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The electronic structure and chemistry of interfaces between tris-~8-hydroxyquinoline! aluminum
(Alq3) and representative group IA and IIA metals, Al, and Al/LiF have been studied by x-ray and
ultraviolet photoelectron spectroscopies. Quantum-chemical calculations at the density functional
theory level predict that the Alq3 radical anion is formed upon reaction with the alkali metals. In this
case, up to three metal atoms can react with a given Alq3 molecule to form the trivalent anion. The
anion formation results in a splitting of the N 1s core level and formation of a new feature in the
previously forbidden energy gap. Virtually identical spectra are observed in the Al/LiF/Alq3 system,
leading to the conclusion that the radical anion is also formed when all three of these constituents
are present. This is support by a simple thermodynamic model based on bulk heats of formation. In
the absence of LiF or similar material, the reaction of Al with Alq3 appears to be destructive, with
the deposited Al reacting directly with the quinolate oxygen. We proposed that in those
circumstances where the radical anion is formed, it and not the cathode metal are responsible for the
electron injection properties. This is borne out by producing excellent injecting contacts when Ag
and Au are used as the metallic component of the cathode structure. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1324681#
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I. INTRODUCTION

A thin film, organic light emitting diode~OLED!, such
as indium–tin–oxide (ITO)/N,N8-bis-~1-napthyl!-N,N8-
diphenyl-1,1’biphenyl-4,48-diamine (NPB!/Alq3 /Mg:Ag, is
a current injection device. The light output~electrolumines-
cence! is derived from the radiative recombination of ele
trons and holes injected into the organic bilayer (NPB/Alq3)
from the respective metallic cathode~Mg:Ag! and the semi-
transparent anode~ITO!.1 It has been well established th
the electroluminescence efficiency~photons/charge! as well
as the voltage required for the OLED is strongly depend
on the contacting electrodes and their charge injec
characteristics.2,3 ITO glass, modified with an oxidative sur
face treatment, is commonly used as the hole-inject
contact,4–10 while a low work function metal~Mg, Ca, or Li!

a!Author to whom correspondence should be addressed; electronic
max.g.mason@kodak.com
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or a metal alloy~Mg:Ag! is required to form an effective
electron-injecting contact.1,2,11–13 These metals are poorl
suited for a production environment because of their
tremely high chemical reactivity. The ability to transition
Al cathodes would represent a significant advance in
practical development of OLED devices. Unfortunately,
forms a rather poor cathode with high drive voltage and l
efficiency for electron injection into Alq3, the most common
of electron transport materials. A significant step towa
overcoming this problem was realized with the discove
that very small amounts of LiF or MgO at the Alq3 /Al inter-
face drastically improved both the drive voltage and lum
nescence efficiencies.14 Likewise, doping of the near cathod
portion of the Alq3 with Li produced an excellent contact t
Al.12,15 More recently a host of insulating materials has a
shown similar beneficial effects. These include CsF,16,17

Csl,17 MgF2,
18 Li 2O, NaCl, KCl, K2O, RbCl, and Cs2O.19

Maximum efficiency enhancements are typically achieved
il:
6 © 2001 American Institute of Physics

t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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below-monolayer coverages and show a remarkable inse
tivity to the exact compound employed. It has further be
shown that the insulating materials need not be deposite
a film on the Alq3 surface. At least in the cases of LiF16,20,21

and CsF,16,20 the insulators can be coevaporated with eith
the organic or metal at concentrations of about 3 at. %
give enhancements identical to those found in the thin fi
depositions. These similarities suggest similar mechani
for electron injection in all cases. Because the formation
injection contacts is critical to the OLED device perfo
mance, numerous surface analytical studies have been u
taken, primarily using photoemission experiments, to cha
terize the injection barrier energetics and the chem
compositions at the anode/organic6–9 and cathode/organic3,22

interfaces. In our previous studies, we have examined in
tail the ITO anode properties as a function of various oxi
tive treatments.8

In this study, we have focused our attention on the pr
erties of the cathode/Alq interface where the cathode m
rials are low work function, group IA and IIA elements, A
and LiF/Al. We use UPS and XPS combined with quantu
chemical calculations to characterize the energetic levels
the chemical nature of the Alq/cathode interface. We w
show that the low work function metals and either LiF/Al
CsF/Al, when deposited onto Alq3, produce species which
have virtually identical spectra in both the core and vale
orbitals and differ significantly from those produced when
is deposited onto Alq3 in the absence of LiF. These observ
tions, quantum chemical calculations, and consideration
bulk thermodynamic heats of formation lead us to prop
that the Alq3

2 radical anion is formed in the presence
either a low work function metal or LiF/Al or CsF/Al. Base
on the similarities in device performance, this is proba
true for all of the insulating materials referenced above wh
used in conjunction with Al.16–19

II. EXPERIMENT

Measurements were made on three separate instrum
All spectra involving Li and K were recorded at Linko¨ping
University and these measurements have been previousl
scribed in detail.23 Mg and Na measurements were pe
formed at the City University of Hong Kong using a V
ESCALab 220i-XL spectrometer. All other measureme
were made on VG ESCA Lab Mark II. Both of these latt
instruments used monochromatic AlKa radiation for all XPS
spectra and unfiltered, HeI radiation for UPS. Adjoining
sample preparation chambers were present on both of t
instruments and were used for vapor deposition of
samples. Base pressures were in the high 10210 to low
1029 mbar range in the preparation chamber. Pressures in
analysis chambers when the He lamp was not running ran
from 4310211 in the Mark II to about 2310210 in the ion
pumped 220i-XL. Residual gas analysis of the 220i-X
analysis chamber showed He to be the primary ambient c
ponent. The typical instrumental resolution for XPS rang
from '0.4 eV to'0.8 eV, which yielded full width at half
maximum values for the Ag 3d5/2 line of 0.79 and 1.2 eV.
The poorer instrumental resolution was only employed
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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increase the count rate of the extremely weak Li 1s level at
low coverages where detection was extremely difficult. F
UPS measurements the typical resolution ranged from'0.03
to 0.1 eV. For these measurements the samples were b
at 24.0 V to observe the true, low energy secondary cut
and enhance the emission of the extremely low energy
ondary electrons.

Alq3, Ca, and Mg were thermally evaporated from T
boats, LiF and CsF were evaporated from W filaments,
Al from a BN crucible. The nominal thickness for the Alq3

was maintained at 100 Å. A SAES® alkali metal dispens
was used for the Na depositions. Optically flat Si~110! or
~100! wafers were used for the evaporation substrates. C
erages were measured with a quartz crystal oscillator, wh
was calibrated by measurement of the XPS core level in
sities or, in the cases of LiF, CsF and Alq3, by the more
accurate technique of spectroscopic ellipsometry.

III. RESULTS AND DISCUSSION

A. Low work function metals on Alq 3

The most accepted model for electron injection from
metal into an organic material such as Alq3 requires that the
metal have a relatively low work function.1,2 This is thought
to be necessary so as to minimize the energy barrier betw
the metal Fermi level and the lowest unoccupied molecu
orbital ~LUMO! of the organic. The first systematic, phot
emission study of such an interface involving Alq3 was with
alkaline earth metal Ca.24–26 At low coverages of Ca(QCa

<4 Å), where the reaction with Alq3 does not appear to b
destructive, the photoemission spectra yield three signific
clues as to the metal/organic interaction. In the XPS spe
the N 1s peak is split with a new feature appearing on t
low binding energy~BE! side and having about one half th
intensity of the stronger component. Also, the Ca core lev
have unusually high binding energies characteristic of a
valent cation. Finally, in the UPS spectra, all of the Al3

molecular orbital features are shifted to higher binding e
ergy and a new state is formed in the previously forbidd
energy gap. This is shown in Fig. 1. These spectral mod
cations were taken as evidence for formation of the Al3

2

radical anion. This assignment was supported by semiem
ical ~ZINDO! molecular orbital calculation by Burrow
et al.27 that showed the excess electronic charge in the A3

2

radical anion to be localized on the pyridyl side of one of t
three quinolate rings. This highest occupied molecular
bital ~HOMO! of the radical anion is closely identifiable wit
the LUMO orbital of the neutral molecule. More elabora
and accurate calculations have since been reported23,28 but
the basic conclusions remain unaltered. This proposed e
tronic structure accounts for all of the spectral features hi
lighted above. The N 1s peak splits, with a 2:1 ratio becaus
the charge density in the radical anion is localized on
pyridyl side of one of the quinolate rings. The ratio of 2
results from the charge being on only one of the three p
sible nitrogens. The high BE observed for Ca is due to
highly ionic character of the bonding with the Ca transferri
two electrons to two different Alq3 molecules. This is con-
firmed by XPS intensity measurements which show that
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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this low coverage regime (UCa<4 Å), the amount of depos
ited Ca is approximately one half of the amount of N o
served in the low binding feature in the N 1s spectra. Finally,
the gap state results from occupation of what was one of
triplet of empty LUMO orbitals in the neutral molecule.

This interpretation has been substantially strengthe
by more recent work on Li,23 K,23 and Mg~Ref. 29! deposi-
tions on Alq3 and our new results with Na and Mg. In Fig
2~A!, we show the low BE region of the UPS spectra for
five of the metals that we have studied. While there are so
slight qualitative differences in intensity that result fro
variations in the metal coverage, the overall shape of

FIG. 1. The HOMO region of the UPS spectra for pristine Alq3 ~jj! and
Alq3 after deposition of 0.5 Å of Ca~dd!.

FIG. 2. The HOMO region of Alq3 after deposition of group I and II metal
~A! and the N 1s region for the same series of metals~B!. Binding energies
are referenced to the vacuum level.
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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spectra is remarkably similar. In all five cases, the origi
HOMO level is shifted to higher BE and the gap state
formed in the forbidden gap at an energy of'1.6 eV above
the shifted HOMO level. We have significantly extended t
theoretical model from the earlier semiempiric
calculations27 to aid in the interpretation of these spectr
The theoretical UPS spectrum for the reaction product o
with Alq3 was obtained by using the generalized transit
state method30 with the eigenenergies obtained from dens
functional theory~DFT! calculations as described in Ref. 2
Figure 3 shows a comparison of the top~lowest BE! portion
of the valence region, where the experimental spectrum
theoretical density-of-valence-states~DOVS! are compared,
both for a doping level corresponding to one potassium a
per Alq3 molecule. The agreement between theory and
periment is excellent. The theoretical calculation predict
slightly larger splitting~'1.9 eV!, between the new state i
the original forbidden energy gap and the peak correspo
ing to the old HOMO, than what is measured experimenta
~'1.6 eV!. The difference can, at least partly, be attributed
the fact that the calculation is performed in the ‘‘gas phas
with no polarizing medium surrounding the Alq3. Therefore,
in the calculation, the extra electron that is added to
system is more strongly repelled by the other electrons in
molecule than in the real material where the repulsion
reduced by screening due to electrons on neighboring m
ecules. In agreement with our conclusions based on the

FIG. 3. Comparison between the experimental HeI spectrum~upper curve!
and the theoretical DOVS~lower curve!, obtained from a generalized tran
sition state calculation on the basis of the DFT formalism, correspondin
a doping level of one potasium atom per Alq3 molecule. The calculated
curve has been shifted to align with the experimental results.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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lier calculations, these results also show that the new p
corresponds to the LUMO of pristine Alq3, and that the pre-
vious HOMO has become HOMO-1. This is clearly seen
Fig. 4 where the new HOMO of potassium-doped Alq3 is
shown to be almost identical to the original LUMO of Alq3.
Further experimental evidence of this type of interaction
shown in Fig. 5 where a much larger portion of the UP
spectra of Alq3 is shown for various coverages of Na. Ev
lution of the gap state discussed above is clearly observ
on the high kinetic energy side of the spectra. The point to
made here is that the molecular orbital structure of Alq3 ap-
pears to be preserved as the Na coverage increases. Ide
behavior is observed for Li, K, and Mg deposition on
Alq3.

23,29 In fact, if these spectra are plotted with respect
the vacuum level rather than the Fermi level, their positio
are independent of metal coverage. The spectral region
ered by these scans encompasses all of thep and much of the
s bonding regions of Alq3.

31 The fact that emission from
these states is, aside from some broadening, independe
metal deposition, strongly suggests that the basic Alq3 struc-
ture is preserved. The reaction product of these metals
Alq3 must not involve any significant modification of th
Alq3 structure such as bond breaking or rearrangement.

The other spectral feature that we have identified a
characteristic of the formation of the Alq3

2 radical anion is
the splitting of the N 1s spectra. This region is shown in Fig
2~B! for this same set of five metal overlayers on Alq3. Two
features appear to be somewhat at odds with the interp
tion presented above: the splittings appear to be metal de
dent and the intensity ratios can, quite clearly, differ fro
2:1. The metal dependence of the splitting is simply rela
to the ionicity of the ‘‘bond’’ between the metal and Alq3.
The lower the ionization potential, the more easily the el
tron can be removed from the metal and the more ionic
‘‘bond’’ will be. Therefore, the unique nitrogen will have
greater charge when the bond is more ionic and this will
reflected in a larger spectral shift. The ionization potentia

FIG. 4. Sketch of the pristine Alq3 LUMO and the potasium doped HOMO
as calculated at the gradient-corrected DFT level~Ref. 23!.
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a measure of the ease of removing an electron and incre
in the order K,Na,Li,Ca,Mg. Within experimental un-
certainty, this correlates well with the order of decreas
splitting. The metal dependence of the peak intensity ra
points out an apparent, significant difference between
alkali metals~Li, Na, and K! and alkali earth metals~Ca and
Mg!. Given a sufficient supply of metal atoms, the group I
alkali metals are able to donate up to three electrons to A3

to form the Alq3
23 radical anion.23 At the level of three metal

atoms per Alq3, each of the three different ligands has r
ceived one extra electron charge, resulting in just one co
sponding peak in the N 1s spectrum.23 This effect is illus-
trated in Fig. 2~B!. The Li and K coverages in this figure ar
close to one alkali atom per Alq3 molecule but the Na cov-
erage is considerably higher and is reflected in an increa
intensity in the low binding energy component. If the alka
metal concentration is increased further, the low binding
ergy component will continue to increase in intensity to t
point where it is the sole peak. As discussed in detail in R
23, this is the signature for formation of the trivalent Alq3

23

radical anion. In the case of the group IIA, alkali earth met
Ca and Mg, this does not happen. Both of these metals
pear to donate only one electron to each of the two A3

molecules, regardless of the amount of deposited meta
the case of Ca, it is believed that the metal diffuses in only
a depth of'10–12 Å.32 If the metal deposition is increase
above a critical coverage of'4 Å, a destructive reaction
occurs in which the metal appears to attack at the phen

FIG. 5. Evolution of the valence band spectrum with increasing Na dop
Note the appearance of the gap state on the high kinetic energy side o
HOMO and continued presence of the molecular orbital structure even a
highest level of metal doping.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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oxygen24,26,32and destroy the Alq3 molecular structure. Mg
perhaps because of its smaller size and lower reactivity,
haves quite differently. Like Ca, it produces only the sing
charged radical anion of Alq3, but shows no evidence o
destructive reaction regardless of the amount of metal de
ited and appears to diffuse more deeply into the A3

substrate.29

B. Aluminum on Alq 3

Ca2,11,33and Mg1,2,11,13,34are both known to make exce
lent electron injecting contacts. The alkali metals themsel
are too reactive for use in device fabrication but doping of
with Li has been shown to also produce very good elect
injecting contacts.12,35 From the standpoint of commercia
device fabrication, there would be significant advantage
completely eliminating these reactive, group IA and IIA me
als. In this sense, a pure Al cathode would be very desira
Unfortunately, as shown in Fig. 6, Al makes a fairly po
cathode in Alq3 based devices when compared to Mg0.9Ag0.1.
This may seem surprising in that studies of Alq3 deposited
on Al show a very small barrier to electron injection.22,36,37

In an effort to understand the relatively poor electron inje
tion in Al/Alq3 based devices, we have studied the interfa
formation produced from Al deposition onto Alq3.

38 This is
the deposition sequence actually used in conventional de
fabrication and is the reverse of that in Refs. 22, 36, and
In Fig. 7~A! we show the evolution of the Al 2p spectrum as
Al metal is deposited onto Alq3. The bottom curve is from
pristine Alq3 and shows a peak with a binding energy ch
acteristic of Al in an oxidized state, the condition to be e
pected in Alq3. With increasing coverage of deposited A
this peak grows in intensity and broadens fairly symme
cally until a coverage ofUAl'4 Å, where a new, low bind-
ing energy feature is distinctly observable. This peak con
ues to grow with increasing Al deposition and evolves int
peak characteristic of the metallic state. Both the N 1s and
O 1s spectra significantly broaden and develop shoulder
the low and high binding energy sides, respectively. T
C 1s simply broadens symmetrically with increasing A

FIG. 6. Current–voltage characteristics of four EL devices using an A
Mg0.9Al0.1, and an Al/LiF electrode, respectively.
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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deposition. The simplest interpretation of these spectra is
in the first 2–4 Å of deposited Al, the metal destructive
reacts with the Alq3 molecule. This is supported by the UP
spectra in Fig. 8. These spectra stand in marked contra
those in Figs. 2~A! and 5, where the Alq3 molecular orbital
structure is well preserved with metal deposition. In t
present case, as little as 0.2 Å of Al is sufficient to almo
destroy the well-defined spectral structure. Both the XPS
UPS are consistent with a destructive reaction between
and Alq3 that is limited to slightly less than 4 Å of deposited
metal. Above this coverage the metallic peak appears in
XPS spectrum and a weak Fermi level is observable in
UPS.

While the electron spectroscopy is very indicative of
significant chemical reaction it provides little information

a
FIG. 7. Evolution of the Al 2p spectrum with increasing Al deposition o
pristine Alq3 ~A! and Alq3 with 5 Å of LiF ~B!.

FIG. 8. Evolution of the valence band spectrum of Alq3 with increasing Al
deposition. The inset shows the molecular structure of the reaction pro
between an Al atom and an Alq3 molecule as predicted by DFT calculation
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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to the chemical structure of the reaction product. To furt
our qualitative understanding of the possible chemistry
this interface, we have performed quantum chemical ca
lations using the DFT for the interaction of a single Al ato
with an isolated Alq3 molecule.39 These calculations predic
that the incoming Al will bond directly to oxygen atoms o
two of the three quinolate rings as shown in the insert in F
8 and is very similar to the structure recently published
Curioni and Andreoni.40 The actual reaction product in th
solid state, where there is an excess of Alq3, may be quite
different as Al is seldom found in a two coordinated sta
However, the observed spectral changes are consistent
these results and supportive of a strong Al–O interacti
The relatively poor performance of Al for electron injectio
into Alq3 is probably due to the formation of this reacte
layer in the device fabrication. Because of the large size
the Alq3 molecule, 2–4 Å of deposited Al could produce
reacted layer of more than 100 Å and significantly mod
the charge injection properties of the interface.

C. Aluminum on LiF on Alq 3

We have previously shown that when a small amoun
LiF or MgO is present at the Al/Alq3 interface, the device
performance is significantly improved.14 The drive voltage,
Fig. 6, is lowered and the electroluminescence efficiency
hanced. Since that discovery, several other materials h
been found to produce similar results.16–19 Also, it has fur-
ther been shown that LiF and CsF can be coevaporated
either the Al cathode material16,21 or the Alq3 electron trans-
port material20,21to produce similarly enhanced charge inje
tion. The improvements in charge injection have been larg
ascribed to one of three possible effects. The barrier betw
the cathode Fermi level and the organic HOMO may be lo
ered by either decreasing the metal work function41–44 or
creating a voltage drop across a layer formed by the insu
ing material.14,18,45–47Alternatively, interfacial gap states i
the organic film may be eliminated.48 The fact that as little as
the weight equivalent of 1 Å of LiF can cause a very sub
stantial improvement in charge injection argues against th
models requiring the presence of an actual insulating la
Likewise, the enhanced performance of devices constru
with LiF:Al 16,21 or CsF:Al ~Ref. 16! composite cathodes o
LiF:Alq3

20,21 or CsF:Alq3 ~Ref. 20! mixed transport layers is
inconsistent with the insulator layer model.

Our first goal in characterizing the Al/LiF/Alq3 interface
was to try to determine if the evaporated LiF undergoes
reaction in the process of interface formation. We stud
LiF evaporated onto Al and onto Alq3 as well as Al onto LiF.
Stoichiometry was determined from the integrated area
the F and Li 1s peaks after correction for ionization cros
sections and instrumental transmission function. The ac
racy of these measurements is limited by the extremely
ionization cross section of the Li 1s emission.49 However, in
all three experimental variations the Li:F ratio was, with
experimental error, identical to that of thick films prepar
on a gold substrate. The chemical state was monitored by
splitting between the F and Li 1s peaks and by the F Auge
parameter.50 Again, within experimental error, these valu
Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subjec
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agreed with those of bulk LiF. In these model experimen
there is absolutely no evidence that the LiF has underg
any significant chemical modification. We concluded that
understand the charge injection process it is necessar
study the actual ternary interface!

In Fig. 7~B! we show the evolution of the Al 2p line
with increasing Al deposition. The bottom-most spectrum
for pristine Alq3 and the one above it is with 5 Å of LiF
deposited onto the Alq3. This series of spectra is similar t
those in Fig. 7~A! in that the peaks broaden and shift
higher BE with increasing metal deposition and above a c
tain coverage, a peak which is characteristic of the meta
state begins to appear. Two major differences are appa
The BE shifts in the presence of LiF are considerably lar
regardless of whether the reference is taken with respec
the Fermi or vacuum level. Also, when the LiF is present,
metallic-like peak is observed at a considerably lower c
erage of deposited Al. Based on the appearance of the
tallic peak at a lower Al coverage, we conclude that one
the effects of LiF is to ‘‘protect’’ the Alq3 from the delete-
rious reaction with Al. However, we do not believe this to
the most significant effect. In Fig. 9 we show the HOM
region of Alq3 with a 5 Å deposition of LiF and the sam
spectral region after the deposition of only'0.2 Å of Al.
The effect here is virtually identical to that observed wh
the low work function metals are deposited directly on
pristine Alq3. This is illustrated further in Fig. 10~A! where
spectra with both Al/LiF and Al/CsF overlayers are com
pared to those with pure metal overlayers. In the case of
simple metallic depositions, the spectral changes in this
gion were ascribed to the formation of the Alq3

2 radical an-
ion. Formation of this species was also associated wit
splitting of the N N 1s signal as a result of the localization o

FIG. 9. The HOMO region of the UPS spectra of Alq3 with 5 Å of LiF
~jj! and the same sample after deposition of 0.2 Å of Al~..!.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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charge in the radical anion. In Fig. 10~B! we compare the
N 1s spectra for the Al/LiF and Al/CsF overlayers with tho
of the simple metals. The agreement is excellent, espec
considering the fact that the spectra were recorded in th
different laboratories using spectrometers of different
signs.

To understand these results, we propose that, in the p
ence of Alq3 and Al, LiF and many other group IA and IIA
metal halides or oxides react to produce the Alq3

2 radical
anion. This species is responsible for both the gap state
the splitting of the N 1s peak. This may seem unlikely in
view of the extremely small amount of Al that is require
and also the exceptional chemical stability of LiF. The o
jection is accounted for by the large difference in size
tween an Al atom and an Alq3 molecule. Consideration o
this size disparity shows that'0.2 Å of Al corresponds to
approximately one Al atom for each surface Alq3 molecule.
Therefore, a small volume of metal can react with a mu
larger volume of the organic material.

The issue of the stability of LiF is addressed by cons
ering both calculated and known bulk heats of formatio
The Gibbs free energy of formationDGf for bulk LiF is
140.5 kcal/mole.52 Even the single bond dissociation ener
is a very high 138 kcal/mole.53 As shown below, the primary
reason that LiF decomposes in this environment is due to
highly exothermic reaction of F with Al

Reaction ÉDGf „kcalÕmol…

3LiF→3Li13/2F2 421.5 ~1!

Al13/2F2→AlF3 2340.6 ~2!

↓
3LiF1Al→AlF313Li 80.9 . ~3!

Equation~3! shows that the free energy required to form
has decreased from 140.5 to'26.9 kcal/mol, simply becaus
of the exothermic nature of the AlF3 formation. The overall
reaction is still considerably endothermic and consistent w
our experimental findings that no reaction occurs when
is evaporated on Al or Al onto LiF. The heat of reactio

FIG. 10. The HOMO region of Alq3 after deposition of Al/CsF, Al/LiF,
group I metals, and group II metals~A! and the N 1s region for the same
series of samples~B!. The Al/LiF and Al/CsF spectra have been arbitrari
aligned with those of the pure metals~Ref. 51!.
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between Li and Alq3 to form the radical anion is not known
experimentally. However we have calculated, using the D
formalism, DH for the gas phase reaction between K a
Alq3 and it is exothermic by about227 kcal/mol. These
calculations show this to be a very ionic species, wh
means thatDGf should not be terribly sensitive to the met
cation as long as its ionization potential does not differ t
much from that of K. This leads to the conclusion that for t
overall reaction

3LiF1Al13Alq3→AlF313Li1Alq3
2 DGf'0.

Several points should be emphasized regarding this mo
First the use of bulk thermodynamic data is a severe appr
mation. The LiF exists as a very thin film or, more likely, a
isolated small clusters or molecules and the Al arrives at
surface as thermally hot atoms. These species are expect
have much greater chemical reactivity than their bulk co
terparts. Also, while there is some indication in the Al 2p
spectra that AlF3 may be present, we have no experimen
evidence for the existence of Li1. The weak intensity of Li
emission and the BE shifts expected for small meta
clusters54 makes it virtually impossible to determine th
chemical state of Li. This model is more of a feasibili
statement that shows that when LiF, Al, and Alq3 are all
present, the formation of the Alq3

2 radical anion is entirely
reasonable. We have chosen one chemically simple path
to illustrate the point.

D. Implication for device structure

Historically, the problem of electron injection at th
cathode has been treated in terms of the orbital energie
the metal and the electron transporting material. This m
still be the case in the Al/LiF/Alq3 type structures. It is pos
sible that the enhanced injection is due to a reaction betw
the liberated Li and the Al metal to form a lower work fun
tion cathode13,35 and that the Alq3

2 radical anion is simply a
passive byproduct. Alternatively, the reacted layer which
formed in the Al/LiF/Alq3 system may, itself, control the
electron injection process. If this is true, then the injection
determined by this layer and not by the metal cathode m
rial. This is essentially the model proposed by Kido a
Matsumoto55 in their work with layers of Li doped Alq3 be-
tween the metal cathode and electron transport layer. If
model is indeed correct, then even high work function met
such as Au should form a good cathode when used in c
junction with Al/LiF. In Fig. 11 we show the luminanc
output of two test cells constructed with 250 Å thick A
cathodes. The only difference was that one of the cells ha
Å of LiF and 10 Å of Al deposited onto the Alq3 prior to the
Au deposition. The presence of the Al/LiF layer increas
the light output by more than a factor of 100. Likewise A
which is, at best, a poor cathode material works very w
when the Al/LiF layer is present.

The ability to choose cathode materials without rega
for their work functions gives considerably greater latitude
device design. Of particular interest is the development
surface-emitting devices where the entire cell is construc
on silicon and the light is emitted through a transparent
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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electrode.56–59 Several schemes have been developed to
tract light through the cathode56,58 but only recently has a
process evolved having reasonably good surface emis
characteristics.59 This was achieved using a multilayer stru
ture of ITO glass/copper phthalocyanin
(CuPc)/NPB/Alq3 /CUPC/Li followed by sputter deposition
of ITO. XPS analysis established that Li diffused through
CuPc and was available to dope the Alq3. Li doping of such
an interface involving Alq3 would most likely produce the
Alq3

2 radical anion and give the type of enhanced perf
mance we have demonstrated. To investigate the utility
the Al/LiF/Alq3 structure as part of a surface-emitting d
vice, a multilayer structure was employed with a configu
tion of ITO/NPB/Alq3 /LiF(3 Å)/Al(6 Å)/Ag(200 Å)/R. R
was either Alq3 or MgO and is used for refractive inde
matching to optimize optical transmission. The luminan
and current–voltage characteristics of one such de
(R5Alq3) is shown in Fig. 12. The insensitivity of the injec
tion to the specific metal allows us to use Ag, which has
superior optical properties to Mg90Ag10 and 2 orders of mag
nitude better conductivity than ITO. This device has a lum
nance output of more than 500 cd/m2 from the cathode side
at a current density of 20 mA/cm2.

IV. CONCLUSIONS

We have shown that when low work function metals a
deposited onto Alq3 a charge-transfer type of reaction occu
in which the Alq3

2 radical anion is formed. In the case of th
group IA alkali metals, up to three electrons can be tra
ferred to form the Alq3

23 anion with each excess electro

FIG. 11. Luminance output–current density characteristics of a cell w
the configuration ITO/NPB/Alq3 /Au and for an ITO/NPB/Alq3 /
LiF~3 Å!/Al ~10 Å!/Au configuration.
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coming from a distinct alkali atom. When the reaction is w
the group IIA, alkali–earth metals Ca or Mg, it is limited t
formation of the singly charged radical anion with ea
metal atom donating an electron to two different Alq3 mol-
ecules. In each case the charge is localized on the pyr
side of the quinolate ligand. In the multiply charged anio
which are formed at higher doping levels of the alkali meta
the subsequent electrons are not transferred to the sam
gand. There is never more than one excess electron pe
gand because of the large Coulomb repulsion energy ass
ated with putting a second electron onto such a relativ
small ligand.23 The excess charges occupy states that con
tute the HOMO of radical anion and look very much like th
LUMO of the neutral molecule. In the photoemission, the
states are characterized by core and valence level shift
higher binding energy and a splitting if the N 1s emission,
and are directly observed as a new state in what was
forbidden energy gap of the neutral molecule.

When Al is deposited on to Alq3 a destructive reaction
appears to take place. All photoemission peaks, including
UPS, valence spectra, are significantly broadened or s
The observed spectra are consistent with the Al–Alq3 reac-
tion product predicted by DFT calculations. This reaction
limited to a thin surface layer and appears to be complet
QAl,4 Å. It should also be noted that this type of reacti
does not occur when Alq3 is deposited onto bulk Al. This
again emphasizes the point that the order of interface de
sition is extremely important in determining the interfac
chemistry and studies in which the interfaces are not form
in the proper sequence may not reveal anything relevan
device performance. Based on the results of Alq3 on
Al,22,36,37one might expect this to be an excellent injecti

h
FIG. 12. Luminance–current and current–voltage characteristics for a
with the configuration ITO/NPB/Alq3 /LiF~3 Å!/Al ~10 Å!/Ag~200 Å!/Alq3.
t to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp
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contact but it is not! When the interface is made in the or
actually used in device fabrication, this destructive react
is observed and the relatively poor performance is und
standable.

When an extremely small amount of LiF, or many oth
oxides or halides of the group IA and IIA metals is prese
during Al deposition onto Alq3, a much improved contact i
created. The LiF serves to somewhat reduce the extent o
reaction with Al. Metallic Al is observed atUAl,2 Å, about
half the coverage required in the absence of LiF. We beli
that a more significant effect is the formation of a layer co
taining the Alq3

2 radical anion. Spectra observed with eith
Al/LiF/Alq 3 or Al/CsF/Alq3 are virtually indistinguishable
from those with the simple group IA or IIA metal overlayer
While the mechanism for charge injection from this layer
not yet understood, it does appear that this layer controls
injection process and that the metallic component of
cathode is relatively unimportant. This realization allows
much greater flexibility in design of cathode structures. W
have made highly efficient cells using both Ag and Au as
cathode metal and have applied this type of structure to
ate promising surface emitters as will be required for silico
based, active matrix displays.
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