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Band alignment at organic-inorganic semiconductor interfaces:
a-NPD and CuPc on InP (110)
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We present a photoemission study of the electronic properties of organic-inorganic semiconductor
heterojunctions formed between the two hole transport materials, '-tipg¥enyl-N,
N’-bis(1-naphthyl-1-1'biphenyl-4,4diamine (a-NPD) and copper-phthalocyaniné€CuPg, and
INP(110). The highest occupied molecular orbital@NPD (CuPqg is found to be 0.2 eV below0.2

eV above the InP valence band maximum, leading to a staggedresbted energy level
configuration. Thea-NPD/InP and CuPc/InP interfaces exhibit 0.4 and 0.65 eV interface dipole
barriers, respectively, that indicate a displacement of negative charge from the organic film to the
inorganic substrate. This charge displacement is found to be consistent with the relative ionization
energies and electron affinities of the materials. 1899 American Institute of Physics.
[S0021-897€09)09309-3

I. INTRODUCTION depositing  thin  fims  of  N,K-diphenyl-N,N-
- : ; bis(1-naphthy)-1-1'biphenyl-4,4diamine  (a-NPD) and
Thin films of organic molecular semiconductors have opper-phthalocyaninéCuPd on InA110). The chemical

been the focus of numerous investigations over the past fe\(k/tr cture of these molecules are shown in Fia. 1. In each
years in view of promising applications in opto- angd Stucty N wies are shown in Fg. -

microelectronics:? The endless potential for organic materi- tcase, ttT]e valence ban:j offs%t, "g't’ the ednfhrgy d|ﬁererr1]9ehbet-
als synthesis and the structural flexibility of molecular thin ween the inorganic valénce band top and the organic nignes

films due to the closed shell nature of molecules and th(—?CCUp'ed molegular orblta[HOMO) Is determined. The
weak intermolecular bonding leads to a variety of possiblev"’muurn level alilgn.ment rule is found t(.) break down at both
structures and combinations unmatched by any other class H}“*Tfa.c es, confirming the results obtained at most metalor-
materials. These properties are being exploited particularl9anlc interfaces.
successfully in the fabrication of vacuum deposited organic
multilayers for light emitting devices.

The chemistry and electronic properties of organic inter-l- EXPERIMENT
faces are central to the behavior of thin-film-based devices. e photoemission experiments were performed in an

Metalorganic interfaces have received considerable attentiolmtrahigh vacuum system consisting of an analysis chamber
in view of their dominant role in the injection of carriers into 54 4 preparation chamber. The analysis charttizese pres-
organic thin films>~® Organic-organic heterojunctions have sure 10 °mbar) was equipped with a He discharge lamp
also been extensively investigated for their role in carrierynq 5 double-pass cylindrical mirror analyzer for ultraviolet
transport in multilayer light emitting structuré$*! Organic- photoemission spectroscoWPS. The preparation cham-
inorganic (Ol) semiconductor heterojunctions, however, po, (base pressure %10 °mbar) was equipped with

have received only limited attentithbecause they are not evaporation sources for the organic molecules and a quartz

central to current devices. They could, however, become relsi~robalance. InfL10) surfaces were prepared by cleaving

evant to future hybrid Ol devices requiring materials with;, it prenotchedp-type (138cm3) bars using a fracture
complementary functionality which cannot be made withgiaqe The deposition of the organic films was performed on
structurally incompatible inorganic materials. There is there;,om temperature InP at rates of 0.1—2 nm/min. GHEPD

fore fundamental, as well as practical incentive to investigate,,4 cupc densities were assumed to be equal to 1.5g/cm
the electronic structure of heterojunctions formed between &5 correction for sticking coefficients different from unity
well-known inorganic compound like InP and organic mo- a5 applied. All electron sources, including vacuum gauges,
lecular materials. Mechanisms of interface bonding andyere switched off during deposition and UPS measurements
alignment of molecular levels across these Ol heterojunc, order to minimize damage to the organic layers. The reso-
tions are all but unknown, and deserve attention. We repoit sion of the UPS measurements0.2 eV for Heil) and the
here on photoemission studies of Ol interfaces formed b’bosition of the Fermi energyE() were determined from the
Fermi edge of freshly deposited thick silver films. The low-
dCorresponding author; electronic mail: kahn@ee.princeton.edu energy onset of electron emission, which gives the position
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FIG. 1. Chemical structure of N/Ndiphenyl-N,N-bis(1-naphthy}-1- \j \ E_F
1’biphenyl-4,4diamine(a-NPD) and copper-phthalocyanin€uPg. 1& ;
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Ill. RESULTS FIG. 3. Photoemission onset, Inl4ore level, and top of the valence states
A. NPD as a function ofa-NPD thickness on In@10).

Hell UPS spectra recorded for incremental depositions
of a-NPD or InR110) are shown in Fig. 2. The bottom spec-
trum corresponds to the clean cleaved substrate, and exhibfident with data recently obtained for thickNPD films de-
the features of the InP angle-integrated valence spectrunRosited on gold: The lower binding energy valence peaks
The valence features of the organic film dominate the UPSf the a-NPD film are attributed predominantly to the
spectrum for the smallest film thickness investigatés ~ 7-orbitals of the molecule, while the higher binding energy
nm), suggesting that the semiconductor substrate is alreadye@ks have increasinglike character.
entirely covered at this stage. The fine structure of the mo-  The ionization energyiE) of a semiconductor surface is
lecular levels evolves with increasing thickness, leading to &etermined via photoemission spectroscopy by adding the
clearly resolved HOMO peak at 1.5 nm. The thickest filmPhoton energy to the onset of photoemissidipser) to
investigated4.5 nm exhibits the pronounced features typi- obtain the vacuum levelHyac), and taking the linear ex-

cal of molecular levels. The spectrum is in excellent agreefrapolation of the low binding energy edge of the valence
spectrum to determine the top of the valence le\s} for

the inorganic semiconductoE oy for the organic semi-

o-NPD on InP(110) conductoy. Thus, IE=Eyac— Ey=hv—(Ey—Eonsen. We
obtain IE""=5.8+0.15eV, in very good agreement with
onset Valence band previously published datd.E\" is 0.9 eV belowEg on the
He Il clean p-type InP surface(Fig. 3), indicating a downward
band bending due to cleavage induced defect§NT2 is
0.7 eV obtained fromE&Neer andEfONG of the 4.5 nm film(Figs. 1
/‘ and 2 and is equal to 560.15eV, also in close agreement
4.5 nm . . 11
/_,__/ with recently published valué$:
\ The energy offset between the top of the InP valence
1.5 nm _,/\ Ny, band and the top of the-NPD HOMO at the interface is
/__/ \ determined using\}” of the clean substrate arif;3,5 of
the 4.5 nm film, and correcting for the band bending induced
0.5 nm in the substrate by the deposition of the organic film, and in
/\ the organic film away from the interface. The uncorrected
} energy difference is 0.5 eVFig. 3). The overlayer-induced
1)" InP band bending is measured from the shift of thedn4
core level between the clean substrate and the substrate cov-
_}m 4d ered by 0.5 nmx-NPD (Fig. 3). The In4d peak shifts by 50
(He )™ InP(110) meV toward higher binding energy, indicating a correspond-

5 : 3 252627 28 29 30 31 32 33 34 35 36 ing increase in downward band bending in the substrate. No
S indication of further band bending is obtained at higher cov-
Kinetic energy (eV) erage. On the organic side of the interface, a 0.25 eV shift of

o _ o the molecular levels toward higher binding energy occurs
FIG. 2. Hen valence band and photoemission onset for increasing thicknes

of -NPD on InR110). Broken vertical lines indicate band bending in the %Ith Increasing organic _f”m thlcknes{Elgs. ,2 and ;3 indi-
organic film. The In 4l peak overlapping the Hevalence band is due to  Cating some band bending away from the interface. The cor-

the He radiation. rected interface valence level offset is £.2.1 eV, with the
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FIG. 5. Photoemission onset, Inl4ore level, and top of the valence states
j In 4d as a function of CuPc thickness on [AR0).
(He 1) InP(110})
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25 26 27 28 29 30 31 32 33 34 35 36 . . . .
InP and CuPc, following correction for InP band bending, is

Kinetic energy (eV) 0.2+0.1eV. Unlike in thea-NPD case, the HOMO of the
FIG. 4. Heil valence band and photoemission onset for increasing thicknesg)rganlc film is abcl)vef th? InP Valence_ band top. Flna”y’ the
of CuPc on InPL10). The vertical lines at 32.3 eV indicate the absence of ONSet of photoemission is seen to shift toward lower energy
band bending in CuPc. The broken line on the In core level shows thevith CuPc depositiorfFig. 5. The final shift, obtained with
organic-induced band bending in InP. 5 nm CuPc and corrected for band bending gives a dipole
barrier of 0.650.15eV, withE\k. above Eyar® (Fig. 6),

InP valence band top higher than the top of téPD suggesting for this interface again a negative charge transfer
HOMO. from the organic solid to InP.

The sudden shift of the photoemission onset upon depo-
sition of the organic laye(left parts of Figs. 2 and)3sug- V. DISCUSSION
gests the formation of an int_erface dipole bg_rrier. The shift is It has been widely assumed that relative energy positions
equal to 0.20.15 e\_/ following the de_posmon of 4.5 M across interfaces involving molecular solids would be de-
a-NPD. The correction for band bending leads to an interj,qq 1 the alignment of the vacuum levels of the two sol-
face dipole barrier of 0#0.15eV (Fig. 6 with the InP 45 Thig assumption was based on the presumed noninterac-
vacuum level above that of the organic, suggesting a Negqs.e nature of such interfaces due to the closed shell
tive charge transfer frona-NPD to InP. properties of molecules and the weak van der Waals bonds
linking molecules to other solids. This assumption, however,
was shown to be wrong for metal-organic interfaces where
The valence band spectra corresponding to incremental
depositions of CuPc on InP are shown in Fig. 4. The molecu-

B. CuPc

lar peaks are identifiable with 0.5 nm CuPc, but the Inp NP o-NPD InP CuPc
spectral features, in particular near the top of the valence VACUUM A=-04eV A=-0.65¢eV
band, are not entirely eliminated until the coverage exceeds ITEVEL  lmmmmm— —j_
10 nm. This could be due to a reduced sticking coefficient 5.6 6V
for CuPc on InP, or to inhomogeneities in the early stages of |28V : 5.8eV 4.95 eV
organic film growth. The CuPc HOMO peak is fully devel- LUMO
oped for thicknesses exceeding 1 nm. The 5 and 10 nm spec- LUMO
tra are in excellent agreement with data obtained in a recent | cgm 3.1eV CBM
investigation of CuPc interfacéd.IEC"C is equal to 4.95 17eV
+0.15eV, also in very good agreement with these data. 1.35 8V 1.35eVy

The In4d core level shifts by 0.280.05eV toward VBM HOMO VBM T HOMO

higher binding energyFig. 5), indicating a downward band
bending in the substrate due to the deposition of the first 0.5
nm CuPc. No additional band bending is recorded for largeF!G. 6. Energy Ievsl diagrgm of th:-NPID/InP(élo)dand CuPc/lnPélo) .

; interfaces. VBM and CBM denote the valence band maximum and conduc-
CU.PC .coverage(F|g. 4. The absence. Of. molecular level tion band minimum of InP, respectively, while HOMO and LUMO repre-
shifts in the 1, 5, and 10 nm spectra indicates that no bangent the highest occupied and lowest unoccupied orbitals of the molecular

bending occurs in CuPc. The valence level offset betweenompounds, respectively.

AE =-0.2 eV AE = 0.2 eV
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VACUUM LEVEL the a-NPD/InR110) interface(Fig. 6). Because of the barrier
between the InP conduction band minimum and the LUMO
of the organic film, neither configuration favors electron

ENERGY 25 E';?L'?ﬂ” transfer from the inorganic semiconductor to the molecular

(eV) 32 film. The valence level offsets, however, are favorable for

4.45 i 4.16 hole injection from the organic layer into InfAo barrier for

495 —— ENERGY a-NPD, small barrier for CuBPc a-NPD and CuPc are hole
58 56 CuPc .56y GAP transport materials that could be used for injection without
np__ o-NPD GaAs . ; ’ :
6.8 the requirement of making an ohmic contact to InP. Finally,
PTCDA an interesting, if not fortuitous, result is that the 0.5 eV
FIG. 7. VBM or HOMO, and CBM or LUMO, relative to a common HOMO offset measured at the all organieNPD/CuPc
vacuum level. These level diagrams represent the individual, separatéiterfacé? is very close to the 0.4 eV HOMO offset obtained
materials. by transitivity from the present results. Transitivity in semi-
conductor heterojunction band offsets would suggest energy
alighment mechanisms based on intrinsic levels e.g., charge
dipole barriers in excess of 1 eV have been recofdethe negtrality levels, rather than on extrinsic mechanisms based
assumption was also shown to be wrong for several organi@" interface defects.

organic heterojunctions, although dipoles at these interfacle\; SUMMARY

were generally found to be smaller than at metal-organic

interfaces, reaching 0.5 eV for organic pairs like  We have presented a photoemission spectroscopy inves-

Algs/PTCDA® and PTCDA/CuP¢® Bond polarization tigation of heterojunctions between (IR0 and two or-

between molecules with different electron affinities, imagedanic semiconductors;-NPD and CuPc. Both interfaces ex-

charges at metal-organic interfaces, and geometric Conﬁgd'].ibit dipole barriers that demonstrate the breakdown of the
rations of dipolar molecules at the interface have been invacuum level alignment rule, and suggest a displacement of
voked to justify a phenomenon which, to date, remaing'€gative charge from the organic to the inorganic semicon-
mostly not understood. ductor. The direction of the charge displacement is consistent
The results of the present investigation on the interfacavith the relative electron affinities and ionization energies of
dipole and valence level alignment are summarized in Fig. 6the solids. Finally, the “valence band offset” favors hole

The interface dipole barrier is large in both cases, and its sighection from the organic to the inorganic semiconductor at

suggests a displacement of negative charge toward the inopoth heterojunctions.

ganic semiconductor. This is opposite to the case of th
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