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The chemistry, electronic structure, and electron injection characteristics at interfaces formed
betweentris(8-hydroxy quinoling aluminum (Alg) and magnesiuniMg) and aluminum(Al) are

studied via x-ray photoemission spectroscopy, ultraviolet photoemission spectroscopy, and current—
voltage (—V) measurements. Both metal-on-Algnd Alg-on-metal interfaces are investigated.

All interfaces are fabricated and tested in ultrahigh vacuum in order to eliminate extrinsic effects
related to interface contamination. The propensity for Mg and Al to form covalent metal—carbon
bonds leads to broad and heavily reacted interfaces when the metal is deposited on the organic film.
For this deposition sequence, we propose the formation of an organometallic structure where a
single metal atom attaches to the pyridyl side of the quinolate ligand of the molecule and
coordinates with an oxygen atom of another ligand or of a neighboring molecule. The other
deposition sequence leads to significantly more abrupt interfaces where the chemical reaction is
limited to the first molecular layer in contact with the metal surface. Both types of interface exhibit
chemistry-induced electronic gap states, the position of which depends on the chemical structure of
the interface. The interface width, chemical structure, and electronic states appear to play no
significant role in electron injection in metal/Altmetal sandwich structures, thé—V
characteristics for top and bottom injection being identical over several decades of curre2201©
American Institute of Physics[DOI: 10.1063/1.1333740

I. INTRODUCTION metals, e.g., magnesiufMg), aluminum(Al), lithium (Li),
) _ ) potassium(K), and calcium(Ca has been recently experi-
Metal/organic contacts continue to attract consMeraqunenta”y and theoretically investigatd Algs is one of the

interest because of their central role in the performance of,ost extensively used electron transport and electrolumines-
organic light emitting diode¢OLEDs) and thin film transis- .o materials in OLEDs. Low work function metals are

tors (OTFTS. The electrical characteristics of these contactsCommonly used as electron injecting cathodes for this or-

depend to a large extent on the energy barriers for In]eCt'onanic material. Interest in the fundamental properties of these

of holes and electrons, which are defined as the energy dnlgnterfaces is therefore considerable. M§Ca®® and Li and

ference between the Fermi level of the metal and the higheﬂm deposited on Alg have been shown to donate a charge
occupied molecular orbitaHOMO) or lowest unoccupied . . .
P A ) P to the molecule. The theoretical investigation of Zhang

molecular orbitalLUMO) of the organic solid, respectively. t al3 Ma/Al ludes that Ma is i ted into th
Interface chemistry can also play an important role in theSt &l 0N VIgiAIgs conciudes that Vg 1S inserted into the

behavior of the contacts. Metal—molecule reactions hav&€ntral part of the molecule with no direct interaction with

been shown to introduce energy levels between the metd® Alts ligands. Curioniet al.” place Li, Al, and Ca in po-
Fermi level and the conduction level of the organic film, sitions of maximum coordination with the three oxygen at-

thereby potentially affecting the injection process. FurtherOms of the facial Alg isomer. Combined experimental and
more, the diffusion of metal atoms into the organic film leadstheoretical investigations of Li and K on Ajpy Johanson
to extended interfaces, which can drastically affect the injecet al” propose a geometry whereby Li and K interact mostly
tion process. Given that the structure of thin film devices iswith one ligand of the molecule and one oxygen atom of
likely to call for metal-on-organic as well as organic-on- another ligand. By and large, however, these investigations
metal interfaces, investigations of the chemistry and morignore the possibility of the formation of an organometallic
phology of both types of interfaces and of their impact on theas a reaction product, in spite of the wide range of tendency
electrical properties of these interfaces are highly desirablefor these metal atoms to form metal—carbon bonds. The ex-
The chemical structure of interfaces betwekis(8-  perimental data presented in these various investigations
hydroxyquinolingaluminum (Alg) and low work function  show metal-deposition-induced chemical shifts of the core
levels of the molecule constituents toward lower binding en-

dAuthor to whom correspondence should be addressed; (89 258- e.rgy (BE) only, which supports the picture of a simple nega-
4642; electronic mail: kahn@ee.princeton.edu tive charge enhancement on the molecule due to charge do-
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nation by the metal atom. The data presented herserved was an extrinsic effect due to the formation of a thin
demonstrate that this chemical picture is somewhat incomexide layer on the bottom electrode in poor vacuum.

plete, at least for the Mg/Algand Al/Algs interfaces. Using These various issues are clearly of paramount impor-
x-ray photoemission spectrosco¥PS), we show that the tance for the fabrication of organic devices in which both

O(1s) and Al(2p) core level data bring key information on metal-on-top and organic-on-top interfaces are present. Be-
the coordination of the metal adatom. We also present sond the basic problem of the choice of materials, they per-
comparative study of the chemistry that takes place at th&in to the fabrication environment and device processing.
metal (Mg,Al)-on-Alg; and Alg-on-metal interfaces. We The chemistry and electronic structure of these interfaces
observe that chemical reactions take place in both cases. demand therefore in-depth investigations. Our work makes

From the interface electronic structure point of view, use of ultrahigh vacuum techniquésr film deposition, in-
investigations using ultraviolet photoemission spectroscopyerface measurements, and electrical tegtimg order to
(UPS have shown that Li and KMg,»?%and Ca(Ref. 6 eliminate extrinsic interface effects due to contamination and
deposited on Alginduce filled electronic states in the gap of focus on the fundamental processes only. We confirm that
the organic film. Similar states have been observed at a nunibe fabrication of MgAI)/Alqs/Mg(Al) structures in ultra-
ber of interfaces involving other small molecules, such adlgh vacuum lead to symmetric top and bottom injection
3,4,9,10-perylenetetracarboxylic dianhydri@TCDA),? or ~ characteristics. We show that gap states are induced at both
polymers™® Electron-filled gap states at metal/organic inter-Métal-on-organic and organic-on-metal interfaces, although
faces can be attributed to two different mechanisms. The fird1 spatial extent of gap state formation is different due to
is a simple metal-to-molecule charge transfer at an interfacdifferent levels of diffusion of metal atoms into AlqThe
between a low work function metal and a high electron af-"€lationship between physical and chemical properties of the
finity organic. Charge transfer to the LUMO is energetically Ntérfaces and the carrier injection is discussed.
favorable, leading to the formation of polaron-type states.

The second is the formation of a new chemical compound
deriving from interface reaction, with a different electronic
structure from that of the pristine molecule.

Two comments should be made regarding these stategi EXPERIMENT
First, the vast majority of the studies published so far asso-
ciate gap states with the deposition of metal on organic
rather than organic on metal, with the chemistry and overal

physical disruption taking place at such interfaces. Howeverand metal films were deposited via thermal evaporation on

H 5
our recent studies of Algon Mg"* and PTCBI on Ag and g pstrates consisting of A&00 A)/Cr(250 A)/Si. All evapo-
Mg (Ref. 11 demonstrate that the formation of gap states,aiions were done in the growth chamber at a base pressure

also occurs at abrupt organic-on-metal interfaces. This i ver than X 10~° Torr. XPS was used to verify the ab-
confirmed in the present article for Algn Al. Although the  gence of surface contamination, i.e., by O or C, on the metal
metal-on-top and organic-on-top interfaces are structurallyjjmg grown under these conditions.

and chemically different, as will be seen below, common ¢ sample structure for the metal-on-Alinterface

characteristics can be invoked to justify the presence of gagy,dies was a 100 A thick organic layer deposited on the Au
states at both interfaces. The second comment concerns tBgpstrate, on which the metal layer was incrementally depos-
impact of the gap states and of the interface structure on thgaq. For Alg-on-metal, the base was a 500 A Mg or Al
charge carrier injection process. Some confusion on thigayer on top of which the organic layer was incrementally
point resulted from an early observation of a large asymmegeposited. In both cases, UPS spectra of the pristine starting
try in the current-voltagel V) characteristic on a nomi- syrface were recorded. XPS and UPS spectra were recorded
nally symmetric Mg:Ag/Alg/Mg:Ag structure’” The elec-  in the analysis chambelbase pressure5x 10~ 1Torr) in

tron current injected from the electrode deposited on thewo separate experiments to eliminate possible deleterious
organic (top electrodg was found to be 2 to 3 orders of effects of x-rays on the electronic structure of the organic
magnitude larger than the electron current injected from theéayer. Mg(2p), Al(2p), C(1s), N(1s), and O(%) core lev-
electrode on which the organic film was depositedttom  els were recorded using the Ef, (151.4 eV or the AIK,,
electrode. The prevalent mode of thinking derived from (1486.6 eV photon lines of our x-ray source. The valence
these observations, and later reinforced by investigations dftates were recorded using the H&1.2 e\j and He 11(40.8

top indium tin oxide electrodes sputter-deposited on CiiPc, eV) radiation lines from a gas discharge lamp. The resolution
was that the chemical and morphological disruption causedf the XPS and UPS measurement was 0.7 and 0.1 eV, re-
by the deposition of the hot and reactive metal atoms on thepectively. Finally, metal/Algimetal structures consisting of
soft organic film did lower the resistivity of the contact to the a 500 A metal base, a 1200 A Aldayer, and a 700 A top
organic layer. However, a reevaluation of the electrical bemetal electrode evaporated through a shadow mask with ar-
havior of Mg:Ag/Alg;/Ag:Mg structure fabricated in ultra- rays of 0.78, 0.13, and 0.078 mMmound apertures were
high vacuum recently led to the conclusion that theV ~ made in the growth chamber. These samples were then trans-
characteristics were totally symmetric over several decade®grred to the preparation chamber florV measurement in

of current? and that the current asymmetry previously ob-5x10"°Torr vacuum.

The experiments were performed in an ultrahigh vacuum
ystem composed of three interconnected chambers equipped
or surface preparation, film growth, and analysis. ThezAlq
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FIG. 1. (a) Mg(2p), (b) C(1s), (c) N(1s), (d) O(1s), and(e) Al(2p) core levels measured as a function of Mg coverage on Alg

[ll. RESULTS

A. Metal-on-Alq ; interfaces

The evolution of the Mg(R), C(1s), N(1s), O(1s),
and Al(2p) core level peaks as a function of Mg coverage on
Alg; is shown in Figs. (a)—1(e). Following the initial depo-
sition (4 A), the Mg(2p) peak consists mostly of a high BE

dominates the spectrum for nominal coverages beyond 32 A.
This component corresponds to metallic Mg that accumu-
lates on top of the organic film at high coverage, while the
high BE component represents strongly oxidized Mg that has
donated a charge to the molecule. The §)(tore level un-
dergoes a 0.6 eV shift to higher BE with the first Mg depo-

component at 51.6 eV, while a small low BE componentSition [Fig. 1(b)], and remains at the same energy thereafter.
appears at 49.3 efFig. 1(a)]. The 0.4 eV spin-orbit splitting  The same shift is observed on the Ijland O(%s) core
of Mg(2p) is not resolved in this experiment, and each com-evel, and represents a rigid shift analogous to band bending
ponent is fitted with a single Gaussian function. With in-induced by the deposition of a metal on an inorganic semi-
creasing Mg coverage, the low BE component grows andonductor surface. The full width at half maximuFwWHM)
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of the C(1s) peak remains approximately constant at 2.6 eV the absence of a Mg Fermi edge at the surface is partly
with an increase of less than0.2 eV with Mg deposition. attributed to chemical reaction and Mg diffusion into the film
However, the N($) and O(1s) peaks broaden considerably. in the early stages of deposition.
The Mg deposition induces a low BE N§)JL component at Figure 3b) shows the upper valence states of Al/lqg
399.1 eV that corresponds to an excess electronic charge édhe monolayer of Al atoms attenuates the Aleatures sig-
and around N[Fig. 1(c)]. The chemical shift is~1.8 ev. nificantly, indicating extensive chemical reaction. A gap
More surprisingly, the Mg deposition leads to the formationstate at~1.6 eV above the original HOMO is identified at
of a h|gh BE Component of the Oé)_ core |eve|[F|g 1(d)] 0.5 A of Al deposition. The Al Fermi edge appears for a
The 1.4 eV chemical shift corresponds to a net withdrawal ofoverage of 16 A, in accord with the higher sticking coeffi-
negative Charge from oxygen. Fina”y, the Aﬂyundergoes cient noted above. Fina”y, there is a 0.2 eV shift of the
a 1 eV shift to higher BE, which corresponds to a net chemivalence states to higher BE at 0.5 A of Al deposition. Sur-
cal shift of 0.4 eV to higher BE over and beyond the ubiq_prisingly, this shift is not observed in the Algore levels.
uitous 0.6 eV “band bending” shift. The peak areas of theWe attribute this discrepancy to the different initial work
O(1s), C(1s), N(1s), and Al(2p) remain basically un- functions of the substrates used in the XPS and UPS experi-
changed up to a nominal coverage of 32 A, indicating thafnents.
Mg does not accumulate on the surface of the organic film in
that coverage range. While this is partly due to the low stick- )
ing coefficient of Mg on Alg, the increase in the total area B. Alq 3-on-metal interfaces
of the Mg(2p) peak demonstrates that the overall metal atom  Figures 4a)—4(e) show the evolutions of the Mg(®,
concentration does increase, and thus indicates that the met@{1s), N(1s), O(1s), and Al(2p) core levels for the depo-
atoms penetrate into the film. Eventually, reaction sites araition of Alg; on Mg. Following the initial Alg deposition, a
depleted, Mg atoms begin to accumulate at the surface, artdgh BE Mg(2p) component develops at 51.1 ¢Nig. 4(a)].
the intensity of the various Algsignals is attenuated. The relative contribution of this component remains small
Figures Za)—2(d) show the evolution of Al(®), C(1s), throughout the coverage range, indicating that its origin is
N(1s), and O(X) core levels as a function of Al coverage confined to the organic/metal interface region. The chemical
on Algs. The Al(2p) spectrum consists of several compo- shift with respect to the metallic component is 1.8 @€rsus
nents, presumably Al in unreacted and reacted molecule®.3 eV for Mg-on-Alg), suggesting a reduced charge ex-
metallic Al, reacted Al, and perhaps unreacted Al which haschange per Mg atom involved in the process. The interface
diffused into the organic matrix. A detailed analysis via peakC(1s) broadens substantially in this deposition sequence as
decomposition is therefore extremely difficult and will not be evidenced by the low coverage FWHM, which is 0.5 eV
attempted here. However, the low and high coverage casesider than for bulk Alg [Fig. 4(b)]. The peak position is at
are quite clear, with # 2 A Al spectrum corresponding a~0.3 eV lower BE position with respect to that of the bulk
mainly to reacted Al, and the 32 A spectrum dominated byC(1s). The same 0.3 eV shift is observed in other core level
the metallic component. It is clear from the rapid increase irspectra. The low photoionization cross section of $)(&nd
the Al(2p) peak area that, unlike Mg, Al sticks to the or- the initial superposition of a ML L, Auger peak render
ganic film. More important, and similar to the previous casethe detection of N difficult at low coverage. However, after
the N(1s) spectrum shows a low BE component shifted bythe subtraction of the MK L;L, Auger peak, the data indi-
1.8 eV, while the O(%) spectrum shows a high BE compo- cate the presence of a component shifted to lower BE by
nent shifted by~1.4 eV. The similarities between these re- ~1.9 eV (versus 1.8 eV for Mg-on-Alg) with respect to the
sults and those of the Mg/Adqcase suggest a similar metal- main Algg peak[Fig. 4(c)]. For the O(E) core level, two
molecule reaction. There is also a slight skift0.2 e\) of  components can clearly be distinguished, the interface com-
all the Alg; core levels to lower BE at 16 A Al coverage and ponent being shifted to higher BE byl.2 eV (versus 1.4 eV
above. Finally, the C(49) FWHM increases only by-0.2 eV for Mg-on-Algz) with respect to the main Algpeak. For the
with Al deposition. Al(2p) core level, the interface component is shifted toward
The UPS spectra of the upper valence states of Mg/Alg higher BE by 0.2 eMversus 0.4 eV for Mg-on-Alg) with
[Fig. 3(@] are in excellent agreement with previously pub-respect to the bulk component. The same sign of chemical
lished data:> Two angstroms of Mg attenuate the Altea-  shifts suggest therefore a chemical reaction similar to that
tures, although the molecular peaks remain clearly identifiobtained for Mg-on-Alg. The quantitative difference in the
able. All the molecular levels shift by 0.6 eV toward higher shifts and relative peak areas, however, suggest some differ-
BE and remain at the same energy thereafter, in good agreence in the level of interaction. The Mgf2 peak area de-
ment with the 0.6 eV shift noted for all the core levels men-creases approximately exponentially with Algoverage,
tioned above. Mg induces a state-at.9 eV above the origi- leading to a calculated electron attenuation length of 2&\
nal HOMO in the gap of Alg. The UPS spectrum remains at an electron kinetic energy ef97 eV. The Alg coverage
basically unchanged upon further Mg deposition. A weakon Mg appears therefore to be uniform, although some clus-
Mg Fermi edge becomes visible only above a nominal thicktering cannot be ruled out. This result is consistent with our
ness of 64 A. Mg is known for its poor sticking coefficient UPS study that indicates that 16 A of Algompletely covers
on many materials. While it is possible that Mg does notthe Mg surface.
stick well to Alg, results presented above demonstrated that  Figures %a)—5(d) show the evolution of Al(®), C(1s),
Mg does accumulate with increasing deposition. TherefordN(1s), andO(1s) core levels for the deposition of AJgpn
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FIG. 2. (a) Al(2p), (b) C(1s), (c) N(1s), and(d) O(1s) core levels measured as a function of Al coverage on; Alg

Al. As explained above, the Al{® spectrum is difficult to
analyze because multiple species are involved. However, thiae interface, while O(4) exhibits a~0.7 eV (versus 1.4 eV
metallic component is clearly resolved. Its exponential defor Al-on-Alqs) higher BE component.

crease as a function of molecular coverage leads to an elec- The UPS spectra corresponding to the deposition of Alg

tron attenuation length of-91 A for an electron kinetic en-

Similar to the case of Alggon-Mg, the FWHM of C(5) is
broadened at the interface by0.5 eV and shifted by-0.3
eV toward lower BE. The N(4) core level exhibits a-2.0

Downloaded 27 Mar 2001 to 199.98.105.63. Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp

453

eV (versus 1.8 eV for Al-on-Alg) lower BE component at

on Mg are shown in Fig.@). The data are consistent with a
ergy of ~75 eV, which indicates a more homogeneoushomogeneous coverage of the substrate by the organic film.
coverage of the metal surface than in the previous casd&he 16 A spectrum is almost identical to that of a thick Alg
film, in accordance with the formation of an abrupt interface.
However, contrary to previous measuremértise low cov-
erage spectra show a gap state-dt6 eV above the initial
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FIG. 3. UPS valence spectra measured as a functidn) dficreasing Mg coverage on Ajgand (b) increasing Al coverage on Alg

HOMO, similar to that resulting from the metal-on-organic Alg;-on-top interfaces on the other. The key pieces of infor-
deposition. In addition to this gap state, peaks-d0 and  mation are the chemical shifts of the Gijland Al(2p) core
—11 eV, which are not seen on the thick Alspectrum, are |evels toward higher BE. The sign of these chemical shifts,
detected near the interface, suggestive of a chemical interagshich is opposite to that of the N&). component, is incom-
tion between the first molecular layer and the substrate. Figpatible with a simple charge donation from the metal atom to
ure @b) shows the UPS spectra corresponding to the depane molecule, and signals the formation of an organometallic
sition of Algs on Al. A gap state at-1.9 eV above the initial  complex. In that regard, the propensity to form metal—C, and
HOMO is clearly observed. The 16 A spectrum is in goodipe strength of metal-O bonds varies greatly among the
agreement with that of bulk Alg indicating that less than  e(a) atoms discussed in the introduction. We can therefore
two monolayers of Alg are sufficient to entirely cover the o nect fundamental differences in the reaction products de-

Al supstrate. : , . rived from the deposition on Algof Al and Mg on the one
Finally, and very important from the point of view of hand. K or Ca on the other

injection barriers, the energy difference between the Fermi
level and the Alg HOMO is identical at the metal-on-Adqg
and Alg-on-metal interfaces. The values are 2.8 eV for
Mg/Algs and 2.5 eV for Al/Alg.

Relative tendencies for C—metal covalent bonding have
been discussél in terms of relative charge/radius ratios,
based on ionic radii of the metallic cations, which can be
expressed® as well, in terms of charge densitiffable .
Our modet is based on these data and by analogy with the
reaction of Mg with anthracene, which gives a covalently
Figure 7 shows the room temperatureV characteris- ponded organomagnesium addtfet’ Thus Mg deposited on
tics measured in situ for (a) Mg/Algs/Mg, (b)  Alg; is suggested to react at the pyridyl ring of the quinolate
Mg:Ag/Alg3/Mg:Ag, and(c) Al/Alg 3/Al. In these measure- jigand by covalent bond formatiofFig. 8). Overall, the Mg
ments, the forward bias current corresponds to electrons ing oxidized by donation of charge to the AlgUMO, which
jected from the metal-on-Algcontact, whereas the reverse s maximized on the pyridyl ring and at ¥.The resulting
bias current corresponds to electrons injected from th‘?legative charge buildup on the ligand, along with some re-
Algs-on-metal contact. The forward and reveiseV char-  yprigization at N fromsp? to sp®, result in a lowering of
acteristics are highly symmetric in all three cases. the BE of the N(X) core level. The Mg ion should be out of
the plane of the quinolate ligandhe ipso carbon in Mg
anthracene is rehybridiz&d°to sp®), and can coordinate as
The XPS data suggest similar structures for the twoan electrophile to a quinolate O intramoleculaity perhaps
metal-on-top interfaces on the one hand, and for the twantermolecularly, which reduces the donor ability of that O

C. Current—voltage measurements

IV. DISCUSSION
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FIG. 4. (a) Mg(2p), (b) C(1s), (c) N(1s), (d) O(1s), and(e) Al(2p) core levels measured as a function of Algpverage on Mg.

with regard to the central Al atom of the Algmolecule.

for O(1s) and by 0.4 eV for Al(9), to higher binding en-
ergies can be explained: Mg metal reacts with g give a

Ca and K, on the other hand, would be expected to form ion

Accordingly, the observed chemical shift changes, by 1.8 e\pairs with an organic ligand radical anion or dianion and to
coordinate with O, but weaklfthe Li, Ca, and K analogs of

Mg anthracene are in fact ion paird~2® These expectations

product whose structure is consistent with expectations foare consistent with XPS chemical shifts observed experimen-

strong Mg bonding to both O and C, and is inconsistent withtally for the Ca—Alg systen?

the ion pairing model proposed by Curioei al® Al, too,
would be expected to form C—At-bond€® on reaction with

determined both by theoretialand spectroscopic studiés.

In the case of Alg deposited on Mg or Al, the XPS data
are consistent with the formation of an abrupt interface with

Algs. Indeed an Al adduct of Mg anthracene does involvechemical interaction and charge exchange limited to the first

C—Al o-bonding®* as does the Al adduct with benzene, asor second interfacial molecular layer. The charge donated by
a metal atom to a molecule is partly compensated by the
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FIG. 5. (a) Al(2p), (b) C(1s), (c) N(1s), and(d) O(1s) core levels measured as a function of Algpverage on Al.

abundant reservoir of electrons in the metal. The chemicabation of the metal atom with the molecule, which pulls
shift of the oxidized metal species is therefore smaller thartharge away from the molecule and shifts the levels toward
that obtained at the corresponding metal-on-Aiaterface  higher BE. Here, the metal atoms are bound in the metal
(e.g., 1.8 versus 2.3 eV for MgFurthermore, the N(§ lattice in a lower energy state than single metal atoms. The
chemical shift toward lower BE is larger, and the @(land  chemical bonds between Algand these metal atoms are
Al(2p) chemical shifts toward higher BE are smaller, thantherefore weaker than for the other interface. As a result, the
the corresponding shifts found for the metal-on-top interfacecharge pulled back from the molecule is smaller and the
These core level shifts originate from two opposite effectsnegative charge distributed on the molecule is larger. The
(i) the charge transfer from the metal atom to the moleculegchemically shifted N(%) component therefore appears at a
which shifts all levels toward lower BE an@) the coordi- lower BE as compared to its counterpart at the metal-on-Alq
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FIG. 6. UPS valence spectra measured as a functida)dficreasing Alg coverage on Mg an¢b) increasing Alg coverage on Al.

An effect that should be noted from Figgb#and 5b)

O(1s) and Al(2p) components, which result from charge is the broadening of the CE1l FWHM at the Alg-on-metal

withdrawing due to metal-molecule coordination,

smaller.

areinterfaces. Chemical reaction with surface metal atoms is a
source of broadening. However, a much smaller broadening

Current Density (mA/cm?)

1 = Electron injection from top

o Electron injection from bottom

Mg/Alq./Mg

"4 = Electron injection from top

Al/AIq /Al

Applied Votage (V)

(a)

Applied Voltage (V)

(b)

T T T
1 10

Applied Voltage (V)

(¢

FIG. 7. Forward and reverse current versus voltage characteristics measured for the sytanMgialq; /Mg, (b) Mg:Ag/Alg;/Mg:Ag, and(c) Al/Alq 5 /Al

structures
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TABLE I. Charge densities for several metallic species. ~2 A of Mg or Al. We stress here th& A of metal contain
: : a number of atoms sufficient to react with about ten molecu-
Metallic species Charge density . A
- lar layers of Alg, assuming that each metal atom reacts with
14+ . .
Ti 862 one organic molecule. Most of the observable chemistry
AlS* 770 (tetrahedrat 364 . -
Mg?* 120 takes place during the very early stages of deposition. Fur-
Li+ 98 (tetrahedrat 52 ther deposition leads to diffusion of metal atoms into the
Na* 24 organic film, then to the accumulation of metal on the sur-
é;z+ éé face for nominal coverages beyond 4 A. We can therefore

estimate that the metal-on-Algnterfaces are reacted over
aDefined as ionic charge per unit of volurmal species are assumed to be ten molecular layers, in contrast to the Adgn-metal inter-
6-coordinate, unless otherwise indicgted faces where chemistry is observed at the level of the first
molecular layer of Alg only. UPS spectra of 16 A Alg(~2

. . molecular layerson metal show “bulk-like” Algs UPS fea-
is observed at the metal-on-top interfaces where the metalg, e demonstrating the abruptness of the interface.

molecule reaction is stronger. Inhomogeneous polarization is  The final point to be addressed concerns the impact of

another source of broadening. The polarization of the moly,e geposition sequence on the electron injection process.
epule is known to depend sensitively on the ;urrpuntﬁng €MBoth types of interfaces include electronic gap states above
V|ron.ment. At low A!q; coverage, the organic film I|!<.ely the Algs HOMO (Figs. 3 and B which correspond to the
CO”S!StS of_molecule@) scat';ered isolated on the surfaq_e), electronic structure of the reaction product at the interface.
positioned in a monolayer film on the metal surface, amg he difference in energy position of these stateith re-
surrounded by other molecules in small three-dimensiona-sl—pect to the HOMQat the metal-on-organic and organic-on-
clust(_ars_. The polarizfation of the core hole cr(—;-ated in the IOhoFnetal interfaces is attributed to the different bonding con-
Itgzgi];sg&?on tp;r:coet:)s SS elrf/ ;Ze,r:e\;\?lfwl'ﬁgatjoeEﬁlénhg??ﬁg”;?}ﬁrgurations and charge transferred between the molecule and
hand, the molecular environment at the initial stages of depo}ﬂir:zo(l)?;zc: metal adatom in one case, and the metal surface
sition of metal on the 100 A Algfilm is more homogeneous, o -

and does not give rise to any significant polarization-induced_ -I;hsr:g\?vnttrl](;?lt?erv::c:? igldorei(\:/;ﬁi\j/ gﬁ:rrne}g;elr:jsift;g?e%fces
broadening. This effect is seen predominantly on thesp(1 9 P 9

level, all other species of the molecules having chemically})et""een the two interfaces have little, if any, impact on the

shifted core level components that mask this effect. FinaIIy,Ca”ier injection properties. This is consistent with the fact

the shift of all core levels toward higher BE away from the that the HOMO-to-Fermi level energy difference given at the
interface is strongly suggestive of final state effects due t§nd of Sec. Il B indicates that the electron injection barriers
diminishing screening of the core hole by the metal. Thedt the organic-on-metal and metal-on-organic interfaces are
screening effect is also observed at the Al-on-Allterface. identical. The interesting point is that the metal-on-organic
All Alq 5 core levels shift to lower BE by 0.2 eV at 16 A Al and organic-on-metal interfaces lead to identicaV/ char-
coverage and above. The shifts are not observed at Mg-orcteristics(Fig. 7) in spite of the demonstrated difference in
Alg; up to 128 A of Mg coverage. This is consistent with our metal penetration and interface abruptness. Indeed, it was
UPS study that shows no Fermi edge at increasing Mg cowelieved that a depth distribution of the type of gap states
erage. Metal screening is therefore insufficient. In our UPbserved at the interfaces would facilitate current injection,
study on Alg/metal, the screening effect is reflected in thevia a “stepping stone” effect? thereby leading to a higher
higher ionization energy of Algnear the Alg/metal inter-  injection current from the metal on top interface. The present
face. data clearly suggest otherwise. We know that previously ob-

The spatial extent of the chemical reaction and diffusionserved  current asymmetries at Mg:Ag/Alg/Mg:Ag
is different at the metal-on-top and organic-on-top interfacesstructure®’ were due to electrode contamination effects and
The UPS and XPS data show that the first few angstroms ofrere not related to intrinsic differences between the two
Mg or Al atoms deposited on Ajgdo not accumulate on the interfaces: Another factor contributing to the symmetric be-
organic surface. The adatoms diffuse into the film. The;Alq havior of these structurally asymmetric interfaces may be
UPS features are significantly attenuated by the deposition ahat the degree of asymmetry, i.e., the penetration of Mg or
Al in Alg is in fact relatively small, e.g., 3 to 4 molecular
layers only, thus leading to negligible interface grading ef-
fects.

Finally the current density in the Al/AlgAl structure is
slightly larger than that in the Mg/AlgMg structure. Mg:Ag
electrodes lead to improved electron injection, as is now
well-established from device performance. The difference is
not really understood. We note that the error bar in the ab-
solute current measurement can be one order of magnitude,

FIG. 8. Structural representation of the interface structure due to the formaWhIIe the symmetry o_r asymmetry characteristics ofIth&/
tion of an organometallic complex. measurements are highly repeatable.
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