hydrogen. ' Films similar in appearance but
without hydrogen have been obtained by sputtering
r-P in an argon atmosphere and their structure and
vibrational properties have been investigated. ' Our
hydrogenated amorphous phosphorus films prepared
by the glow discharge decomposition of phosphine
(PH3) are also glassy as verified by x-ray diffraction,
dark red, and stable in air.

The remainder of the paper is organized as fol-
lows. After a brief description of the experimental
techniques in the next section, the photoemission
data are presented in Sec. III. The results of elec-
tronic structure calculations for b P, a P4 -molecule,
and a single layer of orthorhombic b-P are given in
Sec. IV. The experimental valence densities of states
(DOS) of the various P modifications are finally dis-
cussed in Sec. V in the light of available band-
structure calculations and structural models of
amorphous phosphorus.

II. EXPERIMENTAL

All sample surfaces were prepared in situ in the
ultrahigh-vacuum system of the spectrometer to
avoid contamination since photoemission measure-

0

ments are only sensitive to the first -20 A of the
sample. For the bulk samples this involved filing to
remove the oxidized and/or contaminated surface
layer. The surface of m-P sublimed, so it did not
need to be filed. The measurements on w-P were
done at —120 to —130'C to keep the vapor pressure
below 10 mbar.

The thin-film a-P:H samples were deposited in
situ by the glow-discharge decomposition of phos-
phine (PH3) diluted to 1.1 at. % in argon. Samples
were deposited on the grounded electrode of a capa-

NQ Pi5
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FIG. 1. Structure of black P showing portions of two
infinite puckered layers. Principle interatomic distances
are indicated.

(b)

FIG. 2. Structure of NaP~~ showing (a) portions of the
infinite pentagonal phosphorus tubes and (b) the way they
are arranged relative to the Na atoms.
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samples. In addition, the samples have band gaps
ranging from -0.3 to -3.0 eV, so that the position
of the top of the valence band relative to the bulk
Fermi level may vary by as much. The uncorrected
and corrected valence-band spectrum of NaPi5 is
shown in Fig. 7. The 2p electrons of Na produce the
peak at 31.0 eV binding energy relative to the
valence-band edge E, —=0. The Na3s valence elec-
tron contributes less than 2% to the valence bands
of Nap» as estimated from the cross-section ratio
[o(3s)]/[o(2p)]=0. 1 for Na. The valence-band
spectrum of NaP» represents thus the local density
of states of the phosphorus atoms with negligible in-

terference from the Na atoms. The same holds for
the valence-band spectrum of a-P:H in Fig. 6 since
the photoemission cross section for the H Is states is
negligible compared to that of the P 3s and 3p states
at x-ray energies. Hydrogenic levels do show up in
a-P:H with uv excitation as a peak 1.5 wide at a
binding energy of 8.9 eV on the scale of Fig. 6.'

The peak positions of all spectra are listed in Table
II and details of the valence bands will be discussed
in Sec. V.

IV. ELECTRONIC STRUCTURE CALCULATIONS

The electronic structures of orthorhombic black
phosphorus and of white phosphorus have been cal-
culated by the local-orbital method applied earlier to
the band-structure calculations of crystalline arsenic
and antimony. ' ' The theory contains no adjust-
able parameters. Basis functions are the 3s and 3p
atomic orbitals for phosphorus, calculated using
@=0.7 in the local-density approximation for ex-
change correlation. This gives atomic levels

E3,———14.7 eV and E3&———6.5 eV.
In the band-structure calculations for b-P these

orbitals are allowed to interact with the three
nearest-neighbor atoms in the same layer (2 at 2.22
A and 1 at 2.24 A) and with four atoms in the adja-
cent layer (2 at 3.59 A, 2 at 3.80 A) (compare Fig.
1). The resulting band structure is shown in Fig. 8,
and the corresponding density of states in Fig. 9.
The spectrum divides into two asymmetric bonding

IO

C

35 30 25 20 15 10 5 0

BINDING ENERGY (eV)

FIG. 7. Corrected and uncorrected valence-band spec-
trum of NaP». Zero of energy is the top of the valence
bands.

and antibonding s-like peaks, centered near —13 and
—17 eV in Fig. 9, a broad p-bonding feature extend-
ing from —4.4 to —10.6 eV, separated by an energy

gap from the unoccupied p-antibonding states. The
exact agreement between the calculated energy gap
of 0.3 eV and the experimental gap in black
orthorhombic phosphorus is probably coin-
cidental —we would not expect the accuracy of the
calculated bands to be better than several tenths of
an eV using these approximations.

Also shown in Fig. 9 is the density of states of a
single layer of b-P. Without the interlayer interac-
tions the p-bonding band is -25% narrower and the
semiconducting energy gap increases to 1.3 eV.

White P is made up of tetrahedral P4 units with
58 tetrahedra per cubic unit cell as mentioned ear-
lier. Coupling between the P4 units is known to be
extremely weak since the barrier to rotation is low
enough to allow the contribution to the heat capaci-
ty associated with the hindered rotation to approach
the classical value for free rotation at the melting
point. We have therefore approximated the elec-
tronic structure of w-P by that of a single P4 unit.
We assumed an ideal tetrahedral arrangement of
phosphorus atoms with a bond length of 2.21 A and
used the same computational procedure as for b-P.

TABLE II. Energies of peaks in the valence-band spectra of various phosphorus allotropes
measured from the top of the valence bands {in eV).

Peak
Black

phosphorus

A1 1.8
A2 3.3
A3 49

9.6
13.0

Red
phosphorus

A1 3.6
A2 5.5

9.6
12.9

a-p:H

A1 30
A2 57

9.0
13.0

NaP I5

3.3

9.5
12.9

White
phosphorus

3.3

9.4
17.0
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TABLE III. Theoretical energy eigenvalues and orbital
composition (s and p) of electronic levels in the P4 mole-
cule.

Orbital Energy (eV} s (%) p (%)

g -10-

UJz -12
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-14 .

-16-

-18-

-20
Z T rb, XRLUZX. I

Empty
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2e
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—7.9
—8.6

—13.6
—20.8

15
0
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77
81

85
100

100
92
80
23
19

FIG. 8. Band structure of orthorhombic b-P calculated

using the atomic-orbital method.

The resulting energy levels are listed in Table III.
The occupied molecular orbitals fall into three
groups: a low-lying a& singlet, a t2 triplet, and the
closely spaced group of six a~, t2, and e states. The
first two groups are mainly s-like and the upper
group mainly p-like. The next higher state, the
unoccupied p-antibonding t& triplet, lies 4 eV higher
in energy. In spite of the highly strained nature of
the bonds in this molecule (with bond angles of 60'
compared to —100' in most phosphorus allotropes)
we expect the present sp basis to describe the bond-

ing adequately, without the need to introduce higher
d states in accord with the calculations of Brundle
et al. and Seifert and Grossmann. 36

C

(A
LLI
I—

Single layer
black P

O

I—

Z:
LLI

C7

3eV

-15 -10 -5
ENERGY (eVj

FIG. 9. Densities of states (DOS) of b-P and a single
layer of b-P. The DOS's have been smoothed by folding
them into a Gaussian of 0.3-eV FWHM.

V. DISCUSSION

A. Orthorhombic black phosphorus

The band structure of b-P has been calculated by
Takao et al. using the tight-binding method (ex-
tended Huckel theory) and Asahina et al. using the
self-consistent pseudopotential approach. In both
cases certain parameters were adjusted to reproduce
the optical gap of 0.3 eV. The calculations give
band structures and densities of states in essential
agreement with those presented in the previous sec-
tion for which no parameters were adjusted to ob-
tain the optical gap of 0.3 eV. The only notable
difference is the nature of the fundamental gap. It
is direct at Z in the calculations of Asahina et al. '
and Takao et al. whereas we find an indirect gap
from the valence-band maximum at Z to the
conduction-band minimum at I (compare Fig. 8).

For a more quantitative comparison of the
valence-band spectrum with the band-structure cal-
culations we have chosen a number of critical points
that mark the same characteristic features in the
densities of states for all three calculations (compare
Figs. 9 and 10). These are in order of increasing
binding energy: I q+ and I &+ which define the top
and bottom of the p-like peak in the density of states
(DOS); I 2 and I q coincide with the two s-like
peaks (8+C), and finally, I &+ marks the bottom of
the valence bands. The way the energies of these
points were derived from the data is illustrated in
Fig. 10. The DOS of Asahina et al. which repro-
duces the experimental structures in the valence
bands best is broadened by folding it into a Gaussian
of FWHM=1. 0 eV [Fig. 10(b)]. This width takes
into account both the experimental resolution and
approximately the lifetime broadening of the hole
states. The broadened DOS and the valence-band

spectrum resemble each other well enough to deduce
"experimental" critical-point energies from a corn-
parison of the two curves as indicated by the vertical
lines in Fig. 10. The energies so obtained are listed
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FIG. 10. Valence-band spectra of black phosphorus.
(a) Density of states (DOS) as calculated by Asahina et al.
(Ref. 8) using the pseudopotential method. (b) Calculated
DOS broadened with Gaussian FWHM=1. 0 eV. (c) XPS
data with inelastic background subtracted (this work).

in Table IV together with the corresponding values
from the band-structure calculations. The pseudo-
potential and to a lesser degree the tight-binding re-
sults are in fair agreement with experiment. Over
all, the atomic-orbital-based scheme reported here,
reproduces the experimental results best despite the
fact that it contains no adjustable parameters.

B. White phosphorus

The valence-band spectrum of w-P is qualitatively
different from those of the other P allotropes (Fig.

6). In fact, the white P spectrum is essentially the
same as that of an isolated molecule. Nevertheless,
the strong bulk and surface plasmons evident in Fig.
4 indicate that we are dealing with a molecular solid
rather than a gas-phase spectrum.

The results of the molecular-orbital (MO) calcula-
tion of Table III for the P4 molecule are compared
with the valence-band spectrum of w-P in Fig. 11.
To this end we weight the MO's according to their
atomic-orbital character using the cross-section ra-
tio. For Si, the element next to P, it has been deter-
mined that o(3s)lcr(3p)=3 4 . .Using the trend in
this ratio with Z from calculations of Goldberg
et al. , we estimate a ratio cr(3s)lo(3p)=2. 3 for P.
After a Gaussian broadening with F%HM=5.0,
3.0, and 1.5 eV is applied to the 4a ~, St2, and (Sa &,

6t2, 2e) states, respectively, the MO's give an excel-
lent description of the w-P valence bands. The
broadening takes into account the combined effect
of the solid-state interaction of the P4 molecules and
finite lifetime of the MO's after photoexcitation.
The four uppermost MO's are directly observed in
uv photoemission from P4 molecules. '39 Their
binding energies are 9.6 (2e), 10.5 (6t2), 11.9 (Sa&),
and 15.8 eV (St2), respectively, measured relative to
the vacuum level. A1Ea photoemission spectra of
P~ molecules reveal peaks at 9.9 (2e, 6t2, and Sa~),
15.7 (St2) and 22.3 eV (4a ) below the vacuum lev-

el. Allowing for a 1-eV difference in the binding
energy scale with respect to that of Fig. 11 these
values are compatible with the position of the peaks
in the spectrum of w-P, lending thus further support
to the interpretation of the electronic structure of
w-P in terms of weakly interacting P4 tetrahedra.

C. Amorphous phosphorus

Band-structure calculations of amorphous phos-
phorus cannot be done because of the lack of crystal

TABLE IV. Energies (in eV) of critical points in the band structure of orthorhomic black
phosphorus. Errors are given in parenthesis.

Critical
point

Z2+
r+
r+
r+
I3
r;
r;
r+
r+
r;
r+

Tight binding,
Ref. 7

0
1.2
1.7
2.1

2.3
2.6
3.8
5.0
7.1

12.5
16.6

Pseudopotential,
Ref. 8

0
1.7
3.7
3.4
4.3
5.2
5.4
8.0

10.5
14.2
17.0

Atomic-
orbital,

this work

0
0.8
2.2
0.9
6.1

3.7
2.3
6.7
9.8

11.7
14.6

Experiment,
this work

0
1.4(2)

6.5(4)
9.6(2)

13.0(3)
15.6(S)
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fraction peak at %=1.1 A ' in a-P (bulk and thin
film) they suggest that this order has the form of a
layerlike structure with reduced interlayer coupling
compared to the CRN model. Shanabrook and Lan-
nin estimate a correlation length of this order of up
to 29 A from the width of the diffraction peak at
1.1 A ', which corresponds to a real-space distance
of 5.8 A. ' This is approximately the separation of
the double layers in orthorhombic P whereas no cor-
responding set of planes exists in the rhombohedral
structure.

The photoemission results of r-P and a-P:H are in
substantial agreement with this structural model; the
main difference between the crystalline and amor-
phous spectra, the 25%%uo reduction in the width of
the p-like peak (peak A in Fig. 6), is qualitatively
reproduced by the theoretical density of states of a
single layer of b P[Fig-. 9(b)]. The reduced width is
due to the loss of interlayer interaction and indeed
no such reduction is observed in the spectrum of a-
As with its more three-dimensional structure.

Furthermore, the bifurcation of the s-like peaks (8
and Q in the valence bands of phosphorus are re-
tained in the amorphous modifications whereas the
corresponding dip is filled in the spectrum of a-As.
Ley et al. suggested that this was due to the pres-
ence of odd-membered rings in the structure of a-As
in analogy to the situation found in a-Si. This view
was subsequently corroborated by the model calcula-
tions of Kelly and Bullett" for a CRN model con-
taining only even-membered rings and by the more
general considerations of Robertson concerning the
relationship between ring statistics and the shape of
s bands in covalently bonded solids. By the same
token, the persistence of the dip in the s bands of a-
P forces us to assume that the number of odd-
membered rings is much reduced in a-P compared
to a-As in agreement with the higher degree of in-
tralayer order in a-P. The orthorhombic double
layers contain only six-numbered rings, whereas the
CRN model of Greaves and Davis has about equal
numbers of five- and sixfold rings.

This line of reasoning is disturbed, however, by
the spectra of NaP» (Fig. 7). There is a close
resemblance between the valence bands of NaP &5 and
those of r-P and a-P:H. The width of peak A is the
same in all three spectra if we disregard the shoulder
A2 for the time being. The bifurcation of the s-like
peaks is present in NaP» despite the fact that the
phosphorus tubes contain three times as many five-
fold as sixfold rings. It appears therefore that the
original suggestion of Thurn and Krebs that r-P
contains the same structural units as Hittorf's phos-
phorus, namely pentagonal tubes of phosphorus, can
no longer be dismissed. This suggestion was based
on the similarity of the RDF's of the two materials,

in particular for those distances present within the
tubes whereas differences occurred for the distances
between neighboring tubes. The valence-band spec-
tra of amorphous P may thus well represent the lo-
cal density of these tubes since they occur with little
variation also in NaP», and P—P bonds between the
tubes are responsible for the shoulder A2. The pres-
ence of a diffraction peak at k=1.1 A ' is no obsta-
cle to this interpretation since Veprek and Beyder
have shown that this maximum cannot be simply in-
terpreted in terms of a coherence distance in real
space. They surmise that the peak is instead relat-
ed to clustering in the morphology of amorphous
materials.

In view of the results presented here it appears
worthwhile to measure Raman and infrared spectra
of Hittorf's phosphorus as an additional means to
distinguish between the two fundamentally different
models for the structure of amorphous phosphorus.
The valence-band spectra of NaP» raise the addi-
tional question why the connection between ring
statistics and the shape of the s bands as discussed
by Robertson does not hold for the pentagonal
tubes in phosphorus.

VI. SUMMARY

We have presented x-ray photoemission spectra
(XPS) for four allotropes of phosphorus and for
NaP» and compared them with calculations and
other measurements from the literature wherever
possible. This included the three most common
bulk modifications, i.e., black orthorhombic phos-
phorus (b-P) white phosphorus (w-P) and bulk amor-
phous red phosphorus (r-P), as well as a new materi-
al, glow-discharge-deposited hydrogenated amor-
phous thin-film phosphorus (a-P:H). NaPi& con-
tains structural elements (pentagonal tubes of P
atoms) which occur also in Hittorf's phosphorus,
another crystalline allotrope of P.

The core-line positions are independent of allo-
trope although the line shapes vary a little. The
spin-orbit splitting visible for b Pis smeared -out due
to differential charging in the more resistive sam-
ples. The plasmon energies, which in the free-
electron approximation are proportional to the
square root of the density of valence electrons, are
consistent with variations in the density of the sam-
ples.

In spite of these similarities, there are significant
differences among the valence-band structures of the
various modifications, indicating differences in the
nature of the bonding. The valence band of w-P
contains two isolated peaks which can be understood
in the context of our molecular-orbital calculations
for P4 molecules. This finding is in agreement with
the lack of interaction among the tetrahedral P4
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units comprising m-P as evidenced by the high vola-
tility and instability of w-P.

Results for b-P are in excellent agreement with
band-structure calculations. There is a three-
component p-type and a two-component s-type
band. The s-type band is essentially the same in r-P
and a-P:H as in b-P, as expected since the s electrons
contribute very little to the bonding. The threefold
structure of the p-type band, however, is observed
only for b-P. This band is considerably narrower for
both r-P and a-P:H.

The differences in the valence bands between b-P
and the amorphous modifications are equally well
explained by model structures consisting of weakly
interacting phosphorus double layers as they occur
in b-P and by the pentagonal tubes that are charac-
teristic for NaP» and Hittorf's phosphorus. It is
suggested that additional measurements on these

forms of phosphorus are performed to gain more in-
sight into the intermediate-range order present in
amorphous phosphorus.
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