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Ln,Os5 thin films with optically active f-electrons (Ln = Pr, Nd, Sm, Eu, Th, Dy, Ho, Er, Tm, Yb) have been grown on Si(100)
and soda lime glass substrates by atomic layer deposition (ALD) using Ln(thd); (Hthd = 2,2,6,6-tetramethyl-3,5-heptanedione) and ozone
as precursors. The temperature range for depositions was 200 — 400 °C. Growth rates were measured by spectroscopic ellipsometry and a
region with constant growth rate (ALD window) was found for Ln = Ho and Tm. All the compounds are grown as amorphous films at
low temperatures, whereas crystalline films (cubic C-Ln,05) are obtained above a certain temperature ranging from 300 to 250 °C for
Nd,O3 to Yb,Oz, respectively. AFM studies show that the films were smooth (rms < 1 nm) except for depositions at the highest
temperatures. Refractive index was measured by spectroscopic ellipsometry and was found to depend on the deposition temperature.
Optical absorption measurements show that the absorption from the f-f transitions depends strongly on the crystallinity of the material.

The clear correlation between the degree of crystallinity, optical absorptions and refractive index, is discussed.

Introduction

Lanthanide oxides, Ln,Og3, cover a large range of applications. A
partially filled f-shell gives rise to rather unique optical
properties. Many phosphors, lasers, LEDs and biological markers
are based on these f-f transitions » 2. The oxides have high
melting points and are thermodynamically very stable, making
them useful as refractory materials and protective coatings °
They are furthermore stable in contact with silicon * a
prerequisite for silicon based technologies. They prevail as
various polymorphs, however, the dominating cubic modification
frequently enables epitaxial growth, as reported for ALD grown
LaLuO; on GaAs(111) ° and e-beam evaporated Gd,Os; on
GaAs(100) ©.

There exist already reviews on ALD growth of
lanthanide oxide films ™ & Among the lanthanide oxides and
precursors studied in this work, Nd ° and Er '° have previously
been investigated in the temperature range 200 — 450 °C, Yb ™! at
250 — 400 °C, while for Sm, Eu, Dy, Ho, Tm & and Tb *? only
data at 300 °C are available. The use of alternative precursors has
been investigated *%°. Ternary oxides and nanolaminates
containing lanthanides have been deposited both by using the g-
diketonate chelates Ln(thd); (Hthd = 2,2,6,6-tetramethyl-3,5-
heptanedione) * ** 2% and alternative 2% precursors. For the
majority of the previous reports, the main focus has been on the
electrical properties since ALD lanthanide oxide films are well
recognized for their dielectric properties in microelectronics ¥ 3.,
With respect to optical application of ALD grown lanthanides,
Er(thd); and Yb(thd); have been used to introduce dopants in
Y,0; 33 and selected lanthanide oxides have been used as
optical gain materials in microphotonics *.

The goal of the present work is twofold; first achieve
complete insight into the Ln(thd); - ozone precursor system for
the entire temperature interval 200 — 400 °C with respect to
growth rate and crystallinity; second, to clarify how the
deposition temperature affects the optical properties of the grown

so oxide thin film materials, such as refractive index and optical
absorption of f-f transitions.

Experimental

The B-diketonate chelates of the lanthanides, Ln(thd)s, were used
as delivered from Strem Chemicals with a purity of > 99.9 %.

ss Ozone was used as the oxygen source. Over the course of this
investigation, two different ozone generators were employed.
When the generator was changed, several samples were rerun to
verify that this did not affect the depositions. One generator, an
OT-020 from Ozone Technology, utilized > 99.9 % O,. The

s0 Oother, a BMT 803N from OSTI inc., used oxygen from an ATF
Oxygen Concentrator Module, Sequal Technologies. Nitrogen
was used as carrier and purge gas as delivered from a nitrogen
generator (Schmidlin UHPN3001 N, purifier, > 99.999% N, + Ar
purity). The films were deposited in an F-120 research-type

s ALD-reactor (ASM Microchemistry Ltd) in the temperature
range 200 — 400 °C. The evaporation temperatures used for the
Ln-precursors are given in Table 1.

Table 1:
Sublimation temperatures for the Ln(thd); precursors.

Ln
T (°C)

Prr- Nd Sm Eu Tb Dy Ho Er Tm Yb
155 155 145 145 140 130 130 130 125 122

70 All depositions consisted of 2000 cycles. Pulse times
were kept constant at 1.5 and 4 second respectively for the
Ln(thd); and O3 pulse, using purge times of 1.5 s after each
precursor pulse. The pulse durations proved to be sufficiently
long for proper surface saturation and for purging, in agreement

7 with reports °*%. 1.5 x 1.5 cm? p-type Si(100) and 2 x 3 cm? soda
lime glass (SLG) substrates were used. In addition, 0.5 x 4 cm?
Si(100) strips were placed in the inlet and outlet of the deposition
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chamber, some 8 cm apart, to better monitor the gradients of the
depositions. The native oxide on the silicon was not removed, but
all substrates were cleaned in ethanol and dried using dry
pressurized air. All depositions were preceded by an in-situ ozone
cleaning during 100 cycles of 3 s O3 pulse and 3 s N, purge at the
deposition temperature to remove any organic remains.

The phase content and crystallinity was measured with
a Siemens D5000 X-ray diffractometer using CuKo; radiation as
filtered by a Ge(111) monochromator. The film thickness and the
refractive index were determined with a J. A. Woollam a-SE
spectroscopic ellipsometer, fitting the data to a Cauchy function.
Surface morphology R, was measured with a Park XE70 atomic
force microscope (AFM) in tapping mode over a 5x5 pm? area.
Optical absorption measurements were done on a Shimadzu UV-
3600 photospectrometer. SEM analysis was performed on a FEI
Nova NanoSEM 650.

Results

During the depositions, it became apparent that the chemistry of
the Pr and Tb oxides was different from the other lanthanides at
the chosen conditions. While all the other lanthanide oxides
appeared as even films with good coverage, the Pr and Tb oxide
films showed strong thickness gradients. Pr and Th were
therefore not subjected to a full investigation and are treated
separately below. Therefore, in this paper Ln,Oz refers to
lanthanides with similar chemistries (Ln = Nd, Sm, Ey, Dy, Ho,
Er, Tm, Yb). The growth of Yb,Oj3 is presented in more detail as
a representative example for the growth of the Ln,O5 oxides.

Film growth

Fig. 1 shows the measured growth rates as a function of
deposition temperature for the eight studied lanthanide oxides on
Si(100) substrates. Comparisons to measurements reported in the
literature are included. A well-defined ALD window (temperature
independent growth rate) is only noted for the growth of Ho,04
and Tm,0O;. The growth rates of the other lanthanide oxides
increase gradually with temperature.

The growth rate of many lanthanide oxides have been
reported for depositions at 300 °C ® ! and are mostly in good
agreement with our results, see Fig. 2. An exception is the growth
rate for the Th deposition reported in ** which is much lower than
found currently. Unfortunately, few details on the deposition is
provided. The surface roughness of the Ln,O; films deposited at
300 °C was determined by AFM. For a fixed number of cycles of
2000, the film thicknesses vary from 100 nm for the light
lanthanides to 40 nm for the heavy. Neglecting Pr and Tb, there is
an apparent trend where the growth rate and surface roughness
decrease for the heavier Ln-elements. The reason for this trend is
unknown. The Pr-oxide film was too rough for being investigated
well with AFM.
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Fig. 3 Yb,0; film thickness for depositions at 300 °C as function of
number of deposition cycles.

For Yb,03 grown at 300 °C the film thickness increases
linearly between 1000 and 5000 cycles, see Fig. 3. Further, the
trend line goes though the origin. The observed linearity suggests
that there is no nucleation barrier for growth while the zero offset
gives no indication for any nucleation issues at the start of the
ALD reaction.

AFM measurements of Yb,03 films show very smooth
films with a surface roughness of approximately 0.3 nm for T <
350 °C. For higher temperatures the roughness steadily increases
to 1.4 nm at 400 °C. The film thicknesses of these studied films
varied between 30 nm at 225 °C and 60 nm at 400 °C.

Phase content and crystallinity

XRD measurements of all the oxide films deposited at various
temperatures are shown in Fig. 6. The data indicates that the
lanthanide oxides are amorphous when deposited below a certain
temperature, while crystalline films of cubic Ln,O; are obtained
above a threshold temperature. This temperature decreases from
300 °C for the early lanthanides to 250 °C for the late
lanthanides. Although the diffraction data show signs of oriented
growth, there is no strong preference for any particular growth
direction. The Bragg reflections match well with those of the
cubic Ln,O; structures as reported for Nd and Eu *¢, Sm ¥, Dy
and Ho *® Er % Tm “° Yb *, shown as vertical bars in Fig. 6. The
reflection marked “Hex.” for Nd,O3 match well with the (010)
and (-110) reflections of hexagonal Nd,O; *2. The reflection
marked “Mon?” is possibly due to monoclinic Eu,O3 *3

Also Pr and Tb give oxide thin films at 300 °C for the
same deposition parameters, however, with inhomogeneous
growth. The Pr-oxide samples showed strong thickness gradients
throughout the deposition chamber with thicker films towards the
gas inlet, while for the Th-oxides the gradients were moderate. In
both cases, variations of the supply of Pr(thd); and Tb(thd),
precursors did not affect the gradients. Neither of the two oxides

crystallized in the cubic Ln,O; form, but rather adopted the

w0 LngOy; * % and Pro, * structures as shown in Fig. 4. AFM

measurements of Tb-oxide deposited at 300 °C gave a roughness
of rms = 0.3 nm, fully in line with the Ln,O; described above.
The roughness of the Pr-oxide deposited at the same temperature
was, however, impossible to measure by AFM. Fig. 5 shows a

45 FESEM image for such a Pr-oxide surface, containing triangular

pyramids of around 50 nm in size. This agrees well with the XRD
data in Fig. 4 which show a strong [111] growth preference for
the cubic PrO, phase.
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Fig. 4 XRD data for Pr and Tb oxides deposited at 300 °C. The sharp
reflection at 2@ = 33° is from the silicon substrate.
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Fig. 5 FESEM picture of a Pr-oxide film deposited at 300 °C.
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Fig. 6 XRD data for Ln,0; films as function of deposition temperature. The sharp reflection at 20 = 33° is from the silicon substrate.

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 4



Journal Name

Cite this: DOI: 10.1039/c0Oxx00000x

WWW.ISC. org/xxxxxx

Dynamic Article Links »

ARTICLE TYPE

Abs. (a.u.)

Abs (a.u.)

T ]

Wavelength (nm)

Wavelength (nm)

——Ho 400C

570 575 580 585 590 595 600 605 61 440 445 450 455 460 465 470 475
R TR0 B0 (o VA 0 S W R Vi o W Y Y LA A WO ) [ VO Y U T R 1 Y T o M D [ YN A T Y oM W Y A VS I | P R L e ke Tt ek s P " 6

T T T 1

[} I I I ]

5 T 1 ] [
] ——Nd 400CT : ; | 19

44 I | 1 [
M 37sc| I L4

[—— Yb 400C

" M 350C —_
-1 iy (FO— =
M agsc | Ho 375C el ”~-
| ——Ho 350C I\ ! 1 I
——Nd 300C [ \ 1 7]
2 +{——Ho 325¢ v ; — |, 2
] ——Nd275C [ Lo a00c | <
I | I Yieil s
1 ___/\___’___/__/\/\—\:Ng 250C | ——Ho 275C 1 i i
—— Nd 225C |—— Ho 250C //F‘+-;—~—~:\l__.__
——Nd 200C |—— Ho 200C [ ! [
0 g " Adodl " i n e a1 " i " P | i Los " 1 .‘ L l 1 L .‘Ir 1 O
T L2 o e | LI PR S B L TR B | P B B B B | BN P | =t T
I I [
[} ] I
[} I B I | 1’2

Er 350C

1 |
M'
45 —/I\/N_)\‘

] Er 375C

1 I

—J—/‘\—’—\\—’—

—— Yb 350C

F

Er 325C

—— Yb 300C

Er 275C

F
=
[}

Abs. (a.u.)

| | i Er 250C L
5 SR M‘“
. e T = v 1 I
1 I I I - [ F
! ! ! 0 ——~~ 10,0
0+ T T T (I ¥
T T T T T T T T T
515 520 525 530 535 965 970 975 980 985 990

Wavelength (nm)

Wavelength (nm)

Fig. 7 Optical absorption data for Nd, Ho, Er and Yb oxide films as function of deposition temperatures.

Optical properties

All the currently studied lanthanides have optically active f-f
s transitions that are generally independent of the host matrix, but
can be affected to some degree by the local environments of the
cations. Therefore, the optical transmission on glass substrates
was measured in order to identify any correlations between
deposition temperature and f-f transitions. However, since the
10 absorption from these forbidden transitions is very weak and the
films were typically less than 100 nm thick, these transitions were
only detectable for the deposited Nd, Ho, Er and Yb oxides, see

Fig. 7.

The optical spectra clearly show that the temperature of

1s deposition affects the absorption bands in several ways. For the
lowest deposition temperatures, 200-225 °C, the spectra do not
exhibit any distinct peaks. For Nd, Ho, Er and Yb, the first clear

25

set of absorption peaks at low temperature changes to a different
set at 300, 300, 275 and 250 °C, respectively. This change
20 matches exactly the temperature for onset of growth of crystalline
films, see Fig. 6. For the Nd depositions, a third set of peaks
appear at 350 °C. This coincides with the appearance of a
hexagonal phase in the diffraction pattern for the same deposition
temperature.

Fig. 8 shows the refractive index (at 632.8 nm) as

function of deposition temperature for the Ln,Oz-oxides. In
parallel with the XRD results, the refractive index exhibits two
distinct regions. For deposition temperatures lower than some

275

OC,

the refractive index increases with deposition

3 temperature and approach a value of just above 1.9. This plateau
value is reached at the same or slightly lower deposition
temperatures than the onset of growth of crystalline films.

This journal is © The Royal Society of Chemistry [year]
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Fig. 8 shows that the refractive index increases with

Discussion increasing deposition temperatures up to some 275 °C, whereafter
it stays nearly constant. The transition between these two regimes

All performed Ln,O; deposition resulted in smooth films, with a s coincides with the onset temperature for deposition of crystalline
s growth rate that increases steadily with deposition temperature films. It is likely that lower surface mobility of the precursor

a

and is larger for the early lanthanides. Apparently, all these oxide molecules as well for O-atoms bonded to Ln-cations, may give
depositions are chemically very similar. A well-defined ALD rise to amorphous films at low deposition temperature, and that
window is seen only for Ln = Ho and Tm. However, a lack of an slow diffusion causes a lower material density that furthermore
ALD window does not imply that the deposition is not self- s impacts the refractive index. The latter ought to become constant

w0 limited. The self-limiting nature was proven by varying the as soon as the films become crystalline.

ulsing times as described above.
P g The deposition of Pr and Th oxides deviates from the

At low temperatures, all depositions resulted in general trends for Ln,O; films. These two elements often adopt
amorphous films. For deposition temperatures above some 250 mixed Ln®* and Ln*" oxidation states, whereas all other
and 300 °C crystalline films with the cubic Ln,O; crystal s lanthanides prefer the Ln®* state in oxidizing conditions, though

15 structure are formed, see Fig. 6. This further supports the with exception of cerium that prefers the Ce** state. Since ozone

&

similarity in chemical behavior of the lanthanide oxides. For Ln = is used as the oxygen source, it is likely that Pr and Tb indeed
Nd a hexagonal phase is obtained in addition to the cubic phase at adopts a high oxidation state. This is supported by the XRD
350 °C and above. All films are very smooth, even when being results in Fig. 4. The mixed oxidation states makes Pr and Th
crystalline. For Yb,O3, the first sign of crystallinity is at 250 °C. 4 (and Ce) oxides catalytically active. It could therefore be possible
20 These films maintain a surface roughness of approximately 0.3 that ozone oxidizes Th®* to Tb*" which in turn oxidizes the next
nm for deposition temperatures up to 350 °C. pulse of Th(thd)s, resulting in an enhanced growth rate: The same

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 6
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could also apply for Pr. This would furthermore explain why such
depositions give gradients over the substrates: The surface region
closest to the precursor inlet will most probably be more oxidized
than the surface near the exhaust vent. There are, however,
noticeable differences between the Pr and Th depositions as the
Pr deposition gave highly structured films while the Tb
deposition gave very smooth films (like the rest of the
lanthanides).

By comparing Fig. 6 and Fig. 7, one observes good
correspondence between the changes in positions of the
absorption peaks and changes in the crystallinity of the films.
This is reasonable since the absorptions originate from forbidden
f-f transitions and depend on the local environment around the
lanthanide cations. The optical absorption spectra of these films
are thus a good probe for the local symmetry around the
lanthanide ions. However, the absorptions are weak so high
sensitive measurements are required.

Conclusion

Ln,O; films have been deposited in the temperature range 200 —
400 °C. The involved deposition chemistry is very similar and
provides very smooth and well controlled films. For low
deposition temperatures, the films appear as amorphous while at
250 to 300 °C they adopt a cubic crystalline phase (C-Ln,03).
C-Nd,0; occurs as two-phase with a hexagonal polymorph
(A-Nd,O3) at and above 350 °C. A different behavior was
observed for Ln = Pr and Tb during depositions with ozone as
oxidizer, most probably due to the ability of these lanthanides to
form Ln**/Ln*" mixed phases at these conditions, that resulted in
much higher growth rates, less homogeneous films and different
crystal structures. Whereas the Th-films had a very low surface
roughness, the Pr-depositions gave highly structured surfaces
clearly showing [111] oriented cubic crystallites.

The optical properties of the Ln,O3 films can be tuned
by selecting the deposition temperature. The refractive index can
thereby be tuned from 1.7 to 1.95. The f-electron energy levels
depends on the local structure of the lanthanide cations, and
hence also on the degree of crystallinity and thereby on the
deposition temperature.

This work shows that ALD is most suitable for
deposition of the lanthanide oxides; their growth rates are
reproducible compared to literature data, the films are smooth and
homogeneous, and the optical properties and crystal structure of
the films can be tuned by selecting the deposition temperature.
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