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The electronic structure of dye/AgBr interfaces has been studied by UV photoelectron spectroscopy
for several merocyanine dye films vacuum deposited on AgBr films. With these results energy diagrams
of interfaces were obtained, which include the vacuum level, Fermi level, top of the valence band, and
bottom of the conduction band of AgBr, and the energy levels of the highest occupied molecular orbital
and the lowest unoccupied molecular orbital of the dyes. These energy diagrams were consistent with
the trend in the measured abilities of these dyes for spectral sensitization in the framework of the
electron-transfer mechanism. The vacuum level of AgBr was found to be significantly lowered by dye
deposition. We discuss the factors determining the electronic structure, including the origin of the elec-
tric double layer at the interface, which gives rise to the shift of the vacuum level.

I. INTRODUCTION

Spectral sensitization is one of the key phenomena in
silver halide photography.! In spectrally unsensitized
silver halide (AgX) emulsion, a photoelectron created by
light absorption by a AgX grain is captured by an elec-
tron trap, and then attracts and reduces an interstitial
Ag™ ion to form a Ag® atom. The repetition of this pro-
cess at the same site leads to the formation of a latent im-
age center composed of Ag, or a larger cluster. This
center acts as a catalyst for the reduction of a AgX grain
to silver by a developer, by receiving an electron from a
reductive developing agent. The initial photoexcitation
process for the intrinsic sensitivity of AgX is shown in
Fig. 1(a) by the arrow labeled I. An important difficulty
is that this process can be caused only by a photon with
energy larger than the band gap of AgX [2.6 eV (477 nm)
for AgBr and 3.0 eV (413 nm) for AgCl], which is only a
small fraction of the visible region.

This difficulty is overcome by adding an appropriate
dye to an emulsion in which AgX grains adsorb dye mole-
cules and become sensitive to the light with longer wave-
length, which the dye absorbs. Use of various dyes en-
ables spectral coverage over a wide range extending to in-
frared light, and sharp absorption bands of J aggregates
of dyes on AgX enables the reduction of their sensitive
range into three principal colors. !

The mechanism of this phenomenon, called spectral
sensitization, has been a subject of long debate, in partic-
ular between electron-transfer>® and energy-transfer*
mechanisms. Now it seems to be accepted that the form-
er, depicted in Fig. 1(a), is dominant under usual condi-
tions.'* An electron photoexcited in the dye from the
highest occupied molecular orbital (HOMO) to the lowest
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unoccupied molecular orbital (LUMO) [arrow S1 in Fig.
1(a)] is transferred to the conduction band of AgX (arrow
S§2), and takes part in the latent image formation. In this
mechanism, the energy of the LUMO (g;y) must be
higher than that of the bottom of the conduction band
(CB) of AgX (gcp) for efficient sensitization. Thus we ex-
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FIG. 1. (a) Sensitization of a silver halide (AgX). In the in-
trinsic sensitivity region, an electron is excited from the valence
band of AgX to the conduction band (the arrow labeled I). In
the electron transfer mechanism of spectral sensitization, the
electron in the highest occupied molecular orbital (HOMO) of
the dye is excited to the lowest unoccupied molecular orbital
(LUMO) (arrow S1), and injected into the conduction band of
AgX (arrow S2). (b) Traditional way of estimating the interfa-
cial energy diagram. Assuming a common vacuum level (VL)
between AgX and the dye, the ionization threshold energies
(I) and the gap between the highest occupied and lowest va-
cant states (AE) are used for estimating the relative location of
the LUMO of the dye and the bottom of the conduction band of
AgX (CB). (c) Realistic energy diagram at dye/substrate inter-
face suggested by Nielsen (Ref. 10). There is a shift of vacuum
level 8 across the interface due to an electric double layer.
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pect a sharp dependence of sensitizing efficiency of dyes
on the location of their LUMO with respect to that of the
CB, under the condition that other factors affecting this
efficiency, such as the competition between the electron-
transfer and deactivating processes in the dye phase do
not differ too much among the dyes.! Indeed, the elec-
trochemically estimated height of the LUMO for each
dye as given by its reduction potential E 4 in a solution
under common condition has enabled the confirmation of
the above-stated expectation.’

Still there remain fundamental questions about the
electronic structure of dye/AgBr interfaces. The above-
stated electrochemical estimation gives only the relative
heights of HOMO and LUMO of a dye in monomeric
state in a solution. For further understanding of spectral
sensitization, it is required to obtain absolute heights of
HOMO and LUMO for a dye in an aggregated state on
the surface of AgX. There have been attempts at deter-
mining energy-level diagrams of dye/AgBr interfaces
with absolute energy scales through the procedure shown
in Fig. 1(b).™° The ionization threshold energies I, of
AgX and a dye were determined by separate photoemis-
sion experiments, and €;; and ecg deduced by using the
optical transition energies of AgX (AE,.x) and the dye
(AEp) by assuming a common vacuum level. The ob-
tained results, however, did not correlate well with the
observed sensitizing behavior of the dyes studied. Some
dyes with g ; situated above the CB were poor sensitiz-
ers.

Nielsen'® criticized this way of constructing the
energy-level diagram, proposing that the interface energy
diagram shown in Fig. 1(c) is more realistic. There is a
gap 8 between the vacuum levels of both sides, and there
is little band bending, since the carrier densities in those
wide-gap insulators are small. He obtained some experi-
mental evidence for this idea by studying several inter-
faces.!%!! However, no experimental study has ever been
performed for dye/AgX interfaces. Thus a direct exam-
ination of the dye/AgX interface has been highly desir-
able.

In this paper we report such a study by UV photoemis-
sion spectroscopy (UPS) for interfaces formed by vacuum
depositing several kinds of merocyanine dyes on eva-
porated films of AgBr.

We note that UPS has already been used for studying
AgBr>!271® and several interfaces composed of organ-
ics.!%11 We also have examined the correlation of I,
with the oxidation potential (E,, ) and the energy of the
HOMO (ggq) as given by MO calculations for merocyan-
ine!® and cyanine?® dyes. This work is an extension of
our efforts toward understanding spectral sensitization
from the viewpoint of electronic structure.

II. EXPERIMENT

A. Sample materials

Five merocyanine dyes shown in Table I were used.
They were synthesized according to the method of
Brooker et al.?! Their purities all exceeded 99% as as-
sessed with elemental analysis and thin-layer chromatog-
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TABLE 1. Dyes used in this work.

Dye n X R, R, Y
A 0 s C,H; H
B 1 S C,H; H
c 2 S C,H; H
D 3 s C,H; H
E 1 N C,H; CeH s cl

Ry 0
!
X Ry
Hc=Ch
Y N 57 s
C2Hs

raphy. Silver bromide powder was provided by Aldrich
(99.999%). The photographic emulsions used were the
suspensions of octahedral and cubic AgBr grains (average
edge lengths 0.83 and 0.73 um, respectively) in aqueous
gelatin solutions, and prepared by a controlled double jet
method.?* A methanolic solution of dye was added to the
above-described emulsion, which was agitated, coated on
a triacetate cellulose film base, dried, and subjected to the
measurements of reflectance spectrum and photographic
sensitivity. The added amount of each dye was
1.67X10™* mol/mol AgBr. It was confirmed by a con-
ventional separation method that dye B was adsorbed to
the emulsion grains according to Lagmuir’s adsorption
isotherm, occupying a 62 A%/molecule on the grain sur-
face. The surface coverage of the grains by the molecules
of dye B was therefore 28% in the cases of the above-
described experiments.

B. UPS spectra

The UPS spectrometer was a combination of a rare-gas
resonance lamp and a retarding-field-type electron energy
analyzer. Most of the data reported here was obtained by
the Ar1(11.62- and 11.83-eV doublet) resonance line sup-
plemented with data by He 1(21.22 eV) and Xe I (8.42 eV)
emission.

The samples were prepared by successively evaporating
AgBr and dyes onto a Ag substrate heat cleaned at 500 °C
for 10 h. The use of Ag excluded the possibility of cation
exchange between AgBr and the substrate.'® The film
thickness was monitored by quartz thickness monitors,
and calibrated for dye films by a photometric analysis
after dissolving in N, N’ dimethylformamide.

At first the UPS spectrum of a Ag substrate was mea-
sured. Then AgBr was evaporated from a Pt-wire eva-
porator to a thickness of 7-10 nm, and UPS measure-
ments were made at intermediate stages of evaporation.
X-ray diffraction revealed that a deposited AgBr film was
polycrystalline composed of randomly oriented crystal-
lites. A merocyanine dye was deposited on this AgBr
film step by step, using an evaporator designed for organ-
ic compounds,23 and UPS measurements were made at
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each step.

For energy analysis of photoelectrons, the sample was
surrounded by a collector electrode inside coated with
Au. The electrons were detected as photocurrent 1., by
the collector as a function of retarding voltage ¥, applied
between the sample and collector. The UPS spectrum
was obtained as dI, /dV, by electrically differentiating
I, by an ac modulation method** with a modulation of
0.2V,,. The energy resolution was estimated to be about
0.2 eV from the Fermi edge of Au. The precision was es-
timated to be 0.05 eV. This method of energy analysis
has the advantage of an accurate energy axis as compared
with electrostatic deflection, where even small elec-
tromagnetic fields tend to affect the energy distribution of
slow electrons.

The base pressure of the UPS apparatus was 1073
Torr. As shown below, the results for AgBr agree well
with those obtained under ultrahigh vacuum, 13 indicating
the low sensitivity of the AgBr surface to contamination.
This insensitivity was confirmed by invariance of the
spectra through exposure of a sample to air of atmos-
pheric pressure. Ordinary organics such as the dyes stud-
ied here can be safely measured under present vacuum
conditions. 226

Evaporation and measurements were carried out by
paying attention to preventing exposure to light or elec-
trons. UPS spectra did not change due to the exciting
light used for the measurements.

C. Diffuse reflectance and spectral sensitivity

The diffuse reflectance spectra of coated emulsion lay-
ers were measured by use of a Hitachi Color Analyzer
Model 307. The spectral sensitivity of the same emul-
sions with adsorbed dyes were measured using a
homemade apparatus.

III. RESULTS AND DISCUSSION
A. AgBr

Figure 2 show the Ar 1 UPS spectra of AgBr films of
increasing thickness d on a Ag substrate. These spectra
and He I spectra (not shown) agree well with those mea-
sured by Bauer and Spicer'® under ultrahigh vacuum.
The onset voltage V,, and the saturation voltage V, cor-
responding to the right- and left-hand cutoffs, respective-
ly, are indicated for the top curve in Fig. 2.

The energy parameters of the sample can be derived
as??

¢S:¢C+eVs ) (1)
A=hv—¢, —eV,, )
Iy,=¢,+A=hv—e(V,—V,), (3)

where ¢, and ¢, are work functions of the sample and
collector, and A is the energy difference between the Fer-
mi level E and the top of the occupied states, respective-
ly (cf. inset of Fig. 2). Thus the energy before photoexci-
tation relative to the Fermi level E(E) is given for an
electron stopped at V, by
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E(Ep)=hv—¢,—eV, . (4)

The bottom curve in Fig. 2 is the spectrum of a Ag
substrate. From the value of V;=7.3, eV and the condi-
tion of A=0 for a metal, we obtain ¢, =4.35 eV using Eq.
(2). The abscissa at the top of Fig. 2 corresponds to
E(Ep) as derived from Eq. (4). The topmost part of the
valence band at ¥, =3.5-7 V is formed by Ag Ss orbitals,
and Ag 4d orbitals form the peak at about 2 V.?® From
the left-hand cutoff and Eq. (1), we obtain ¢ Ag
=4.2¢+0.23 eV. This is in fair agreement with the re-
ported values of 4.26, 2 4.0, 0 and 4.3 ev.?!

Increasing the thickness d of deposited AgBr, both V,,
and V¥, shift significantly, and stop changing beyond
d =4 nm. The upper valence band is formed by Br 4p
and Ag 4d electrons. >~ '® From the data for many AgBr
films and Egs. (1)-(3), the energy parameters of AgBr are
derived as ¢ (AgBr)=5.3+0.3 eV, A(AgBr)=1.310.2 eV,

E(ER) (eV)
-8 -7 -6 -5 -4 -3 -2 -1
T T T T T T T T | S—

AgBr/Ag

Emission Intensity (Arb. Units)

1

70 1 2 3 4L 5 6 7 8
Retarding Voltage Vr (V)

FIG. 2. Change of the Ar I spectrum of a Ag substrate by
AgBr deposition. The abscissa at the bottom is the retarding
voltage V,, and that at the top is E (Ef) derived from Eq. (4).
The total average thickness d of the deposited film is indicated
for each spectrum. The right-hand onset of the Ag spectrum at
the bottom corresponds to the Fermi level E. The onset volt-
age V, and saturation voltage V; are also shown for the top
curve. The insert depicts the energy level diagram of AgBr/Ag
interface deduced from the spectra and the relation among ener-
gy parameters of the UPS sample and Au collector [cf. Egs.
(D-(3).
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TABLE II. Experimentally observed energy parameters of AgBr (in eV).

Method Sample Iy A o Ref.

Yield (1073 Ag+Br, <6 32

Yield (1074 sheet 5.8—6.3 33

evap. film +(>1eV)°

Yield (1074 bulk ca. 6.0 12

(+UPS) sheet

Yield (107° Ag+Br~ 5.9—6.0 9

—1071%®

UPS evap. film 7.15 13

UPS evap. film 1.2 14

UPS evap. film 6.31£0.3 1.3£0.2 5.0 15

UPS evap. film ca. 1.8 17

UPS evap. film 6.6+0.4 1.3 5.3+0.3 this
work

*Photoemission yield at which the threshold was determined.
*Threshold energy of evaporated film was larger than that of a sheet by more than 1 eV.

and I, (AgBr)=6.6+0.4 eV.

Thus we obtain an energy diagram for a AgBr/Ag sys-
tem in the inset of Fig. 2, assuming a flat band
throughout the solids. The work function of AgBr is
much larger than that of Ag, resulting in a rise of the
vacuum level. The energy at the bottom of the conduc-
tion band ey of AgBr in the E (E) scale is given by

€cB™ AAgBr + AEAgBr ’ (5)

where AE,, is the band gap of AgBr. Since
AE .5, =2.6 eV, ecp is situated at 1.3 eV in E(Ey)
scale, and 3.7 eV below the vacuum level. The Fermi lev-
el is at the middle of the band gap.

The values of I, and ¢; of AgBr were scattered from
sample to sample, while the value of A, on which subse-
quent discussion mainly relies, was fairly well reproduci-
ble. This trend is also seen in Table II, where we com-
pare present results with ones reported by other work-
ers. 127173233 The reproducibility of I, and ¢, among
workers is not good, while A is well reproducible except
for an epitaxially grown AgBr(111) film. !’

B. Merocyanine dyes on AgBr

Figure 3 shows a series of Ar I (UPS) spectra for dye C
on AgBr with increasing average dye thickness d. A
peak due to the HOMO of the dye appeared at V,=5.9
eV. The significant shift of ¥ indicates a lowering of the
vacuum level from that of AgBr [Eq. (1)]. The same
trends were also observed for other dyes. The dye spec-
tra in the E(Ej) scale were well reproducible within 0.2
eV. In this energy scale, the HOMO energy of the dye is
given by

€Ego= — A (6)

An example of the dependence of €40 and the vacuum
level on d is shown in Fig. 4 for dye B. This indicates
that ey, was almost independent of d, even for sub-
monomolecular layers. This finding is important, since a
submonomolecular layer of dyes adsorbed on AgBr

grains is used in the photography. The vacuum level is
lowered by about 1 eV, and becomes constant beyond
d =1 nm. Similar results were also obtained for other
dyes studied. Similar trends were reported by Niel-
sen!®!! for furan quinone pigments on metal substrates.
Figure 5 depicts the Ar I spectra of thick dye layers on

E(Eg) (eV)
8 -7 -6 -5 -4 -3 -2 -1 ?:EF

Dye C/AgBr/Ag

Emission Intensity (Arb. Units)

40 12 3 4 5 6 7 8
Retarding Voltage Vi (V)

FIG. 3. The change of the Ar I spectra brought about by de-
positing an increasing amount of dye C on a AgBr film of a 10-
nm-thick Ag substrate. The abscissa at the bottom is the retard-
ing voltage, and that at the top is the E (Ey) derived from Eq.
(4). The total average thickness of dye D is indicated for each
spectrum. The locations of ¥, are indicated by the arrows, ex-
cept for the case of d =0.1 nm, where the determination of V,
was difficult owing to the weak signal from the dye.
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FIG. 4. Thickness dependence of ¢, and A(= —gyo) of dye B
deposited on AgBr. The open and filled circles correspond to
independent measurements. The ¢, of AgBr without dye is also
shown.
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FIG. 5. Ar 1 UPS spectra of thick films of dyes 4—E on
AgBr. The thicknesses are 1.4 (A), 7 (B), 3.5 (C), 5.6 (D), and

2.1 nm (E). The abscissae are the same as for Fig. 2. The posi-
tions of ¥, are indicated by arrows.
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FIG. 6. The energy-level diagrams of dye/AgBr interfaces.
Each column corresponds to the combination of AgBr with a
dye in the E(Ef) scale. VL: vacuum level; CB and VB: the
bottom of the conduction band and top of the valence band of
AgBr; LUMO and HOMO: lowest unoccupied and highest oc-
cupied molecular orbitals of the dye. The locations of CB and
LUMO are deduced from Egs. (5) and (7).

AgBr, and in Fig. 6 energy-level diagrams of the
dye/AgBr interfaces in the E (Ej) scale derived from the
spectra are shown. The numerical data ¢, 6, I,;,, and
A(= —gyo) of dyes are summarized in Table III, with re-
ported values'® for dyes on the Cu substrate. The agree-
ment in I,;, between present and reported ones is good,
and those in ¢, and A are reasonable.

The energy of the LUMO g;; of each dye can be de-
duced as

ELU:€HO+AED=_A+AED ) (7)

where AE;, is the HOMO-LUMO gap corresponding to
the longest-wavelength absorption of dye. The value of
AE; was deduced from diffuse reflectance spectra of
emulsion layers containing cubic AgBr grains with the
dye adsorbed shown in Fig. 7. The absorption band from
UV to about 500 nm in the reflectance spectrum of an
emulsion layer without dye was assigned to the indirect
exciton of AgBr.! The value of AE}, of each dye was ob-
tained as the absorption maximum indicated by an arrow.
The results with octahedral and cubic AgBr grains
agreed with each other. The numerical values for AE,
and g ; are summarized in Table III.

TABLE III. Energy parameters of dyes deposited or ad-
sorbed on AgBr (in eV).

Dye Present work Ref. 19
A

¢, (—€no) 5 In, AEp ey ¢ A Iy,
A 4.4, 0.65 0.5, 5.15 264 20 45 105 555
B 4.1, 0.7, 0.8, 49 2.11 135 45 0.7 5.10
C 4.0 0.8 1.0 48 182 10 45 035 4385
D 3.9 0.8 1.0, 4.7 1.52* 0.7 42 055 4.80
E 4.6 0.7 04 53 230 16 46 055 5.15

*We note that the value in a preliminary report (Ref. 36) (1.70
eV) was slightly in error, but this does not affect the discussion
in the present paper.
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FIG. 7. Diffuse reflectance spectra of AgBr emulsions with
and without adsorbed dyes for cubic AgBr grains. The ad-
sorbed dye is indicated at the right-hand side of each spectrum.
The amount of each dye was 1.67X 10™* mol/mol AgBr. The
absorption maximum of the longest-wavelength absorption peak
of each spectrum is indicated by an arrow.

According to the electron-transfer mechanism [Fig.
1(a)], we expect that (1) the sensitizing ability of a dye
should change significantly by the relative location of €y
of the dye and ecp of AgBr;3* and (2) if sensitization
occurs, sensitivity will be enhanced at the energy of the
photoabsorption AE;, for each dye. The variation of
AE, is the origin of the spectral selectivity of different
dyes.

As seen in Fig. 6, the LUMO’s of dyes 4, B, and E are
above the bottom of the conduction band of AgBr, while
those of C and D are below it. Thus we expect that 4, B,
and E are reasonably good sensitizers, and C and D
should be poor sensitizers. We note that the traditional
method of aligning the vacuum level places the LUMO’s
of dyes C and D above the CB, leading to the opposite
prediction that these dyes are also good sensitizers.

C. Comparison with photographic sensitization

Figure 8 shows the wedge spectra of the cubic AgBr
emulsions with dyes added. Octahedral AgBr emulsions
showed similar results. The wavelength of the light in-
cident to a film was indicated in the abscissa, the light in-
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Cubic AgBr

A (nm)

FIG. 8. Wedge spectra of undyed and dyed photographic
emulsions containing cubic AgBr grains. The wavelength of the
absorption maximum of the reflectance spectrum in Fig. 7 is in-
dicated by an arrow.

tensity being exponentially decreased from the bottom to
the top, and the exposed film was developed.

We see that the sensitivity of the grains with adsorbed
dyes A, B, and E is large at the maxima of longest-
wavelength absorption indicated by arrows, showing that
these dyes are good sensitizers. On the other hand,
grains with adsorbed dyes C and D show little sensitivity
at the maxima, showing their poor sensitizing ability.
These results are in excellent agreement with the expecta-
tions in Sec. III B from the interfacial energy diagram.
On the other hand, the traditional method of estimation
failed to predict the poor sensitizing ability of dyes C and
D, due to the neglect of the shift of vacuum level [Fig.
1(c)].

We note two other details about Fig. 8. First, the de-
crease in the intrinsic sensitivity of AgBr (blue sensitivity)
caused by dyes C and D can be ascribed to the capture of
photoelectrons by the dyes.! Dye D was not so
effectively adsorbed to AgBr, and this may explain the
small decrease in blue sensitivity of dye D. Second, the
relative intensity of the doublet peaks of dye B (525 and
585 nm) is reversed between Figs. 7 and 8. We consider
that the peak at the shorter wavelength, assigned to H
bands of the dye, has a smaller quantum yield for spectral
sensitization than the peak of the longer wavelength.

Thus the energy diagram of interfaces experimentally
determined by direct measurements could remove the
difficulty of the previous scheme shown in Fig. 1(b), and
this strongly supports the electron-transfer mechanism
for spectral sensitization. We recognize the difference in
experimental setups between UPS and spectral sensitivity
measurements: the former was carried out for the dye
overlayer on a AgBr film, while in the latter we used
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AgBr grains with highly diluted adsorbed dyes. Never-
theless, the good correspondence between electronic
structure and sensitizing behavior suggests that the
mechanism of spectral sensitization can be accessed by
experiments such as the UPS study reported here.

D. Factors
determining the interfacial electronic structure

Finally, we discuss how the interfacial electronic struc-
tures develop such as those in Fig. 6, although experi-
mental information for fully discussing this point is not
yet available.

The significant lowering of the vacuum level indicates
the formation of an interfacial electric double layer. Fur-
ther, the average thickness of ~1 nm, where the energy
of the vacuum level stops changing, corresponds roughly
to the monolayer thickness. Thus we may suppose a dou-
ble layer just within the first monolayer, with the HOMO
energy being determined in each molecule and little
affected by dipole layer formation from surrounding mol-
ecules.

The simplest explanation for this is the coincidence of
the Fermi levels due to electron transfer from the dye to
AgBr. Such Fermi-level alignment at the interfaces was
reported for Cg, deposited on metals and n-doped
GaAs.*® In the present case, however, the expected num-
ber of intrinsic carriers in AgBr and dye is small, and the
thickness of the space-charge layer may be very large.
Thus electron transfer alone is not satisfactory for ex-
plaining the band offset within the thin interfacial layer.

Another possible candidate for the origin of such a
double layer is the alignment of molecular dipoles on the
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interface, with a negative charge on the AgBr side and
a positive one on the vacuum side. There are several
experimental results to suggest that the merocyanine
dyes used here are adsorbed on Ag halides at the thioke-
tone (C=S) sulfur,’’ % with polarized structure
N*(C,H;)=C-S™ -- - Ag™ in the rhodanine ring. Fur-
ther, the extended m-electron system along the methine
chain is known to polarize easily due to the resonance be-
tween N— -+ =0 and N"= ---—0~ forms. The
above-mentioned polarized structure in the rhodanine
ring, and the positive charge of the Ag™’ ion will favor
the latter form. These factors indicate that the first ad-
sorbed layer of dye may have a large dipole moment with
the negative part at the AgBr side. The small effect of
further dye deposition may be explained in terms of the
small dipole of the nonadsorbed dye and/or the random
orientation of dye molecules. Reconstruction of the top-
most layer of AgBr by dye deposition, if it occurs, may
also contribute to the dipole layer, but at present we do
not have detailed information about this.

Note added in proof. Recently more detailed informa-
tion about the adsorption geometry of dyes has been ob-
tained from adsorption isotherm measurements. **4!
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