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Infrared organic light emitting diodes using neodymium
tris -(8-hydroxyquinoline )
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We have studied the photoluminescence and electroluminescence of neodymium
tris-(8-hydroxyquinoling and have found evidence, from the Stark splitting of the neodymium
emission, for two isomers of the molecule. Following sublimation it appears that one of these
isomers predominates. Photoluminescence can be excited through absorption into the organic
ligands and there appears to be efficient coupling between the singlet and triplet exciton levels in the
ligand and the internal levels of the neodymium. We can obtain bright infrared electroluminescence
from the intraatomic levels within the neodymium at wavelengths of 900, 1064, and 1337 nm.
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INTRODUCTION temperature and hexane was added until a fine precipitate
%/as seen. The solution was then placed in a freezer to cool

been attracting interest recently due to the potential of pro- efore the precipitate was finally collected. Liquid chroma-

ducing electroluminescent devices on a range of substratetsqgraphy was then useql to ascertain that only one material
as present in the precipitate.

Recent work has shown that electroluminescence can be ol For the photolumi ts eith 400
tained, at various wavelengths, from rare-earth containin or the phololuminescence measurements either a
organometallic compounds. For example, europium an m thick sublimed film or a quantity of the bulk powder in a
terbium2 have been used to obtain sharp 'visible Iumines-quartz curvette was placed inside a continuous flow cryostat,
cence and neodymium and erbium to produce infrare hich allowed the temperature to be varied between 4 and
luminescencé? The potential for the infrared emitters in- 00 K. Photoluminescence was excited using various lines
from a UV enhanced argon ion laser, dispersedail m

clude integrating the materials directly onto silicon to pro- . o
duce devices for interchip communications or in the case o§pectrometer and detected using an 5-20 photomultiplier for

erbium containing molecules for integrated Jub sources :he ;"S'zl]e vyafvelezgtRi ora I|tqwd nitrogen C(:Olde(: G?hdetec-
for telecommunications applicatiofis. or for the infrared. spectra were corrected for the re-

In recent work we have shown that not only can weSPonse of the system. To obtain the absorption spectra 0.1 g
obtain 1.5 um photoluminescence from erbiurtris(8- of neodymium chloride was dissolved in 50 ml of methanol.

hydroxyquinoling (ErQ),* but we can also produce elec- The absorption spectra were obtained using an Hitachi

troluminescent diodes grown on indium—tin—oxidd O) U-30A(I)IO spt);la_ctr%p?lotometsra_ d fabricated at a b
substrates using ErQ as the electron transporting and emit- sublimed ims and diodes were Tabricated at a base

ting | d N.Nediphenyl-N.N-bis(3-methylphenyr1, ~ Pressure of~10"° Torr. Diodes were fprmed on to cleaned
ip-%ip?]);ryf; 3.di amir:g (?rrgD) as tﬁ(e E‘; e ytrpanesr;)%rtin g ITO coated glass substrates and consisted of a 50 nm layer of

TPD as a hole transporting layer followed by 60 nm of the

layer? In this article we describe detailed photoluminescenc .
and electroluminescence experiments on neodyntiig¥(8- 1‘33’ g}!ﬁﬁfﬂ?iﬁ?ﬁ at 2-3 Als. The top contact was a 200 nm

hydroxyquinoling.

Near infrared luminescence from organic materials ha

EXPERIMENTAL METHOD RESULTS AND DISCUSSION

Neodymium tris(8-hydroxyquinoling was synthesized A sample of the bulk powder was used to measure the
by dissolving neodymium chloride in de-ionized water andvisible, ligand related, photoluminescence using both 351
8-hydroxyquinoline in an 80% methanol 20% de-ionized wa-and 457 nm excitation wavelengths as a function of tempera-
ter solution. The first solution was slowly added to the secture. Figure 1 shows the 80 K photoluminescence for these
ond over a periodfa2 h while undergoing stirring at ambient two excitation lines along with the absorption curve for a
temperature. Further methanol was added and the solutissolution of neodymium chloride in methanol. As the tem-
left stirring overnight. The solution was then filtered and theperature is increased the shape of the photoluminescence
remaining precipitate washed with methanol,-&25°C, to  does not significantly change, although the intensity of the
try to remove any remaining 8-hydroxyquinoline. The result-photoluminescence reduces slightly; by approximately 10%
ing substance was then dissolved in methanol at ambierfor the 457 nm excitation ang-30% for the 351 nm excita-
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' ; ‘ in the photoluminescence spectra. These shifts were attrib-
uted to longer wavelength excitations being directly ab-
sorbed to form triplet excitons, some of which could radia-
tively recombine giving photoluminescence-a600 nm. We
also noted that the long wavelength tail observed in the UV
excited photoluminescence of AlQ but not in the electrolu-
minescence could be attributed to triplet exciton recombina-
tion.
© If the highest occupied molecular orbital to lowest unoc-
X3 cupied molecular orbital separation is not strongly modified
j\,\x_s/\ by the central ion we would expect NdQ to give a roughly

Intensity (Arbitrary units)
G5

similar visible luminescence to AlQ. However, even ignoring
the effects of the absorption lines, the UV excited NdQ pho-
Wavelength (nm) toluminescence appears to be much broader than that for
FIG. 1. The 80 K visible photoluminescence from bulk NdQ powder excitedAIQ' Th.IS b,roadenm_g could be, attributed to greater radiative
using the(a) 457 nm line and théb) 351 nm line from an argon ion laser. €Combination of triplets, which could be caused by the
(c) shows the absorption spectra for Ndons obtained from a solution of ~ greater spin-orbit interaction caused by the larger mass of Nd
NdCl; in methanol. compared to Al. These triplets, having a lower energy than
the singlet excitons, would result in emission in the tail of

) , . the singlet spectra and hence the observed broadening.
tion. From the absorption spectra of NdQ, shown as an inset £, the 457 nm excitation the shift in the photolumines-
to Fig. 2, both of these excitation wavelengths are within the.q e peak is very much more pronounced than in AIQ.

ligand absorption bands so it is reasonable to believe that the,, 1, the photoluminescence there appears to be almost no

visible photoIL_lminescence is orig_in_ating from the Iiga”ds'singlet recombination visible, the’ 500 nm peak, and very
The detailed fine peak structure visible in these spectra argiie dependence of either peak position or intensity with

however, not characteristic of organic materials. By comparigseratyre ~10% increase in intensity between 300 and
ing the positions of the troughs in the visible photolumines-

cence with the peaks in the absorption of a Nd&tlution

400 500 600 700 800

. ibe th harp f b . It should be stressed that independent of excitation
['?gﬁ 1((?]] W? can ascribe tbesﬁ sﬁaép ea“%rﬁs t?] a Solrpt'o\?vavelength the visible photoluminescence from this material
of the photoluminescence by the Ndions within the mol- is exceptionally weak~1 in 10°) when compared to AIQ

ecules. The presence of these absorption lines in the phOt?ﬁeasured under identical conditions

Iumir_lescence_ spectra again_ support our assum_pfcion that it Is Figure 2 shows the photoluminescence of bulk NdQ re-
the ligand which is responsible for the broad visible photo-Corded from 500 nm to 1.6 using 100 MW of 457 nm

lumllrt]ecz%ert])zeéeen from Fia. 1 that there are sianificant dif excitation. This figure is a composite of the visible range
ferences between the visiEIé hotoluminescenlc?e Ielxc:itedluc-O llected using the photomultiplier and the infrared range
P Zollected using the Ge detector. The spectra have been scaled

ing the two wavelengths. Although absolute peak posmon%(} match where they overlap to demonstrate the relative in-

for the emission cannot be determined, due to the presence flhsities of the two regions. From Fig. it can be seen that

the absorption lines, it appears that the photoluminescencgom ared to the weak visible luminescence, there are three
peak for the 351 nm excited sample i8450—550 nm, P '

whereas for the 457 nm excited luminescence the peak is igong infrared emission lines centred 4800, 1064, and
n

: 4 4
~600-650 nm. These results are in qualitative agreeme 37 nm which correspond to théFg,—*len, *Fap

4 4 4 - . )
with results we have obtained for AIQIn that work we 1372, and"F,— "1, transitions, respectively. The ob
servation of this very strong luminescence from the intra-

investigated the luminescence of AlQ as a function of exci- . ; ; .
tomic neodymium levels coupled with very weak lumines-

tation wavelength and temperature and noted dramatic shiffe o -
¢ence from the organic ligands suggests very efficient energy

coupling between the ligands and the ion. This is supported
by the observation of Nd absorption lines in the ligand lumi-

£ nescence, which show that the singlet and triplet levels in the
b= . . o

2 ligands are resonant with levels within the Ndon.

£ Figures 3 and 4 show detailed low temperature lumines-
2 500 400 500 600 cence spectra for théF;,—*lg, and *Fz,—*1 ), transi-

£ tions, respectively, recorded from both bulk NdQ powder

8 k and from 400 nm films of sublimed NdQ. Figure 3 shows the

5 K spectra from the*F5,— %14, transition, for the bulk
powder and ten peaks can be clearly resolved. These peaks
Wavelength (nm) are due to the Stark splitting of tiéy, level due to the local

FIG. 2. The 80 K photoluminescence from bulk NdQ powder excited at 457eIeCtrIC field seen by the Nd atom. NdQ would be expected

nm. The spectra has been corrected for the response of the system. The inktform two isomers, f_ac and mer, Which would haveahd
shows the absorption spectra for NdG. C, symmetry respectively. These two isomers would leave
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FIG. 3. The 5 K photolurimescence from th&F 5,,— “l o/, transition within
the N&* ion for: (a) bulk NdQ and(b) a 400 nm sublimed film. The peaks
marked 1 and 2 irfa) are believed to be due to the different isomers with 2
being the predominant peaks in the sublimed film.

FIG. 5. The 300 K electroluminescence from a ITO/TPD/NdQ/AIl diode.

bulk powder are not present in the sublimed film and are

probably due to the second isomer we suggest that some of
the N&* ion in sites of G or C, symmetry. For thé'l the. det.ail is higden due to thg high .intensity of these levels,
level both of these site symmetries would result in the StarkVhich is resulting in them being quite broad. It should also
splitting producing five levels, so the presence of ten peak8€ noted that the positions of the peaks need not necessarily
in the bulk NdQ spectrum would suggest that the powder i9€ different for the two isomers and this may be an addi-
a mixture of the two isomers. For the sublimed film it is only tional factor in the spllttl_n_g not being as clear for this level as
possible to clearly resolve five peaks, although there is prob©" th_‘aAFS/ZH‘l' or2 transition. _
ably some contribution to the background from at least one  Figure 5 shows the infrared electroluminescence ob-
of the other peaks, which suggests that this layer may consi&@ined from an ITO/TPD/NdQ/Al diode at an operating volt-
of mainly one isomer. Although these results appear to sho@9€ of 30 V, which corresponded to a current through the
that mainly one isomer is present in the sublimed films, wefiode of 78 mA/cr. This diode showed no visible electrolu-
are not able to detect which of the two isomers it is. It is alsgMinescence but strong infrared luminescence centred at
not clear what the mechanism resulting in the deposition of & 900, 1060, and 1320 nm as seen in the photoluminescence.
single isomer during evaporation is. It could be that the twoS the electroluminescence spectra were recorded at 300 K,
isomers have very different sublimation temperatures, caudh® peaks are therefore somewhat broader than for the spec-
ing one to sublime preferentially or it may be that one of thef@ ihown M Fig. 3 and 4. However, close investigation of
isomers can be transformed with temperature, however, thi€'€ "Faz— "l o transition shows that it looks more like the
will need further study. For th&F 5,—*1,,,, transition the photolummescgnce of the sublimed film as _opposed to the
difference is not as cledFig. 4). For this level, due to the Pulk powder with a number of the peaks being less clearly
Stark splitting, we should see six transitions for each isomer/€S0/ved. This is not surprising in light of our explanation of
However, for the bulk NdQ sample we only observe, at mostt_he dlfferences in the photolumme;cence between the sub-
eight peaks and at least five of these are also present in trk'éned films and the bulk powder. Figure 6 shows the inten-

sublimed film. While some of the transitions present in theSity of the electroluminescence, at 1064 nm, as a function of
the current density through the diode. It can be clearly seen

that the diodes start emitting at a current density~@f.23
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FIG. 4. The 5 K photolurimescence from théF ;,—*l ;,, transition within FIG. 6. The electroluminescence intensity at 1064 nm as a function of the
the N&* ion for: (a) bulk NdQ and(b) a 400 nm sublimed film. current density through the diode.
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mA/cn?, which corresponds to a drive voltage ©fl3 V. It~ for two isomers of the molecule. Following sublimation it
can also be seen that once the diodes switch on there isappears that one of these isomers predominates. Photolumi-
linear increase in intensity with current through the diodesnescence can be excited through absorption into the organic
The current—voltagel V) characteristics of these diodes ligands and there appears to be efficient coupling between
showed a turn on voltage in forward bias-ofl3 V and no the singlet and triplet exciton levels in the ligand and the
breakdown in reverse bias up to voltages-680 V. While  internal levels of the neodymium. We can obtain bright in-
the 13 V turn on voltage is quite high, we have made ndfrared electroluminescence from the intra-atomic levels
attempt to optimize these diodes, through oxygen plasmaithin the neodymium.

treatment of the ITO or using low work function metals and
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