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UV to visible and near-infrared converting thin films of YbVO4 have been deposited by atomic layer deposition, 5 

using the precursor combinations Yb(thd)3 (thd = 2,2,6,6-tetramethyl-3,5-heptanedione) and O3, and VO(thd)2 and 

O3 at a deposition temperature of 240 °C, followed by post deposition annealing at 400-1000 °C. The UV 

absorption and the visible and near-infrared emission have been investigated in detail. The structure, thickness and 

composition of the deposited films have been studied by X-ray diffraction, ellipsometry, and X-ray fluorescence, 

respectively. The optimal pulse ratio of Yb(thd)3 and VO(thd)2 with respect to near-infrared emission was found to 10 

be 1:3, which also yielded the most crystalline sample after annealing. Crystallization of the films is accelerated 

when an excess of V2O5 is present, enabling crystallization at temperatures as low as 500 °C, probably through a 

flux aided process.  

Introduction 

With the ever growing need for renewable energy, it has become 15 

clear that the sun will be one of the key energy sources in the 

years to come. Currently, the competition within the solar 

industries is fierce, leading to limited margins and a constant 

drive for increased efficiency. The silicon solar cells are, 

however, already approaching their theoretical limit of 30%,1 20 

with Panasonic currently holding the record of industrial scale 

panels that operate at an efficiency of 25.6%.2 It is difficult to go 

beyond this due to the mismatch between the solar spectrum and 

the bandgap of silicon. With a bandgap of 1.11 eV, more than 

half of the energy in each photon in the UV part of the spectrum 25 

is wasted on thermalization, which reduces the efficiencies even 

further if the cell is allowed to increase in temperature under 

operation. In addition, most solar cells have a heavily doped 

emitter region in the top part of the solar cell, i.e. where the UV-

light is absorbed. As this region is filled with defects, the lifetime 30 

of the excited carriers is small and consequently many of them 

never reach the contacts.  

 In order to utilize the UV region better and to go beyond the 

Shockley-Queisser efficiency limit of 30%, down conversion of 

each high energy UV photon to two lower energy photons would 35 

be beneficial. The process was first described by Dexter in 19573 

and was demonstrated in YF3:Pr3+ phosphor under the excitation 

of 185 nm with a quantum efficiency of around 140% in 1974.4  

 Currently no one has been able to demonstrate an external 

quantum efficiency of more than 100% with photons from the 40 

solar spectrum experimentally, even though down conversion has 

been reported numerous times.5-12 The Tb3+/Yb3+ couple has been 

proven to display second order cooperative energy transfer 

(CET),5 but due to the intraconfigurational 4f transitions being 

parity forbidden, the absorption cross section of Tb3+ and other 45 

suitable lanthanides like Tm3+ and Pr3+ is extremely poor. Thus, 

they are not very useful as conversion materials for solar cells on 

their own.  

 While YbVO4 is not a common luminescent material, it closely 

resembles YVO4, which is well-known for its excellent 50 

luminescent properties when doped with various lanthanides.12-16 

YVO4:Yb3+ has previously been suggested as a quantum cutting 

material due to strong charge transfer absorption of (VO4)
3-, and 

blue emission at twice the energy of Yb3+ emission8,12. This 

should imply that the host can display resonant energy transfer to 55 

Yb3+. In a study by Cheng et.al.,12 it was indeed determined that a 

sample with 1 mol% Yb3+ should have a theoretical quantum 

efficiency of 148.7%, under the assumption that the energy not 

transferred to Yb3+ results in radiative decay and that there is 

100% emission efficiency from Yb3+. The actual quantum 60 

efficiency of this system has not been reported, most likely due to 

the challenge of quantifying the UV excitation as well as the 

visible and NIR emission in such a large range. It is expected that 

energy transfer from both the (VO4)
3- complex and Yb3+ to 

quenching centres is significant. The amount and type of 65 

quenching centres should depend on the synthesis routes. It is 

desirable with a method that produces high quality crystals which 

can be applied as thin films on top of a solar cell.  

 Atomic layer deposition (ALD) is a technique in which the 

material is grown layer by layer, providing very fine control of 70 

the atomic distribution. Yb3+ ions can thus be evenly distributed 

during deposition, providing excellent samples for studies of 

properties during annealing towards high quality crystals. 

Vanadium has mostly been deposited as its binary oxide by ALD. 

We here expand on this process by converting it to its polyanion 75 

in the YbVO4 structure. Insight into the deposition of YbVO4 is 

expected to be useful for deposition of more complex systems 

like YVO4:Yb3+in the future, and as YbVO4 can be considered to 

be an YVO4:Yb3+ system in which 100% of the lanthanide 

positions are occupied by Yb3+, it is also interesting to investigate 80 
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its optical properties. Deposition of V2O5, using the VO(thd)2/O3 

precursor combination has been done previously by Østreng et. 

al17. Gradient-free films of V2O5 were deposited at deposition 

temperatures up to 240 °C, which for this reason was used for the 

mixed Yb-V-O deposition in this study.  5 

Experimental 

The YbVO4 films were deposited with an F-120 research-type 

ALD-reactor (ASM Microchemistry Ltd) at 240 °C at a rector 

pressure of 2.6 mbar. The β-diketonate chelate Yb(thd)3 

(thd=2,2,6,6-tetramethyl-3,5-heptanedione) (Strem Chemicals, 10 

>99.9%), was used as the ytterbium precursor, while VO(thd)2 

was used as the vanadium precursor as synthesized in-house.18 

Ozone was used as the oxygen source and was produced from 

>99.9% O2 in an In USA ozone generator (AC-2025). Nitrogen 

was used as both carrier and purge gas and was separated from air 15 

in a nitrogen generator (Schmidlin UHPN3001 N2 purifier, 

>99.999% N2 + Ar purity). All depositions were preceded by an 

in situ 10 minute ozone cleaning consisting of 100 cycles of 1.5 

seconds O3 pulse and 4.5 seconds N2 purge at the deposition 

temperature in order to remove any organic remains.  20 

 Yb(thd)3 and VO(thd)2 were both sublimated from inside the 

reactor at 125 °C. Pulse durations for both the deposition of 

Yb2O3 and V2O5 layers were 3/3/3/3 seconds for M(thd)2-

3/purge/O3/purge, respectively, and all parameters are well within 

saturating conditions, as has been determined previously by 25 

Østreng et. al17 and Hansen et. al.,19 both using the same reactor 

design and configuration. The individual cycle sequences were 

optimized with intermixing of the two metals.  

 All the Si (100) and SiO2 substrates used for the depositions 

were cut prior to deposition. The thickness of the native oxide 30 

layer on the silicon substrates ranged from 2-4 nm and was 

measured by spectroscopic ellipsometry before each deposition.  

 For each deposition, the following substrates were used: one 

3×3 cm2 Si substrate for X-ray fluorescence purpose, ten 0.5×0.5 

cm2 Si substrates for annealing purposes and 35 

photoluminescence/excitation measurements, and two 4×0.5 cm2 

Si substrates placed at the back and front of the reaction chamber 

to monitor the conformality of the films across the whole 

chamber. For a selection of the depositions, a ~2×2 cm2 silica 

substrate was placed vertically, parallel to the flow direction, to 40 

be used in UV-Vis measurements.  

 The samples were annealed post deposition in air at 400-1000 

°C in intervals of 100 °C. They were placed in the furnace at 

ambient temperatures and heated to the desired temperature at a 

rate of ca. 240 °C/h and extracted from the hot furnace after 1 45 

hour.  

 The crystallinity of the samples was determined with a Bruker 

D8 Discovery X-ray diffractometer, using CuKα1 radiation and a 

Ge(111) monochromator. Intensities are normalized with respect 

to the Si (100) reflection from the substrate. The film thickness 50 

was determined with a J. A. Woollam ellipsometer in the 380-890 

nm range. The Cauchy-model was used to parameterize the 

ellipsometry experimental data. The chemical composition was 

determined by X-ray fluorescence (XRF) on a PANalytical Axios 

mAX minerals spectrometer and interpreted with the Omnian and 55 

Stratos analysis software. Photoluminescence (PL) measurements 

in the Vis range were performed with a 325 nm, CdHe laser and 

an OceanOptics USB4000 photospectrometer. All measurements 

were carried out under the same conditions. The spectral 

sensitivity of the detector has not been corrected for. An 60 

Edinburgh Instruments FLS920 fluorescence spectrometer was 

used for recording excitation spectra and emission spectra in the 

NIR, using a 450 W Xe lamp as excitation source and a liquid-

nitrogen cooled Hamamatsu R5509-42 PMT. A Hitachi SU8230 

field emission scanning electron microscope (FE-SEM) was used 65 

to study the surface morphology of the annealed samples. The 

SEM was equipped with an energy dispersive spectrometer from 

Bruker, which was used to perform element mapping of selected 

samples. UV-Vis measurements were conducted on films 

deposited on fused silica in the range 200-900 nm with a 70 

Shimadzu UV-3600 instrument and an integrating sphere. 

Results and Discussion 

The growth rate of pure Yb2O3 was determined to be 10 pm/cycle 

at 240 °C, which is in agreement with our previous work on this 

material19. It was not possible to precisely determine the growth 75 

rate of pure V2O5 due to the high surface roughness of the film, as 

previously discussed by Østreng et. al.,17 though it is estimated to 

be ~20 pm/cycle at 240 °C. The growth rate of V2O5 is highly 

sensitive to numerous factors, such as the temperature and the 

surface it is being deposited on. Predicting the deposited 80 

thickness is thus challenging, as the cycle sequence has a large 

impact. Attempts were nevertheless made to keep the thickness of 

the samples between 80-100 nm to aid comparison between 

samples. Table 1 shows an overview of the number of cation 

cycles used in the deposition, resulting thickness and growth rates 85 

achieved for each deposition. 

 None of the films exhibited measurable gradients, although the 

growth rates for all the samples, apart from the sample with 10 

pulse% Yb(thd)3, were lower than what could be expected from 

the pure oxides. This indicates a retarded growth when the binary 90 

systems are mixed. The stoichiometry of the as-deposited films 

for our current pulsing scheme is shown in the XRF-data plotted 

in Figure 1 and shows a near linear relation between pulse% 

Yb(thd)3 and Yb3+-content in the samples.  

 The samples are amorphous as deposited, and signs of 95 

crystallization into YbVO4 (PDF-4+ International Centre for 

diffraction data No. 04-008-5907) can first be seen for the 

samples with an excess stoichiometry of V2O5 after annealing at 

500 °C, as shown for a sample with a 1:3 pulse ratio of Yb(thd)3 

and VO(thd)2 in Figure 2. An additional peak from V2O5 (PDF-4+ 100 

International Centre for diffraction data No. 04-008-4073) can be 

observed for the sample annealed at 600 °C. This sample 

exhibited the strongest NIR-emission among all the samples after 

being annealed at 1000 °C and the excitation and emission 

Table 1: Overview of number of cation cycles, thickness (from 

ellipsometry) and growth rate for the as-deposited thin films. 

Pulse% Yb(thd)3 # Cycles Thickness 

(nm) 

Growth rate 

(pm/c) 

10 5000 114 22.8 

25 6500 99 15.2 

30 6840 99 14.5 

50 8500 106 12.5 

70 7500 81 10.8 

90 8000 90 11.3 

95 10000 80 8.0 
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Figure 1: Mol% vs. pulse% Yb(thd)3 as determined by XRF, fitted to 
linear functions. 

 
Figure 2: X-ray diffraction patterns of samples with a 1:3 pulse ratio of 5 

Yb(thd)3 and VO(thd)2 annealed at different temperatures.  

spectra of the sample is shown in Figure 3. 

 UV light is absorbed via either of the two oxygen to vanadium 

charge transfer (CT) absorptions 1A1 → 1T1,2.
20 A schematic 

energy level diagram of YbVO4 can be found in Figure S1. The 10 

excitation spectrum shows that excitation into the 1T1 state 

primarily is responsible for the NIR emission, which is in contrast 

to measurements on the YbxY1-xVO4 system by Wei et. al.,8 

where the 1T2 peak was dominant. The result is, however, in 

agreement with other excitation measurements that monitor the 15 

visible emission of YbxY1-xVO4
12 and YVO4.

20 Ronde and Blasse 

have also provided an explanation for the difference in intensity 

between the two peaks and the energy transfer mechanisms 

expected to take place in the system.20  

 The signal in the 350-450 nm region could be from V2O5 20 

absorption, which is followed by energy transfer to the (VO4)
3- 

complex. The energy transfer from the (VO4)
3- to Yb3+ has 

previously been described in Refs.8,12 After excitation into either 

of the 1T1,2 states, the excited electron is believed to relax non-

radiatively to either of the 3T1,2 states, from which CET to two25 

 
Figure 3: Normalized PLE spectrum (black) monitoring the 983 nm 

emission of Yb3+ and normalized PL spectra (green/red) of a sample with 
a 1:3 pulse ratio of Yb(thd)3 and VO(thd)2.  

 30 

nearby Yb3+ ions takes place. The energy difference between the 
1T1,2 and 3T1,2 is in the order of the energy difference between the 
2F5/2 excited state to the 2F7/2 ground state in Yb3+, which could 

indicate that cross-relaxation takes place. Though, evidence 

supporting this has not been found in this study. Relaxation from 35 

the 2F5/2 excited state to the 2F7/2 ground state in Yb3+ results in 

the sharp NIR emission observed in Figure 3. CET from the 3T1,2 

states competes with spontaneous emission to the 1A1 ground 

state, resulting in the broad 500 nm emission. This transition is, 

however, spin forbidden and CET should dominate, provided that 40 

the Yb3+ concentration is sufficiently large. The presence of this 

emission is a clear indication that the energy transfer from 

(VO4)
3- to Yb3+ is incomplete, despite a maximum Yb3+ 

concentration, indicating an upper limit of the CET rate that is 

below unity. Determining whether down conversion actually 45 

takes place from this level is challenging to prove, however, as 

FRET requires an overlap between the emission and absorption 

of the involved ions, the only way to achieve this is by exciting 

two Yb3+ ions simultaneously. Direct energy transfer from the 
3T1,2 states of (VO4)

3- to the 2F5/2 state in Yb3+ is consequently 50 

only possible by second order CET. As the energy levels of the 

involved states are similar as in the Tb3+/Yb3+ couple, where CET 

has been proven to take place,5 it does seem likely that it also 

takes place in this system.  

 The concentration quenching efficiency in an YbVO4 crystal is 55 

expected to be large, due to each Yb-atom being well within the 

Förster radius of each other, and the competing process, i.e. 

spontaneous emission, being parity forbidden. The presence of 

significant amount of NIR emission in these samples when 100% 

of the lanthanide sites are occupied by Yb3+, means that the 60 

symmetry around Yb3+ is low enough to deform the shielded f-

orbitals of Yb3+ enough for the intraconfigurational f-f transitions 

to become partially allowed, and that there are few quenching 

centres, allowing for spontaneous emission to take place. YVO4 

is a well-known host for luminescent materials due to the low 65 

symmetry around the V5+ and Y3+ positions (tetrahedral and 

distorted square antiprism respectively) in this structure. As 

YbVO4 shares the same crystal structure it is reasonable for f-f 
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transitions to take place. Though, the presence of this emission 

suggests that the concentration quenching efficiency never 

reaches unity, possibly due to few quenching sites. 

 A few other compositions were synthesized in order to verify 

that the growth could be controlled and to determine the optimal 5 

pulse ratio with respect to emission intensity and crystallinity. 

Figure 4 shows the integrated NIR signal for all compositions 

annealed at 600-1000 °C. No emission could be detected before 

the samples were annealed at 600 °C. Three general observations 

can be made. Samples with less than 50 pulse% Yb(thd)3 appear 10 

to crystallize at lower annealing temperatures than those with 

more. Samples with less than 50 pulse% Yb(thd)3 appear to start 

luminescing at lower annealing temperatures, and higher 

annealing temperatures result in stronger emission.  

 Figure 5 shows the integrated NIR and Vis signal for all the 15 

samples annealed at 1000 °C for 1 hour (PL spectra of 25 pulse% 

Yb(thd)3 samples can be found in Figure S2). The sample closest 

to the chemical stoichiometry of YbVO4, i.e. 1:1 pulse ratio of 

VO(thd)2 and Yb(thd)3, did surprisingly not display the strongest 

 20 

Figure 4: Total PL intensity integrated over the 900-1050 nm region for 

all compositions annealed at 600-1000 °C. 

 

Figure 5: Total PL intensity integrated over the Vis and NIR-region for 

all compositions annealed at 1000 °C. The integrated Vis and NIR-25 

emission has been normalized. 

emission. However, Figure 6 shows that the intensity of the (200) 

and (400) reflections are quite weak compared to some of the 

other samples, indicating a much lower crystallinity than the off- 

stoichiometric samples. The strong correlation between increased 30 

crystallinity in Figure 2 and increased emission in Figure 4, and 

also the observations in Figure 5 and Figure 6, makes it evident 

that the emission intensity is directly correlated with crystallinity 

for this set of samples. The samples with an excess of Yb2O3 did 

not crystallize or display any significant NIR emission before 35 

being annealed at 1000 °C, indicating that an excess of V2O5 

acting as a flux (V2O5 melts at 690 °C, Yb2O3 at 2355 °C, and 

YVO4, which should behave similarly to YbVO4, melts at 

~1825 °C)21 is required for crystallization to take place below this 

temperature.  40 

 Figure 7 shows FE-SEM images of samples with a 1:3 and 1:1 

pulse ratio of Yb(thd)3 and VO(thd)2. The 1:3 sample can no 

longer be considered to be a film, but rather an arrangement of 

crystalline grains, with a diameter of around 0.1-1 μm, mostly 

connected as one dimensional chains. The long-range 45 

reorganisation of the film during the relatively short annealing 

time clearly indicates a recrystallization via a flux phase. The 

excess V2O5 is not plainly visible in the picture, but has 

agglomerated to large amorphous lumps, as determined by energy 

dispersive spectroscopy shown in Figure S3 and Figure S4. The 50 

sample with a 1:1 pulse ratio, despite having larger grains, 

appears to have a lower crystal quality, as evidenced by XRD and 

the irregular shape of the grains. While having an excess of either 

Yb2O3 or V2O5 appears to be beneficial for the crystallization 

process, an excess of V2O5 appears to result in the highest quality 55 

crystals and allows for the lowest annealing temperatures. 

According to the XRF analysis, a 2:1 mol ratio between V2O5 and 

Yb2O3 is optimal with respect to crystallinity, and also with 

respect to the UV to NIR conversion efficiency.  

 The absorption is an important parameter for applications such 60 

as photovoltaics, and the absorption spectrum of the sample with 

1:1 pulse ratio, as deposited on fused silica and after annealing at 

1000 °C for 1 hour, is shown in Figure 8. In general, it was found 

that all the as-deposited samples started absorbing between 450 

and 500 nm (more UV-Vis Spectra can be found in Figure S5). 65 

This is ideal with respect to photovoltaic applications 

 
Figure 6: X-ray diffraction patterns of all the samples annealed at 

1000 °C for 1 hour.  
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Figure 7: FE-SEM image of samples with 1:3 pulse ratio (top) 

and 1:1 pulse ratio (bottom) of Yb(thd)3 and VO(thd)2. 

 5 

Figure 8: UV-Vis measurements of an a sample with a 1:1 pulse ratio 
between Yb(thd)3 and VO(thd)2 as deposited and after annealing at 1000 

°C for 1 hour. 

where it is important that the conversion layer shows high 

transparency in the 500-1100 nm region if the material it is to be 10 

placed in front of the solar cell. After annealing, the absorption is 

shifted towards shorter wavelengths. Though, some absorption 

still takes place between 350 and 450 nm after annealing, 

possibly due to excess amorphous V2O5. From the PLE 

measurement in Figure 3 it is evident that this energy can also be 15 

converted to NIR and in principle it should thus be possible to 

create a system where most of the energy below 450 nm is 

absorbed and converted, given an adequately thick layer. If 

sufficient quantum efficiencies can be reached for the system, 

high quality thin films by ALD can thus be used to deposit the 20 

material directly on solar cells or the protective glass, and 

crystallize them at reasonable temperatures. 

Conclusion 

The controlled growth of YbVO4 by ALD has been demonstrated. 

The as-deposited samples are amorphous and do not display any 25 

luminescence, however, samples with a higher than 50% pulse 

ratio of VO(thd)2 exhibit UV to visible and NIR conversion after 

post deposition annealing for 1 h at 700 °C and above. 

Crystallization could be induced for samples with 33 and 37 

mol% Yb2O3 at temperatures as low as 500 °C. The strongest 30 

NIR luminescence was observed after annealing the sample with 

a ~2:1 mol ratio of V2O5:Yb2O3 at 1000 °C for 1 hour, at which 

point the sample consists of high quality submicron sized 

crystals, dispersed over the silicon substrate. We conclude that 

crystal growth for thin films of this system made by ALD is 35 

enhanced by a flux of excess V2O5.  
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Supplementary

 
Figure S1: Schematic energy level diagram of (VO4)

3- and Yb3+ in 

YbVO4.
8,20 Black arrows show excitation, while the green and red arrows 5 

show emission processes. Relaxation from the 1T1,2 excited states to the 
3T1,2 excited states is most likely non-radiative (short dash). From the 3T1,2 

excited states, energy can transfer to two nearby Yb3+ via CET (dashed 
arrows). The positions of the energy levels are approximate. 

 10 

Figure S2: Normalized PL spectra of samples with a 1:3 pulse ratio of 
Yb(thd)3 and VO(thd)2 annealed at 600-700 °C. Measured with an 

OceanOptics USB4000 photo spectrometer. No corrections have been 

made. 

 15 

 

Figure S3: FE-SEM image of a sample with a 1:3 pulse ratio of Yb(thd)3 
and VO(thd)2. The amorphous material is expected to consist mostly of 

excess V2O5. 

 20 

 



 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

Figure S4: Elemental mapping of a non-crystalline area on a sample with 30 pulse% Yb(thd)3, showing that the amorphous material consists of vanadium, 

oxygen and carbon and contains no ytterbium. 

5 

 

Figure S5: Absorption spectra of some of the as-deposited samples 
deposited on fused silica. The absorption of the fused silica substrate has 

not been subtracted.  

10 

 

 


