PHYSICAL REVIEW APPLIED 11, 054081 (2019)

Obtaining the Highest Occupied Molecular Orbital Peak of Organic Matter from
Photoelectron Yield Spectra

Shohei Tadano,! Yasuo Nakayama,? Hiroumi Kinjo,' Hisao Ishii,!* and Peter Kriiger!--"

' Graduate School of Advanced Integration Science, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522,
Japan

2Department of Pure and Applied Chemistry, Faculty of Science and Technology, Tokyo University of Science,
2641 Yamazaki, Noda 278-8510 Japan

> Molecular Chirality Research Center, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan
* Center for Frontier Science, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan

™ (Received 29 January 2019; revised manuscript received 20 March 2019; published 29 May 2019)

We propose a simple theory of photoelectron yield spectra (PYS) on the basis of a density-of-states
approximation and universal transmission and loss functions. The theory reproduces the known thresh-
old behavior of metals and that of semiconductors in the indirect-transition regime. We show that a
Gaussian-shaped density of states leads to a PYS spectrum that increases very nearly as the third power
of energy from threshold, indicating that the empirical cube law of PYS of organic matter reflects the
Gaussian-broadened highest occupied molecular orbital peak. We show how the peak position and width
can be extracted from the PYS spectrum. The results obtained for several organic compounds agree well
with ultraviolet photoemission data. We further show that the density of occupied states is approximately
proportional to the second derivative of the PYS spectrum in the near-threshold region.
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I. INTRODUCTION

Photoelectron yield spectroscopy (PYS) is a technique
for probing the occupied electronic states and ionization
energy of materials [1,2]. Because of its relatively simple
experimental setup, it is especially attractive for industrial
applications [3]. In a PYS experiment, the total electron
yield is measured as a function of the photon energy.
Compared to photoelectron spectroscopy (PES), total yield
measurements have the advantage of higher sensitivity
and larger probing depth. Moreover, there are PYS detec-
tion methods that do not require vacuum conditions. This
makes PYS especially interesting for materials that are
volatile or sensitive to atmospheric conditions, such as
organic molecules. However, the relation between the PY'S
spectrum and the electronic structure of the material is
much less direct than in PES. In PYS, the photoemis-
sion current is integrated over the photoelectron energy.
Consequently, the first derivative of the PYS spectrum is
sometimes used for estimating the photoelectron energy
distribution and the density of occupied states [3,4]. In
practice, PYS is most useful for measuring the work func-
tion of metals [5] and the ionization energy of inorganic
and organic semiconductors [2] through a simple analysis
of the near-threshold spectra. The ionization energy can be
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found by fitting the near-threshold PYS spectra to a power
law:

Y() x (@ —¢)", o>¢, O]

where Y is the measured yield, w is the photon energy
(h=1), ¢ is the threshold energy, and » is the exponent
(not necessarily an integer). ¢ equals the work function in
metals and the ionization energy in molecules. In semicon-
ductors, it is given by the difference between the vacuum
level and the valence-band maximum. PYS has been used
extensively for measuring the ionization energy of organic
films and heterostructures, a crucial quantity for organic
electronics [2]. Although the near-threshold PYS spectrum
depends on the energy distribution of the low-lying occu-
pied states, this information is generally left unexploited
because the proper analysis method is unknown.

The theory of PYS was pioneered by Fowler [5], who
correctly described the temperature dependence of PYS in
metals by using a free-electron model. At zero tempera-
ture, Fowler’s theory yields Eq. (1), with n = 2. Kane [6]
developed a PYS theory for single-crystal semiconductor
surfaces based on band theory. He predicted various differ-
ent threshold behaviors depending on the dominant exci-
tation process, namely direct and indirect band transitions
in the bulk or at the surface. As for organic materials, the
situation is far less clear. Experimentally, n ~ 3 has been
found for most organic matter [2,7] An empirical model
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for the PYS threshold behavior of organic matter was pro-
posed by Kochi et al. [7]. They considered emission from
the highest occupied molecular orbital (HOMO) level and
assumed a linear energy distribution of the emitted elec-
trons due to the Franck-Condon effect. Using a semiempir-
ical transmission function, they deduced a power law with
n=25-3.

In this paper, we derive a simple expression that relates
the PYS spectrum to the density of occupied states of the
material. This expression reproduces the exact threshold
behavior of metals (n = 2) and it is consistent with Kane’s
theory for semiconductors. For a Gaussian-shaped DOS,
which describes the HOMO peak of most organic materi-
als well, we show that the PY'S spectrum rises very nearly
as the cube of the photon energy from threshold. While
it is well known that the cube law is the best power-law
fit for the near-threshold PYS of organic matter [2], there
has been no theoretical explanation for this empirical fact
apart from Kochi’s model [7]. The present theory provides
a different and more general explanation, which recovers
the cube law as the limiting behavior at extreme threshold.
Based on the PYS spectrum obtained for a Gaussian-
shaped DOS, we extract the HOMO-peak position and
width from the PYS data of several organic materials and
obtain good agreement with photoemission data. Finally,
we show that, in general, the DOS is approximately pro-
portional to the second derivative of the PYS spectrum in
the near-threshold region.

II. THEORY

A. Derivation of a simple PYS expression

To obtain a simple formula for the PYS analysis, we
start from the three-step model of photoemission [8]. The
photoelectron current / (£, w) can be written as follows:

I(E,w) = P(E,w0)X (E)T(E).

Here, P is the probability that a photon of energy w
excites an electron to a final state with kinetic energy £
(in vacuum). X is the probability that this electron reaches
the surface and 7 is the probability that it is transmitted
through the surface. In the independent-particle picture, P
is given by Fermi’s golden rule:

P(E,w) =Y Vi P8(Er — Ei — 0)8(E — Ey),
-

where i and f run over occupied and unoccupied eigen-
states ¥; and Y, respectively, with energies E; and Ef
measured from the vacuum level. V" denotes the electron-
photon interaction and Vi = (Y |V]y;) is the optical-
transition ma_trix element. Here, we assume Vj to be
constant (= V) for simplicity. This neglect of matrix-
element effects is widespread in photoemission and PYS

analysis [9]. It is empirically justified by the fact that the
spectral shape resembles a suitably broadened occupied
DOS [10]. Moreover, we are mainly interested in the low-
lying states of organic matter, which are essentially of a
carbon p character. In this case, the energy dependence
of Vs is weak because there is only a single atomic cross
section involved [11]. We then obtain the following:
P(E,w) ~ |V?D(E — w)D(E), E > 0,0 > —EF,

where D(E — w) is the initial and D(F) the final density
of states (DOS). The propagation term X (£) accounts for
losses due to inelastic collisions. In ultraviolet photoemis-
sion, X (E) is approximately proportional to the electron
mean free path A(E) [10], and we obtain

[(E,») x D(E — )D(E)AL(E)T(E). )

The total photoelectron yield Y(w) is the number of pho-
toemitted electrons per absorbed photon. The photoab-
sorption coefficient varies slowly with the photon energy
around the photoemission threshold (w &~ ¢) [6,7]. There-
fore, the photoelectron yield in the near-threshold region is
essentially proportional to the integrated PES spectrum:

w—¢
Y(w) / I(E,w)dE. 3)
0

At a glance, Eq. (3) suggests that the PES spectrum can
approximately be obtained from the first derivative of the
PYS spectrum. This much used procedure [3] is reasonable
sufficiently far from threshold (w > ¢), where the pho-
tocurrent / (E, w) varies slowly with the photon energy w.
However, here we focus on the spectral region up to 12
eV above threshold, which probes the states close to the
Fermi level. In this case, /(E, w) varies quickly with @ and
the PYS spectrum is better described by the second deriva-
tive of Y(w) than by the first one, as we show below. In the
following, we assume that the density of final states varies
slowly with energy above the vacuum level and D(E) can
thus be replaced by a constant in the PYS threshold region.
This is reasonable, because final-state resonances are usu-
ally located below the vacuum level. We then obtain the
following:

o=
Y(w) « / D(E — 0)ME)T(E)dE. ()
0

The inelastic mean free path A(E£) is well described by the
universal function A(E) = A/(E + ¢)> + BJVE + ¢ [12],
where ¢ = —Ep. This function will be used in the quan-
titative analysis for organic matter below. However, to
obtain a simple formula for the near-threshold region,
we approximate A(E) by a constant in the following.
The transmission function 7(E) is zero below threshold
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(E < 0), increases, and approaches 1 for high energy,
when all electrons reaching the surface are emitted. In the
low-energy limit relevant for PYS, we can assume that
T(E) increases linearly with £ above threshold. This fol-
lows from the semiclassical escape-cone argument [10],
which remains valid quantum mechanically when assum-
ing free-electron dispersion for the final states inside
matter, E(k) = —V, + h*k?/2m, where V, is the inner
potential, corresponding to the surface potential barrier.
From energy and parallel momentum conservation, we
have k, = £/k? — 2mV,/h?, where k. (k.) is the surface-
normal photoelectron momentum in matter (in vacuum).
The electron escapes if k. > 0 or, equivalently, if cosf =
k:/k > 1//1+E/Vy = cosb,, i.e., if the polar angle 6 of
the momentum vector inside matter is smaller than the crit-
ical value 6,. The transmission probability is then given by
the following:

T(E)Z/g(E,Q)@)(@c—@)dQ// g(E, Q)dS
+ +

where g(E,2) is the number of final states inside mat-
ter with energy £ and momentum direction 2 (solid
angle), and the integration | . is over the upper hemisphere
(6 < m/2) corresponding to electrons with positive nor-
mal velocity. ®(x) is the Heaviside step function. Defin-
ing f(u) = fg(E, Q)d¢p, u = cosh, we can simplify to
T(E) = [, f(w)du/ [, f (u)du, where u; = cos 6. We now
assume that () is constant and obtain the following:

1 E
- = _—_ 10
JITEV, 2V,

Constant f (1) corresponds to a uniform final-state momen-
tum distribution. This holds trivially for amorphous and
polycrystalline matter and also approximately at single-
crystal surfaces when the momentum information is
blurred by scattering at phonons or lattice imperfections.
As seen from Eq. (5), T(E) is approximately linear near
threshold; more precisely, for £ < Vy. The inner potential
Vo can be identified with the difference between the vac-
uum level and the interstitial potential, i.e., the average
crystal potential between atomic spheres, which is typi-
cally Vp = 10 — 20 eV [10]. For V) = 15 eV and an energy
of 2 eV above threshold, the error of the linear approxima-
tion in Eq. (5) is 10%. Focusing on the threshold behavior,
we now keep only the leading terms of 7(£) (linear) and
A(E) (constant). Equation (4) then becomes the following:

T(E)=1— [(E/V).  (5)

w—¢
Y(w) / D(E — w)EdE. (6)
0

We first consider the case in which the DOS varies as a
power law with binding energy w — ¢ — E, that is, D(E —

w) X (w — ¢ — E)™ with some exponent m > 0. By eval-
uating the integral (6), we then obtain the following:

Y(o) o (0 — ¢)"*?, (7

i.e., the empirical power law (1) with n = m + 2, in agree-
ment with Apker et al. [13]. Metals have a finite DOS at
Er. To lowest order, the DOS below Er is constant, so
m = 0 and we recover the n = 2 power law of Fowler
[5], obtained with the free-electron model. Semiconduc-
tors have a filled parabolic valence band, which leads to
a DOS with m = 1/2 and thus n = 5/2. This exponent
agrees with Kane’s result for indirect transitions in the
bulk [6], which should dominate the threshold behavior in
most cases. Indeed, while Kane found exponents varying
from n =1 to n = 5/2 depending on the transition pro-
cess, the n = 5/2 result is the most general one, valid for
“any form of indirect scattering mechanisms” [6]. In our
language, indirect scattering (at phonons, crystal imper-
fections or surface roughness) leads to a constant angular
distribution of g(F, 2), which is a sufficient condition for
Eq. (5). We conclude that our simple theory can explain
the known PYS threshold behavior of metals and most
semiconductors.

B. Extracting the DOS from the PYS spectrum

In order to obtain the DOS D(E) from the measured
PYS spectrum Y(w), we need to “invert” Eq. (4). This
can be done by solving the integral equation numeri-
cally. Alternatively, a good approximate solution can be
obtained from the second derivative of the PYS spectrum,
as we now show. Defining S = A7, we rewrite Eq. (4) as
Y(w) f(;" D(—x)S(w — x)dx, x = w — E, and obtain the
following:

Y (w) x —D'(—w)S(0) + D(—w)S'(0)

+/wD(—x)S’/(w —x)dx, (8)
¢

where /7 and f” denote the first and second derivatives of
a function f°, respectively. Since A(E) > 0 and T(E) rises
from 7(0) = 0, we have S(0) = 0, $'(0) > 0 and Eq. (8)
can be solved for D as follows:

D(-w) = Y'() = R),
1
O

)

R(w) = /‘w D(—x)S" (o — x)dx,
[

where the unknown proportionality constant of Eq. (8)
has been arbitrarily set to 1/5(0), i.e., D in Eq. (9) is
not normalized. Equation (9) can be solved iteratively for
D(w) with initial condition R(w) = 0. This provides an
alternative to solving the integral equation (4).
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Importantly, the term R(w) is negligible near thresh-
old (w = ¢), because the integration domain is small and
S”/8(0) « 1, since S is nearly linear. Thus, the occu-
pied DOS is approximately proportional to the second
derivative of the PYS spectrum:

D(—w) =~ Y'(w). (10)

In the application below, we find that R is indeed very small
up to 2 eV above threshold. For higher energies, S flat-
tens off ($” < 0) and so R is a slowly increasing positive
contribution. Also, when S = AT is constant, it is directly
evident from Eq. (4) that the DOS is proportional to the
first derivative of Y. As already mentioned above, this is
a reasonable approximation sufficiently far from threshold,
where S varies slowly. It must be stressed, however, that
the first derivative, although useful in practice [3,4] does
not lead to the correct threshold behavior. This is obvious
when looking at the case of a metal, which is characterized
by a finite DOS at Ef = —¢, i.e., D(—¢) > 0. The lead-
ing term of the PYS spectrum goes like Y(w) o (w — ¢)?
[5] near threshold, implying Y'(¢) = 0 and Y"(¢) > 0. So
it is the second derivative of the PYS signal that has the
same threshold behavior as the DOS, rather than the first
derivative.

C. PYS spectrum for a Gaussian-shaped DOS

Our main purpose is the analysis of PYS data of organic
matter, where the DOS is often well described as a sum
of Gaussian-shaped peaks corresponding to the broad-
ened molecular levels. The broadening may have vari-
ous causes, including band formation, Frank-Condon-type
coupling to molecular vibrations, spatial variations of the
electronic potential due to defects and disorder, and the
population of phonons at finite temperature. While the
precise peak shape depends on the details of the broad-
ening mechanism, the Gaussian shape is appropriate for
finite experimental resolution and structural disorder and
is a good approximation for vibrational broadening. In the
case of intermolecular bond formation or different chemi-
cal environments, the HOMO level will be split [14] and
the resulting total HOMO-derived DOS feature will not be
Gaussian distributed. In this case, the HOMO-peak extrac-
tion method described below will usually yield the first
peak of the HOMO feature.

First, we show that a Gaussian-shaped DOS leads to
a PYS spectrum the threshold behavior of which is very
close to a cube law, i.e., to Eq. (1) with n =~ 3. We con-
sider a DOS made of a single Gaussian peak centered at
€0 and with standard deviation o, i.e., D(E) = exp[—(F —
€0)?/20%]. In the linear approximation [Eq. (6)], the cor-
responding PYS spectrum can be obtained in closed form.
We assume that the Gaussian (HOMO) peak is fully occu-
pied, i.e., (Ef — €9)/o > 1. Inthis case, we can extend the

upper integration bound in Eq. (6) to infinity and obtain the
following:

(0 + 60)2>

202

+ \/gcr(a) + e) erfe (- ”j;) .1

where erfc(x) = 1 — erf(x) is the complementary error
function. The computed PYS yield is shown in Fig. 1(red
line) for ¢ = —5.0 and 0 = 0.2. We have fitted this spec-
trum with the general threshold power law [Eq. (1)] in
the energy range (—ey — 50, —€g + o), which covers the
whole low-energy tail and over 80% of the Gaussian inten-
sity. The fit is excellent, as seen in Fig. 1(a) (blue line).
A small disagreement exists around threshold (¢), which
appears strongly amplified in the Y'/3 plot [Fig. 1(b)].
However, such small differences are usually below noise
level, as will be seen in the next section. The best-fit
parameters are n = 2.95 + 0.04 and ¢ = —€y — ao, with
a = 2.45 £+ 0.04. The values » and a depend somewhat on
the energy range used in the fit, but they are independent of
€o and o, i.e., they are the same for all Gaussian peaks. This
result clearly shows that a Gaussian-shaped DOS leads to
a PYS spectrum the threshold behavior of which is very
close to a cube law (n = 3), observed in most organic mat-
ter [2,7]. Moreover, we find that the threshold ¢, obtained
from the standard cube-law fit, is related to the Gaussian
parameters by ¢ = —ey — 2.450 [see Fig. 1(b)].

Y(o) x o? exp (—

(b)

PYS intensity (arb. units)

Energy (eV)

FIG.1. The PYS spectrum (red solid lines) calculated using Eq.
(11) and fitted to the general power law given in Eq. (1) (blue bro-
ken lines), with —eg = 5.0 and 0 = 0.2. (a) Linear intensity scale
(Y). (b) Cube-root intensity scale (Y'/3). The best-fit parameters
are n =2.95 and ¢ = 4.51 = —¢y — 2.450. The vertical dotted
line marks the upper bound of the fitting region. The underlying
Gaussian DOS is also shown (green solid line).
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The PYS analysis of several organic solids. The top panels show the experimental PYS data (green symbols), the fit to Eq.

(11) (red solid lines), and the fit to the cube law (blue dotted lines) on a Y'/3 scale. In the lower panels, the HOMO peaks extracted
from the PYS data (PYS, red solid lines) are compared with low-energy UPS spectra of the same samples (LEPS, green dotted lines)
and with high-resolution spectra of monolayer samples [15,16] (MLPS, blue solid lines). The MLPS spectra have been aligned with

the PYS peak.

According to Eq. (7), an exact cube law corresponds to
a DOS that rises linearly from threshold (m = 1). Such a
linear photoelectron intensity distribution was effectively
assumed by Kochi et al. [7] for organic matter. In the light
of the present findings, a linear DOS appears as a rough
approximation of the rising slope of a typically Gaussian-
shaped HOMO peak. In Fig. 1, the PYS spectrum of Eq.
(11) (red line) starts to significantly differ from the cube
law (blue line) at about 0.8 eV above threshold ¢. Qualita-
tively the same deviation from the cube law is observed in
all experimental PYS spectra in Fig. 2 below.

II1. APPLICATION TO ORGANIC SOLIDS

A. Determination of HOMO peak from PYS data

We apply the above theory to several organic
solids, namely fullerene (C60), copper phthalocyanine

(CuPc), tris(8-hydroxyquinolinato)aluminum (Alq;), and
pentacene. The samples are deposited under ultrahigh
vacuum conditions on an indium tin oxide substrate of
work function 4.5 eV. The film thicknesses are 60 nm
(C60), 30 nm (CuPc), 30 nm (Alqgs), and 100 nm (pen-
tacene). The light is unpolarized and impinging in normal
incidence. For further experimental details, see Refs. [17]
and [18]. The PYS analysis for these systems is shown in
Fig. 2. In the upper part of each panel, the experimental
PYS data are fitted to Eq. (11) which in turn is fitted to the
cube law. The y scale is the cube root of the PYS intensity
(Y'/3). We see that Eq. (11) agrees very well with the data
over the whole energy range, i.e., up to about 1.2 eV above
threshold. The difference between the experimental and the
theoretical curves is entirely due to noise in the data, which
is obvious when looking at pentacene, where the noise is
lowest and the agreement is virtually perfect. Thus, Fig. 2
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is clear experimental evidence that the near-threshold PY'S
spectra of organic matter are well described by Eq. (11),
reflecting a Gaussianlike-shaped DOS and a linear trans-
mission function [Eq. (6)]. When looking at the cube-law
fit (blue lines), we see that it agrees well in the threshold
region but starts to deviate strongly from the data around
0.6 eV above threshold. This shows that the cube law is
suitable for determining the PYS threshold [2] but that it
fails to describe the spectral shape beyond some 0.5 eV.

The Gaussian peak, obtained from the fit to Eq. (11), is
plotted in the lower panels (red lines) and denoted “PYS
peak” in the following. We note that the fitting results
(peak position and width) depend slightly on the energy
range used in the fit. As a rule of thumb, the upper limit
should not exceed the peak position by more than 3o,
which is about 0.5 eV for the present systems. If a wider
energy range is used, overlap with higher-energy peaks
may worsen the fit. In Fig. 2, the PYS peaks are com-
pared with ultraviolet photoemission spectra. The green
solid lines (labeled LEPS) have been recorded in situ with
a low photon energy of 7.7 eV (except for C60, 8.0 eV)
and are plotted as a function of the binding energy mea-
sured from the vacuum level. The curves labeled MLPS are
high-resolution ultraviolet photoemission spectra (UPS)
of monolayer samples. They have been shifted in energy
with respect to the LEPS spectra in order to compensate
for the different ionization potential, due to different layer
thicknesses and substrates.

The peak positions of the LEPS spectra agree well with
the PYS peaks. This shows that the peak extracted from the
PYS spectrum indeed corresponds to the HOMO peak of
these organic solids. The LEPS peak widths are, however,
larger by a factor of 1.5-2.5 than the PYS values. The peak
widths are summarized in Table I.

The large peak widths of the LEPS data are partly
due to the limited energy resolution with an instrumen-
tal broadening of about 0.23 eV [19]. This is supported
by the fact that the UPS spectra of the Alq; and pen-
tacene films recorded with high-resolution equipment and
approximately 20 eV photon energy [20,21], have HOMO
peaks that are smaller by 0.2—0.3 eV (see the HEPS data

TABLE 1. The HOMO-peak widths [full width at half maxi-
mum (FWHM), in eV] of the investigated organic compounds.
The PYS and low-energy photoemission (LEPS) are from this
work. The high-energy photoemission data of films (HEPS) and
monolayers (MLPS) were taken from (b) Ref. [15], (c) Ref. [20],
(d) Ref. [21], and (d”) Ref. [16].

(a) C60 (b) CuPc (c) Alg, (d) Pentacene
PYS 0.47 0.24 0.52 0.28
LEPS 0.71 0.59 1.2 0.82
HEPS 1.05¢ 0.57¢
MLPS 0.31° 0.237

in Table I). Nonetheless, all peak widths from UPS data
of film samples (LEPS, HEPS), are considerably larger
than the PYS widths. Interestingly, however, the HOMO-
peak widths of the CuPc and pentacene monolayer spectra
(MLPS) are very close to the corresponding PYS val-
ues. This suggests that the peak widths obtained by the
present PYS analysis correspond to the intrinsic width
of the molecular HOMO level, while the UPS peaks of
film samples are further broadened by solid-state effects
related to intermolecular interaction and disorder. The sys-
tematically larger UPS peak width of films as compared
to monolayers has previously been attributed to the dif-
ference in electronic polarization between the outermost
surface layer and the “bulk™ of the film [16,22]. Due to
the extreme surface sensitivity of UPS, the peak shift of
the surface layer of up to 0.3 eV [22] leads to substantial
broadening of the spectrum. Also, structural disorder and
the so-called “charge-up” effect upon photoionization give
rise to a nonuniform electrostatic potential and lead to fur-
ther broadening. These broadening effects can be expected
to be weaker in PY'S than in UPS for the following reasons.
First, UPS is extremely surface sensitive, with a probing
width of about 1 nm, corresponding to only two or three
molecular layers. In PYS, the collected electrons have a
very low kinetic energy and thus a relatively large escape
depth of about 5 nm [12]. The PYS spectrum therefore
probes mainly the inner layers of the film and it is less
affected by the polarization-induced peak shift of the sur-
face layer [22]. Second, PYS is less sensitive than UPS to
surface roughness and the resulting variation of the elec-
trostatic potential within the surface plane. In UPS, spatial
variations of the binding energy of the molecular level lead
to peak broadening, since UPS is measured with respect
to the fixed Fermi level of the electron detector. PYS, in
contrast, is sensitive only to the local ionization energy,
relative to the /ocal vacuum level. Since a change in elec-
trostatic potential shifts both the molecular level and the
local vacuum level, the variation of the local ionization
energy is small and so the broadening of the PYS peak
is smaller than in UPS. These arguments indicate that the
PYS peaks are less affected by surface-related broadening
effects than UPS, which partly explains their systemati-
cally smaller width. Often, the HOMO feature is made of
overlapping peaks, shifted by polarization or band and/or
bond formation [14]. The good agreement of the PYS
peak widths with the MLPS data suggests that, for such
a composite HOMO band, the PYS peak corresponds to a
single component, namely the one with the lowest binding
energy. Clear evidence for this interpretation is provided in
the case of pentacene in the next section.

Let us note that the Gaussian shape of the HOMO peak
is an approximation that cannot account for fine struc-
tures such as the single-molecule vibrational peaks seen,
e.g., in the MLPS spectrum of pentacene (Fig. 2, [16]) or
the HOMO band dispersions observed in photoemission
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of single-crystal films [23]. Therefore, the present anal-
ysis method should only be applied to noncrystalline or
polycrystalline samples.

B. DOS estimation by second derivative or
deconvolution of PYS signal

Here, we use the second derivative of the PYS spec-
trum [Eq. (10)] to estimate the near-threshold DOS without
assumptions on its shape. As the noise-over-signal ratio
becomes hugely amplified upon numerical differentiation,
the second-derivative method can only be applied to high-
resolution low-noise data. Among the four systems in
Fig. 2, only the pentacene data can be used. The raw PYS
spectrum of pentacene (green line Fig. 2) is smoothened
using a spline function and the control parameter (the
root-mean-square error) is chosen to be as small as pos-
sible. The result is shown in Fig. 3. For comparison, the
DOS is also extracted from the PYS data by numerically
solving the integral equation (4) (curve labeled “Decon-
volution”). Here, we use the full 7(£) function in Eq.
(5) and the universal function for the inelastic mean free
path A(E) = A/(E — Er)* + BJJE — Er with 4 = 31 and
B = 0.087 appropriate for organic matter [12]. For the
other two parameters, we take typical values Vy = 10 eV
and Er = —5 eV. The Gaussian fit [“Eq. (11) Fit,” the
same as in Fig. 2] and a high-energy photoemission spec-
trum (“HEPS”) of a different polycrystalline pentacene
film sample [21] are also shown in Fig. 3. We first note
that the DOS obtained by second derivative of the PYS
signal agrees very well with the numerical deconvolution
except that the intensity of the second derivative is some-
what reduced at higher energy, because the positive term
R(w) in Eq. (9) is neglected. The close agreement between

2nd Derivative = = =
Deconvolution =s=:= .. ® Pentacene
i Eq. (11) Fit oo %00
=
c
>
2
&
o9 ©
2 Cu
(a)] e
e
.. r Y e n 1 n n Il
4.6 4.8 5 5.2 5.4 5.6 5.8
Energy (eV)
FIG. 3. DOS extraction from PYS of pentacene. The raw PYS

data is shown in Fig. 2. The DOS obtained by second derivative
(purple) and numerical deconvolution (green) of the PYS data is
compared with the Gaussian peak [“Eq. (11) fit,” red, the same
as in Fig. 2(d)] and the high-resolution photoemission spectrum
of a pentacene film obtained with synchrotron light (“HEPS”)
[21]. The thin dotted lines mark the peak positions obtained by a
Gaussian decomposition of the “Deconvolution” curve.

the second derivative and the deconvolution method is
also found for PYS data from single-crystal rubrene (not
shown) on an energy range up to 2 eV from threshold.
As mentioned above, the second-derivative analysis can be
numerically delicate because of noise amplification. If the
raw data is too noisy, the deconvolution method should be
used instead. Note that the extraction of the HOMO-peak
position and width introduced in the previous section is
free of such numerical problems. It does not involve any
derivatives, but only a least-squares fit of the simple ana-
lytic expression (11) to the data, which is a very stable
numerical operation.

The “2nd Derivative” and “Deconvolution” DOS in
Fig. 3 show two overlapping peaks, split by 0.25 eV.
This peak splitting compares well with the experimentally
and theoretically established fact that the HOMO of pen-
tacene is made of two narrow bands, split by 0.1 ~ 0.4 eV
depending on the momentum vector and the crystal phase
[24-26]. The extracted DOS agrees also well with the pho-
toemission data (“HEPS”) in terms of the position and
width of the central part. It is seen from Fig. 3, that the sin-
gle Gaussian peak (“Eq. 11 Fit”) corresponds to the first of
the two overlapping peaks of the HOMO feature. Also note
that the single Gaussian peak fits remarkably well with the
low-energy part (E < 5.25 eV) of the HEPS HOMO sig-
nal. From this analysis, we conclude that in case of a broad
HOMO band made of several overlapping peaks, the PYS
peak obtained by fitting to Eq. (11) corresponds to the low-
est energy peak. Higher-energy features of the DOS can
approximately be extracted from high-resolution PYS data
by second derivative or numerical deconvolution.

IV. CONCLUSIONS

In summary, we propose a method for estimating the
DOS of the highest occupied states of organic matter from
PYS data. This provides important electronic information
beyond the standard determination of the ionization poten-
tial. The PYS spectrum is approximated by an energy
integral over the occupied density of states of the sys-
tem, weighted by a transmission and loss function, which
scales linearly near threshold. This simple general theory
reproduces the known threshold behaviors of metals and
most semiconductors. We show that a Gaussian-shaped
DOS leads to a PYS spectrum that is very close to a cube
law near threshold. As the HOMO peak of organic mat-
ter is very often of approximately Gaussian shape, we thus
explain the empirical fact that a cube law fits the PYS
threshold behavior of most organic materials well. We
propose a simple method for extracting the HOMO-peak
position and width from the PYS spectrum. By analyzing
the PYS data of several organic films, we obtain HOMO
peaks that are in good agreement with the available UPS
data. For film samples, the PYS-derived peak widths are
narrower than the corresponding UPS peaks and agree well
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with monolayer UPS data. This indicates that PYS-derived
peaks are less sensitive than UPS peaks to broadening
induced by intermolecular polarization and disorder. In
the case of overlapping peaks, the PYS-derived peak cor-
responds to the lowest binding-energy component of the
HOMO band. DOS features beyond the first peak can
be estimated through the second derivative or numerical
deconvolution of the PYS signal.
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