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Carrier mobilities and influence of oxygen in Gy, films
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We have studied the intermolecular carrier transport gp fllms. Photoelectrical and optical experiments
indicate charge transfer transitions to set in at photon energie@ & eV. The electron transport in the charge
transfer state is by hopping with typical drift mobilities of 1 #ws in as-grown films. Hole drift mobilities
are in the 10%cn?/V's range. Upon oxygen exposure the carrier mobilities decrease significantly, while
recombination lifetimes grow. These findings are interpreted as being due to transport-limited recombination
kinetics.[S0163-182@9)02539-4

INTRODUCTION films needed to be covered with an oxygen barrier. In the
case of sandwich structures, a 100-A Pt film, deposited with-
The photoconductivity in g has attracted considerable out breaking the UHV conditions, served this purpose. The
attention from the applied physics field as well as in basicsample structure in the sandwich configuration was thus
research. It was noted at an early stage that the onset @lass/Sn@/Cgy/Pt with diameters for the Pt dots of 2 mm.
photoconductance occurs-atl.85 eV with low-quantum ef-  Films with coplanar contacts used 8-mm Cr strips on 7059
ficiencies. These findings were quantitatively explained inCorning glass with a separation of 0.5 mm. The samples
terms of an Onsager generation mechanism involving exciwere sealed with polymer tape inside the load-lock chamber
tonic molecular states® From photoemission measurementsat pressures of 10~ ° mbar. Our experience showed that the
the band gap of g was determined to be 2¢:30.1eV3 Op-  tape sealing prevented oxygen uptake f&6 h, which was
tical investigations, however, indicate a charge transfer excisufficient to carry out the photoelectric measurements. After
ton state near 2.3 eYRef. 4 and the band gap to be 2.6 eV. 5 h the samples showed degradation in the electronic trans-
Several studies into the electronic kinetic behavior showegbort propertieg?
that the carrier propagation inggfilms is trap limited and
dispersive's.‘7 Exposure to oxygen lowers the conductivity CARRIER TRANSPORT STATES IN C 4,
and gives rise to strong changésn the carrier kineticd%* _ _ . _
In the present paper we report results from photoelectric First experiments to detesrm|r_1e the band gap i Kave
measurements, which complete this picture of charge propd€en carried out by Loét al using a combination of pho-

gation. Our transport experiments indicate that the electrofP€Mmission and inverse photoemission measurements. Since
drift mobility is in the 1 cnf/V's range, while the hole mo- the two experiments do not probe the same excitation state, a

bility is much smallet?2~® The low mobility values and the somewhat complicated estimate for the exciton binding en-

temperature dependence of the carrier kinetics suggest th@fdy had to be employed to derive a bandgap of 2.3
the carrier propagation is by hopping. We further show that™ 0.1¢V fromlghe experimental data. Mpre _recently optical
the electronic transport properties are strongly affected whelfivestigation$*® have shown that an excitonic charge trans-
Ceo is exposed to oxygen. Both, hole and electron drift mo-fer state is accessed with _photon energies of 2.3 eV, and it
bilities are found to decrease with O uptake, while the reWas suggested that the single carrier band gap may be as

combination lifetime increases due to the slower transport. large as~2.6 eV." One may hope to confirm this assignment
by a direct comparison of transport and absorption data on

PREPARATION

The films were prepared by sublimation ofg@owder,
which was obtained from Merck CbBefore deposition the
powder was chromatographically purified and outgassed in
ultra-high-vacuum{UHV) for 1 day atT=300°C. The sub-
limation and deposition occurred at 500 °C in UHV condi-
tions with the substrates kept at room temperature. This pro-
cedure gave polycrystalline films containing99.9% G
with grain size between 70 and 200 nm. An atomic force
micrograph depicting the grain structure of a 100-A-thick
film is shown in Fig. 1. A more detailed description of the
preparation is given in Refs. 17 and 18. Photoelectric mea-
surements were performed on films of 18 thickness and FIG. 1. Atomic-force micrograph of a 100-A-thick & film
were carried out outside the UHV chamber. Since oxygemyrown on glass substrate. The side length of the micrograph corre-
has a strong effect on the electronic properties gf €¢he  sponds to lum.
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FIG. 2. (a) Absorbance spectra ofsgin benzene solution and PROPAGATION MECHANISM

Ceo thin film, photoconductance spectrum ofyGhin film. (b) So-
lution spectrum shifted by-10 meV, and thin film absorbance =~ We next turn to a discussion of the carrier propagation
spectrum. Note that scaling in the vertical axis corresponds to adnechanism. Figure(4) shows typical decay curves of the
justing the differing optical thickness of the two samples. photoconductance obtained after pulsed laser excitation. In
the ns andus time region the photocurrent decay follows an
thin films and on molecular g in solution. Figure 2 shows algebraic decay law, approximately given bgt)~t~*,
such a Comparison invo|ving a6@benzene solution and which we attribute to dispersive transport conditions. Mea-
thin-solid films. At T=4.2K the thin-film absorption spec- surements by others performed in the ps and ns time region
trum is sufficiently structured to allow a direct comparison tohave also observed decay kinetics slower than a single expo-
the solution spectrum. Both spectra are very similar near thBential behaviof. We find the algebraic decay kinetic to be
absorption onset except for a small shift in energy, which caPperative for excitation energies in the range2.5<hv
be attributed to the different dielectric constants. A 10-meVv<4 €V, which clearly indicates that in this time regime the
shift of the solution spectrum brings the two spectra in nearlyirap occupation is independent of the states initially excited.
perfect coincidence, as shown in FigbR The close simi- As part(b) of the figure shows the kinetics is only weakly
larity clearly indicates that the lower excited states arelemperature-dependent throughout the range, <I0O
largely unaffected by solid-state effects, i.e., that they are<400K, the decay exponent changing by ort§5%. This
excitonic molecular states. For photon energies in excess @bsence of a strong-temperature dependence strongly sug-
~2.2 eV there is strong absorption gain in the film. Thisgests that thermal emission is not the rate-limiting process
absorption gain is interpreted as being due to the wavefor carrier transport, implying that multiple trapping should
function overlap in charge transfer states. Considering th&€ ruled out as a propagation mode. Instead the data are
nature of these states we find the threshold value of 2.2 egompatible with hopping-type transport for the intermolecu-
found here compatible with the assignment of 2.3 eV in Reflar charge transfer. In the hopping transport model the alge-
4. A similar comparison of room-temperature absorptionbraic decay-law results from the spatial distribution of sites
spectra gives essentially the same result; there is hence @&d the strong dependence of the transfer integral on the
discernible difference in the energy of the charge-transfeelistance between the sites. The hopping model therefore pre-
states in the low-temperature simple cubic phase and thdicts only a weak-temperature dependence of the kinetic be-
high-temperature fcc phase. Figur@)2shows that the pho- havior, in agreement with the data of Fig. 4.
tocurrent spectrum also exhibits the vibronic structure as
seen in the absorption spectra bele.3 eV, indicating that
the photoconductance in this regime is due to exciton disso-
ciation. This interpretation is further corroborated by the en-
ergy dependence of the quantum generation efficiency shown For quantitative measurements of the transport parameters
in Fig. 3. The data were obtained from charge collectionwe have used the moving photocarrier grating technique,
measurements using pulsed laser excitatidime field and  which allows to determine the electron and hole drift mobili-

ELECTRON AND HOLE DRIFT MOBILITIES,
RECOMBINATION TIMES
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mobility, un,~2X%10"4V/cm?s. This value is considerably
smaller than the~1.7 cnf/V's reported for crystal$® but
compatible with previous conclusions for thin filtfst It
2 4t thus appears that one significant difference betwegn C
. ] single crystals and thin films is the much lower hole drift
154 : 1 mobility in thin films. It remains to be investigated if this
s ] difference is due to impurity or grain boundary effects. The
:_/_o,,g/—e/_:_ recombination time in the first measurement is As This
L e ] value is considerably larger than typical decay times from
time-resolved photoconductance studi@sHowever, most
of the kinetic measurements have focused on the ps and ns
time region, and their basic result is that the decay becomes
slower with progressing time. Our own data suggest an alge-
braic decay law, covering all of the ns time region and reach-
ing severalus. A possible explanation to these observations

FIG. 4. (8 Photoconductance decay indilms, following an is that fast trapping precedes a comparably slow recombina-
algebraic decay law approximately given bt)~t L (b) tem-  tion process. We believe that such an explanation is likely to

perature dependence of the decay exponent apply in Gy films. This explanation would also be in line
with our finding of smallu7 products under trapping condi-
ties and the ambipolar recombination lifetiffe®> The ex-  tions as shown in Ref. 2.
periment involves an optical interference grating, which Strong degradation of the transport parameters due to the
moves at constant velocity between two coplanar electriénfluence of oxygen is noticed from Fig. 6. The degradation
contacts. Due to their different mobilities, electrons andis seen to set in after approximately 5 h. Electron spin reso-
holes respond to the grating motion at different rates. Thimance(ESR and secondary ion mass spectrosc¢piMS)
results in a net motion of charge, which is picked up as awere used to characterize the O content in the as-grown and
photocurrent between the two contacts. The dependence degraded stat® 2% The ESR signal strength can be evalu-
the photocurrent on grating velocity is evaluated in terms ofated in terms of the chemically active O content in the films.
the drift mobilities of the two carrier types and the ambipolarin the as-grown state typical spin densities are in the
recombination lifetime by solving the transport and Poissorl0'®cm™ 2 range, while the most strongly degraded samples
equations. The procedure is described in detail in Refs. 2Bad an ESR spin density of ¥@&m 3. Comparing the ESR
and 23. results to total concentration measurements by SIMS, indi-
Figure 5 shows the experimental results obtained for &ates that only 1-10% of the incorporated oxygen induces
polymer-sealed film at different stages of O exposure afteoxidation reactions.
deposition. The solid lines show calculated fits to the experi- The O-induced degradation involves a dramatic decrease
mental data®>?*The initial electron drift mobility, measured in the carrier drift mobilities and an increase in the recombi-
within 20 min after breaking UHV conditions, it  nation time. Chemical studies have shown that the oxygen
=1.3cnf/Vs, a value comparable to that of other polycrys-impurity state lies 0.3 eV below the excited triplet st&te’
talline organic semiconductor filffs?® and to earlier results It therefore constitutes a deep defect with an energy not far
on Gy, crystalst® The magnitude of the drift mobility is also from midgap. This may explain a strong electronic compen-
compatible with the suggested transport by hopping. Theation effect of O, apparent in the drastic lowering of the
hole mobility is found to be much smaller than the electrondark conductivity. The charge transfer in the oxidized
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tion conditions we obtainyur~7x 10 ° cn?/V in oxygen-
free samples at low applied fields.

CONCLUSIONS

Our results suggest that localized excitonic statesdn C
play a dominant role in charge carrier generation and trans-
port. There is a finite probability for transitions into excitonic
states above 1.85 eV. These transitions involve vibrational
coupling in the lowest excited singlet state. The photocon-
ductance accompanying these excitations is due to the sub-
sequent ionization of excitons at defects or in internal elec-
trical fields. Accordingly the carrier transport among these
states is characterized by very low-quantum efficiencies.

Charge-transfer states lie2.2 eV above the ground state.
These states lead to a sizable absorption in the solid as com-
pared to molecules in the solution. The excitation into these
states is associated with increased quantum efficiencies, but
the overall quantum efficiencies remains below 1%. These

Time (h) findings suggest that the excitation is spread across several
molecules.

FIG. 6. Change in transport parameters due to O uptakedn C  Electron drift mobilities are in the 1 cifV s range and
films. In the course of these measurements the ESR spin densityiore than three orders of magnitude larger than hole mobili-
was found to rise from-10'to ~10"cm3; (A) electron andO)  ties. From the lack of a strong temperature dependence in the
hole mobilities,(CJ) recombination time. photoconductance decay it is concluded that the propagation

mechanism is hopping. Theur product for recombination
molecule also gives rise to a negative charge on the impurityconditions is in the 10° to 10 8 cm?/V range. Oxygen acts
It has been showH that charge fluctuations in excess of as a compensating agent on théype conductivity and is
~10cm™3, may give rise to potential fluctuations of some found to degrade the carrier mobilities by several orders of
100 meV, which usually decrease the carrier propagatiomagnitude. The slower transport goes along with longer re-
rate. If the transport process is the rate-limiting step for thecombination times, indicating that the recombination process
recombination, it is to be expected that smaller drift mobili-is transport limited.
ties and longer recombination lifetimes will result, as ob- Since the low quantum efficiency results from intrinsic
served in Fig. 6. properties of the solid, there appears to be little prospect for

The product of quantum efficiency, drift mobility, and substantial improvement of the transport properties of pure
recombination timeyur, is the relevant photoconductance films. Modifications to the molecular subunit or changes in
parameter for many applications, such as xerography, solaomposition of the films can, however, alleviate some of
energy conversion or detector applications. For recombinatese problem&*3®
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