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Abstract

Luminescent erbium-based inorganic-organic hybrid materials play an important role in many

frontier nano-sized applications, such as amplifiers, detectors and OLEDs. Here, we

demonstrate the possibility to fabricate high-quality thin films comprising both erbium and an

appropriate organic molecule as a luminescence sensitizer utilizing the combined atomic layer

deposition and molecular layer deposition (ALD/MLD) technique. We employ tris(N,N’-

diisopropyl-2-dimethylamido guanidinato)erbium(III) [Er(DPDMG)3] together with 3,5-

pyridine dicarboxylic acid (3,5-PDA) as precursors. With the appreciably high film deposition

rate achieved (6.4 Å/cycle), the guanidinate precursor indeed appears as an interesting new

addition to the ALD/MLD precursor variety towards novel materials. Our erbium-organic thin

films showed highly promising UV absorption properties and a photoluminescence at

1535 nm for a 325 nm excitation, relevant to possible future luminescence applications.



2

1. Introduction

Artificial light is an indispensable part of our modern society. Especially for

telecommunication, photoactive optical materials are needed to emit, transfer, amplify and

detect electromagnetic radiation of the desired wavelengths. Lanthanides, more precisely the

trivalent lanthanide ions, are well known for their sharp characteristic photoemission in the

visible and infrared regions. [1–4] In particular, Er3+ with its specific emission at ~1500 nm is

used as a dopant in optical silica fiber amplifiers to overcome their loss window of infrared

wavelengths.[5–11] In fact, however, the absorption coefficient of Er3+ ions is too low for

practical utilization. Sensitizing the Er3+ emission by complexation with strongly light-

absorbing organic antenna ligands, e.g. aromatic molecules, capable in transferring the

absorbed energy to the metal ion, offers the possibility to enhance the luminescence.[12–21]

The implementation of such complexes or hybrid materials in modern applications such as

organic light emitting diodes (OLED) or detectors is challenging with respect to the ever

shrinking device size, and the need for flexibility and complex geometries. Furthermore, the

fact that the lanthanide resources are continuously diminishing necessitates improved

efficiency in the use of these elements and the performance of devices based on these

elements.

Atomic layer deposition (ALD) is a state-of-the-art and industry accessible fabrication

technique for high-quality, uniform and dense thin films with a well-defined composition and

excellent step coverage over a multitude of different surface geometries. It is based on

sequential self-limiting surface reactions applied in a cyclic manner resulting in the typical

ALD film characteristics such as saturation behavior of the reactants on the surface and the

linear dependency of the film thickness on the number of deposition cycles within a so-called

ALD temperature window.[22, 23] Thin films grown by this technique are usually inorganic

compounds such as metal oxides and nitrides. The material scope can be extended to organics

though, using the related molecular layer deposition (MLD) technique based on purely

organic precursors.[24, 25] Importantly, by combining inorganic ALD cycles with organic

MLD cycles, meaning that an organic precursor is used as a co-reactant with the inorganic

one separated by inert gas purging, it is possible to grow inorganic-organic hybrid materials,

exhibiting properties derived from both the parental constituents.[26–31] One major issue

regarding the combined ALD/MLD processes is the choice of suitable precursors. In order to

avoid precursor condensation or gas phase decomposition it is crucial to find a combination of

inorganic and organic precursors which have similar thermal properties in terms of

sublimation and deposition temperatures. Furthermore, the reactivity towards each other must
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be ensured. In the case of erbium, only few precursors, e.g. β-diketonates [Er(THD)3],[32]

cyclopentadienyls [Er(MeCp)3][33] and amidinates [Er((tBuNC(CH3)NtBu)3],[34] have been

employed for ALD processes in literature, but drawbacks such as low reactivity, missing ALD

self-limiting behavior or high impurity content in the film have been reported. In 2013, we

reported a new Er-precursor, namely tris(N,N’-diisopropyl-2-

dimethylamido guanidinato)erbium(III) or [Er(DPDMG)3], and its successful application in a

water-assisted thermal ALD process yielding stoichiometric erbium oxide thin films.[35] The

advantage of this metal complex as an ALD precursor is its all-nitrogen coordinated structure,

making it more reactive than other precursors while the thermal stability is maintained. With

these features, the [Er(DPDMG)3] complex should also be a promising candidate for

ALD/MLD processes to be combined with an appropriate oxygen-containing organic

precursor. Here, we select 3,5-pyridinedicarboxylic acid or 3,5-PDA for the organic

precursor, as we recently demonstrated its excellent function as an efficient sensitizer for the

photoluminescence of europium.[36] In this work, we present the successful ALD/MLD

growth of erbium-3,5-pyridinedicarboxylate hybrid thin films based on self-limiting surface

reactions of [Er(DPDMG)3] and 3,5-PDA precursors (Fig. 1). The new ALD/MLD process

yields high-quality thin films with appreciably high growth rates. Moreover, demonstrated are

promising UV-vis absorption and photoluminescence characteristics for the films highly

relevant to their possible optical applications.

Fig. 1 Structures of the precursors: a) [Er(DPDMG)3] and b) 3,5-PDA.

Experimental Details

The erbium precursor [Er(DPDMG)3] was prepared and analyzed as reported elsewhere while

the synthesis was scaled-up to 10 g per batch for the ALD process development.[37]

[Er(THD)3] was synthesized as described in literature.[38] The organic precursor 3,5-PDA

(TCI Europe N.V. purity: 98 %) was used as received without further purification. The hybrid
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thin films were deposited in a commercial ALD reactor (F-120 by ASM Microchemistry

Ltd.). The Si (100) substrates were rinsed with acetone and ethanol and dried in a nitrogen

flow. During depositions, the precursor powders were kept in glass crucibles inside the reactor

at 130 °C and 235 °C, respectively.[35, 36] Nitrogen (>99.999 %; Schmidilin UHPN 3000 N2

generator) was used as a carrier and purging gas and a pressure of 2-4 mbar was maintained in

the reactor during the film deposition. In most of the depositions the following precursor pulse

/ purge cycle was applied: 3 s [Er(DPDMG)3] or [Er(THD)3] / 5 s N2 / 3 s 3,5-PDA / 6 s N2.

The thin films with this [Er(DPDMG)3] + 3,5-PDA process were deposited within the

temperature range 245 – 280 °C on Si (100) substrates.

Thickness, density and roughness of the films were determined by X-ray reflectivity (XRR;

Panalytical X’Pert MPD Pro Alfa 1) measurements using XPERT HighScore Plus-reflectivity

software for calculations. Grazing incidence X-ray diffraction (GIXRD) measurements with

the same instrument were performed to investigate the crystallinity of the samples. Rutherford

backscattering spectrometry (RBS) and nuclear reaction analysis (NRA) were carried out at

RUBION Dynamitron tandem laboratories to determine the film composition in terms of C,

N, O and Er. For RBS, a 2.0 MeV 4He+ ion beam with an intensity of 20 - 40 nA was directed

to the sample in an angle of 7 ° and scattered particles were detected by a Si detector with a

resolution of 16keV at 160 °. The concentration of elements of low atomic numbers, such as

C, N and O, was determined by NRA using a 1.0 MeV deuteron beam to induce nuclear

reactions with the light elements. The resulting emitted protons were detected at 135 °. The

detector was shielded by a 6 µm Ni-foil, to avoid scattered deuterons to be detected. SimNRA

program was used to calculate the concentrations of the thin film elements by combination of

RBS and NRA measurements.[39] The organic content was also verified using Fourier

transform infrared spectroscopy (FTIR; Nicolet Magna-IR Spectrometer 750), where an

average of 32 scans with 4 cm−1 resolution was applied for each sample. UV-Visible

absorption spectroscopy (Perkin Elmer Lambda 950 UV/Vis/NIR absorption

spectrophotometer) was used for absorbance measurements. Photoluminescence

measurements were performed at the chair for applied solid state physics of the Ruhr-

University Bochum to investigate the emission spectra of Er in the structure. The samples

were cooled down to a temperature of T=77 K in a cryostat under vacuum condition and

excited by a He-Cd laser (IK3351R-G by Kimmon Electric Co., Ltd.) with a wavelength of

325 nm and a power of 200 mW. The spectra were taken with a NIRQuest512-1.7 line-

detector spectrometer in which the InGaAs-pixel were Peltier-cooled to -10 °C and operated

with an integration time of 30 s.
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Results and Discussion

The compatibility of the precursors is one of the substantive issues which needs to be

addressed when developing a new ALD/MLD process. In particular, it is crucially important

that the sublimation temperatures of the inorganic and organic sources are close enough.

Another prerequisite is that the mutual reactivity of the precursors is high enough at the

deposition temperature. For the reactivity, we first tested in our preliminary experiments the

conventional erbium precursor [Er(THD)3] in combination with 3,5-PDA for the growth of

erbium(III)-di-3,5-pyridinecarboxylate [Er2(3,5-PDC)3]thin films: this process yielded a

growth-per-cycle (GPC) value of 2.4 Å/cycle at 250 oC, in line with the values previously

achieved for our Eu-based [Eu(THD)3] + 3,5-PDA process.[36] Then, switching to the

[Er(DPDMG)3] precursor immediately led to a GPC value of 6.4 Å/cycle at the same

deposition temperature (Fig. 2c). We ascribe this drastically increased growth rate to the high

reactivity of the six Er-N bonds in [Er(DPDMG)3], which are missing in [Er(THD)3], towards

the OH functionalities in the organic precursor.

Fig. 2 ALD/MLD characteristics for the [Er(DPDMG)3] / 3,5-PDA process: a) saturation

study of inorganic and organic precursor; b) Linearity behavior of thickness vs number of

cycles; c) Temperature dependency.

Motivated by the higher GPC values, we then further investigated and optimized the

[Er(DPDMG)3] + 3,5-PDA process in terms of typical ALD characteristics (Fig. 2). For the

self-saturation of the precursor surface reactions, the pulse lengths of [Er(DPDMG)3] and 3,5-

PDA were varied between one and five seconds; for these experiments the deposition

temperature was fixed at 250 oC. From Fig. 2a it can be seen that the GPC (6-7 Å cycle-1) is

not affected by the increased pulse time, indicating a saturated surface already for the 3 s

precursor dose. In Fig. 2b we plot the thickness of the films against the number of ALD/MLD

cycles, and as indicated by the linear fit and the corresponding R2-value, a linear film growth

is proven with a constant GPC of 6.4 Å cycle-1 at 250 °C which, together with the surface

saturation, is a strong evidence for a self-limiting behavior according to the ideal ALD/MLD
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mechanism. While the so-called ALD temperature window is rarely found for ALD/MLD

processes, Fig. 2c shows an essentially constant GPC in the narrow deposition temperature

range of 250 – 265 °C. At temperatures higher than 270 °C, [Er(DPDMG)3] starts to

decompose in the gas phase and GPC is increased due to a loss of self-limiting behavior and

parasitic CVD-like growth. For 245 °C, a steep rise of GPC is observed which can be

explained either by precursor condensation or other three-dimensional hybrid thin film

structures or polymorphs forming at these temperatures. From XRR measurements (shown in

SI) we determined – besides the film thicknesses discussed above – the density and roughness

values for the films. Density was found to be 2.3 g cm-3 and the film roughness in the order of

0.7 nm. The possible crystallinity of the films was investigated by GI-XRD measurements;

the films were concluded to be essentially amorphous, as no reflections were seen in the

measured GI-XRD patterns (SI, Figure S3). From the RBS spectra shown in Fig. 3, erbium,

oxygen and carbon are present in all films, irrespective of the deposition temperature. The

elemental concentrations determined from RBS (Er) and NRA (C, N, O) are listed in Table 1.

Fig. 3 RBS spectra of Er-3,5-PDC thin films grown at 245, 250 and 280 °C.
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Table 1 Concentrations of C, N, O and Er in atomic% in Er-3,5-PDC hybrid thin films for

different deposition temperatures.

Deposition

Temperature

(°C)

Atomic % (± error%)a

C N O Er

Ideal

concentration

55.3 7.9 31.6 5.3

245 51.3 (±3.8) 7.9 (±2.5) 35.6 (±3.4) 5.2 (±0.5)

250 51.2 (±4.7) 10.7 (±3.4) 32.6 (±4.0) 5.5 (±0.6)

280 50.8 (±3.3) 5.0 (±1.6) 38.0 (±3.0) 6.1 (±0.5)
a Statistical and systematic errors which belongs to the determined areal densities of atoms
were calculated and Gaussian error propagation give a total error for concentrations in
atomic%.

For the films deposited at 245 - 250 °C, the values are in agreement with the ideal

concentrations and deviations are within the error areas of the RBS/NRA analysis, yielding in

nearly stoichiometric [Er2(3,5-PDC)3] thin films. For 280 °C, the Er and O contents are

slightly higher, whereas those of C and N are lower when compared with ideal values. This

could be due to gas phase precipitation of the inorganic precursor and the aforementioned

CVD-like process, or could arise from reactions of the film with the high energetic ion beams

causing changes in concentrations.

Fig. 4 FTIR spectra for 3,5-PDA and Er hybrid thin film grown at 250 °C on quartz-glass.
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Table 2 Vibrational bands seen in FTIR spectra for the [Er2(3,5-PDC)3] hybrid thin film and

the 3,5-PDA precursor.

Sample
v(C=O)

(cm-1)

vs(COO-)

(cm-1)

vas(COO-)

(cm-1)

v(C=C) ring

stretch (cm-1)

v(C=N) ring

stretch (cm-1)

3,5-PDA 1720 - - 1602 1421

[Er2(3,5-PDC)3]

film
- 1388 1554 1602 1435

In Fig. 4, we show the FTIR spectrum for our hybrid thin film grown from [Er(DPDMG)3]

and 3,5-PDA on quartz-glass and also for the 3,5-PDA precursor for reference; the spectra

confirm the presence of the organic molecules and their contribution towards the thin film

formation. The characteristic absorption bands seen in the spectra are summarized in Table 2.

First, the characteristic bands for symmetric vs(COO-) and asymmetric vas(COO-) stretching

vibrations are observed at 1388 cm-1 and 1554 cm-1, respectively, confirming the presence of

the carboxylate species. Second, the absence of the carbonyl vibration v(C=O) at 1720 cm-1

and the hydroxyl stretching vibration v(O-H) at ~3000 cm-1 (characteristic for carboxylic

acids) confirms that the intended deprotonation reaction has taken place between the organic

source 3,5-PDA and the metal precursor [Er(DPDMG)3] to form the [Er2(3,5-PDC)3] moiety.

A shift of the v(C=N) ring stretching band to higher wavenumbers, i.e. from ca. 1421 cm-1 for

the 3,5-PDA precursor to 1435 cm-1 for Er2(3,5-PDC)3 can be seen. Together with the fact

that the ring stretch vibration v(C=C) at 1602 cm-1 is not shifted, can be interpreted as an

indication of the pyridine-N-coordination to the Er3+ cation in the hybrid film.[40–42]

In Fig. 5 we display normalized UV-Vis spectra for both our hybrid thin film and the 3,5-

PDA precursor. In the spectrum for the 3,5-PDA precursor, the broad absorption band due to

the HOMO to LUMO (n®p*) transition at 266 nm is visible. [43] In the spectrum for the

deposited hybrid thin film, this band is also present but slightly shifted to 270 nm. The reason

for this shift might be that the acid groups in 3,5-PDA are able to cause dimerization within

the structure, which is not possible between the deprotonated carboxylate groups in the thin

film and thus, result in a changed electron state environment and different absorption peak

position.[44] Most importantly, the presence of the intense absorption peak at 270 nm

suggests that UV light can possibly be used to excite the Er3+ luminescence in our [Er2(3,5-

PDC)3] thin film where the 3,5-PDC ligands apparently function as antenna absorbing the

light.[45, 46] Furthermore, it should be noticed that in the spectrum of the [Er2(3,5-PDC)3]
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thin film the two most intensive absorption bands for the Er3+ cation, excitation from ground

state into the 4G11/2 state at 378 nm and into the 2H11/2 state at 522 nm, can be clearly

identified (Fig. 5 zoomed area).[12, 44]

Fig. 5 UV-Vis spectra for a 45 nm [Er2(3,5-PDC)3] hybrid thin film grown at 250 °C on

quartz-glass and the pure 3,5-PDA precursor.

Finally, in order to prove the photoluminescence properties of our Er2(3,5-PDC)3 hybrid thin

films we recorded an emission spectrum for the films deposited at 245 °C, 250 °C and 280 °C

(Fig. 6). As excitation wavelength, 325 nm were used which correspond to a direct excitation

of the Er3+ ions in the film. The thin films grown at 245 °C and 250 °C show a clear emission

at 1535 nm which can be assigned to the transition from 4I13/2 state into the 4I15/2 ground state

of the erbium(III) ions.[47] Interestingly, the intensity of the emission reduces with higher

temperatures and at a deposition temperature of 280 °C no photoluminescence signal is

detectable anymore. This is directly correlated to the amount of erbium in the samples

(Table 1) and can be explained with a quenching of the photoluminescence for higher

concentrations as earlier reported in the literature.[48, 49] Even if the antenna effect of the

ligand could not be shown due to the lack of a suitable laser (down to 270 nm excitation) our

study nicely shows that erbium hybrid structures can be used to decrease the concentration of

the erbium in that amount that amplification for telecommunication wavelengths is possible.
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Fig. 6 Emission spectra of Er2(3,5-PDC)3 hybrid thin films grown at 245 °C, 250 °C and

280 °C, excited at 325 nm.

Conclusions

We demonstrated the excellent suitability of [Er(DPDMG)3] in combination with 3,5-PDC as

precursors in ALD/MLD; in particular, appreciably high growth rates of 6.4 Å cycle-1 were

achieved. Furthermore, an ALD temperature window between 250 °C and 265 °C was

confirmed within which the film thickness is linearly determined with the number of

ALD/MLD cycles. Saturation studies for both the inorganic and organic precursor showed

surface saturation, fulfilling the ALD/MLD criteria. With FTIR it could be shown that our

inorganic precursor indeed reacts with 3,5-PDA to stoichiometric hybrid thin films of

[Er2(3,5-PDC)3]; the missing carbonyl vibrations at 1720 cm-1 and a shift of 14 cm-1 of the

C=N ring stretching vibration indicated the formation of Er-O and Er-N bonds within this new

material. The absorption at 270 nm, which is the excitation wavelength of 3,5-PDC as an

antenna, is a promising result in terms of luminescence. By direct excitation of the erbium(III)

ions it was shown that an emission at 1535 nm is present wherein the intensity is highly

dependent on the concentration of erbium ions.

All this shows the great advantage of using a well-developed inorganic precursor such as

[Er(DPDMG)3] in combination with different organic molecules for ALD/MLD in order to

produce novel materials which are precisely tailored for various applications.
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