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Introduction

Atomic layer deposition (ALD) has been extensively used in
industry, especially in microelectronics, as the state-of-the-art
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The combined atomic/molecular layer deposition (ALD/MLD) technique is emerging as a state-of-the-art
synthesis route for new metal-organic thin-film materials with a multitude of properties by combining
those of the inorganic and the organic material. A major part of the studies so far reported have focused
on aluminum or zinc alkyls, so-called alucone and zincone films, typically grown from trimethyl aluminum
(TMA) or diethyl zinc (DEZ) as the metal-bearing precursor, and a simple aliphatic bi-functional alcohol
molecule such as ethylene glycol (EG) as the organic precursor. However, these common precursors
possess certain disadvantages: both TMA and DEZ are pyrophoric, DEZ being additionally thermally
unstable, while EG has a strong tendency for various unideal reaction modes. Here we report novel ALD/
MLD processes for alucone and zincone films based on non-pyrophoric bis-diisopropylamido-[3-(N,N-
dimethylamino)propyl] aluminum(i) [Al(NiPr;)>(DMP)]
[Zn(DMP),] precursors in combination with hydroquinone (HQ) as the organic precursor. We demonstrate
that the [AlNiPr,),(DMP)] + HQ and [Zn(DMP),] + HQ ALD/MLD processes work even at record low depo-
sition temperatures (140 °C and 60 °C, respectively) yielding high-quality and relatively stable Al-HQ and
Zn-HQ thin films with appreciably high growth rates (2.8 A / cycle and 3.2 A / cycle, respectively).
Moreover, these ALD/MLD processes are compatible with the corresponding ALD processes, ie.
[AUNiPr,),(DMP)] + H,O and [Zn(DMP),] + H,O, for the Al,Oz and ZnO films, thus opening up new
horizons for the fabrication of novel metal—-oxide : organic superlattice structures for e.g. flexible gas-
barrier coatings or wearable thermoelectrics.

and bis-3-(N,N-dimethylamino)propyl zinc(i)

forms the basis for the desired electrical, optical, magnetic or
catalytic functionality, the organic component could bring e.g.
mechanical flexibility,>*'® additional structural/chemical

tunability’* ™ or even unforeseen bio- or light-based

gas-phase thin-film fabrication technology, as it offers high-
quality conformal inorganic coatings in a highly controllable
manner.' Molecular layer deposition (MLD) is based on the
same principles as ALD but for purely organic polymers, while
the combination of the two techniques, ALD/MLD, provides an
attractive route for the fabrication of intriguing metal-organic
thin films for a variety of emerging application fields.*® While
the inorganic component in these hybrid materials typically
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actions'®" for the hybrid material.

Aluminum and zinc are the two prototype metal com-
ponents most commonly applied in conventional ALD techno-
logy; well-established ALD processes developed for these two
metals cover a variety of materials ranging from the pure
metals?®® and intermetallics>** to metal oxides,**™2°
sulfides,>*”*® and nitrides.>* > As for the ALD/MLD pro-
cesses, the Al- and Zn-based metal-organic films deposited so
far, include a variety of metal alkyls (so-called alucones/
zincones),* > and also carboxylates,***® and amides®® using
organic diols, carboxylic acids or amines, respectively, as the
organic precursor. It is well known yet, somewhat surprising,
that most of these different Al/Zn-containing thin-film
materials have been deposited from the same Al and Zn pre-
cursors, ie., trimethyl aluminum (TMA) and diethyl zinc
(DEZ). High volatility and excellent reactivity together with the
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commercial availability have made these precursors superiorly
popular over the few other aluminum and zinc precursors
challenged so far. However, both TMA and DEZ are pyrophoric,
which possesses safety issues that complicates the handling of
these precursors. Moreover, TMA exists in both monomeric
and dimeric forms, and the balance between these two forms
affects the precursor volatility and the deposition process
itself, ~making the process less predictable and
controllable.*>** Additionally, when using TMA for an ALD/
MLD process, it is — due to its relatively small size — prone to
infiltrate within the growing metal-organic hybrid film, i.e. so-
called vapor-phase infiltration (VPI).*?

Aluminum alkoxides of the [Al(OR);] type have been shown
to be promising precursor candidates for ALD of Al,O;
films;**** however, among them, the optimal deposition temp-
erature varies strongly depending on the R backbone, being
relatively low (around 140 °C) for R = nPr, while significantly
high (350-450 °C) for R = Et. For the use of these precursors in
ALD/MLD, it is thus important to consider optimal tempera-
ture window to match the thermal properties of the organic
precursor. Similarly, the increasing thermal instability of DEZ
with increasing temperature (starting even at temperatures as
low as 60 °C (ref. 45)) should be seriously considered when
designing new Zn-based deposition processes. On the other
hand, other zinc precursors available have the drawback of
high deposition temperature requirement due to the poor vola-
tility and reactivity. Therefore, it is most vital to explore new
metal precursors that could enable the deposition of both
aluminum and zinc-based hybrid films within the targeted
temperature range.

The most common ALD/MLD processes of Al- and Zn-con-
taining hybrid thin films are those that combine the metal
component with a bifunctional alcohol.>?*3**>*%*” Ethylene
glycol (EG) served for long as a prototype organic precursor for
these depositions.>*®*° However, aromatic alcohols have been
more recently highlighted as an intriguing option as the n-=
interactions between the phenyl groups could stabilize the
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hybrid structure. In addition to the stability offered by the aro-
matic rings, higher growth rates have been achieved with the
aromatics, which has been attributed to the decreased prob-
ability of the unwanted double-surface-reactions to occur with
the more rigid aromatic alcohols as compared to their ali-
phatic counterparts.’**>>! Indeed, such double-surface-reac-
tions in case of aliphatic alcohols have been found to reduce
the reactive surface sites and thereby to eventually decrease
the film growth rate.® The superior mechanical properties
and improved electrical conductivity are some other reasons
for using aromatic alcohols over the aliphatic ones; in particu-
lar, hydroquinone (HQ; benzene-1,4-diol) has been considered
as a promising option.””*® From Table 1 listing some repre-
sentative reported AI-HQ and Zn-HQ processes, the dominat-
ing roles of TMA and DEZ as the metal precursor are seen.
Here we present the non-pyrophoric bis-diisopropylamido-[3-
(N,Ndimethylamino)propyl] ~aluminum(m) [AI(NiPr,),(DMP)]*®
and bis-3-(N,N-dimethylamino)propyl zinc [Zn(DMP),]*” as highly
promising metal precursors for the low temperature deposition of
hybrid AI-HQ and Zn-HQ thin films. In our pioneering works,
these precursors were shown to work in ALD processes for Al,Os3
(thermal ALD) and ZnO (plasma-assisted ALD) films. For the
former thermal ALD process, the optimal temperature window
was 100-180 °C (with a growth rate of 1.0 A / cycle similar to the
common TMA + H,O processes),’® while the latter plasma-
assisted process worked even at the appreciably low deposition
temperature of 60 °C. Here, we demonstrate — firstly — that the
[Zn(DMP),] precursor is reactive enough to yield ZnO films even
in combination with water in a conventional thermal ALD
process, and then - most importantly - that both [Al
(NiPr,),(DMP)| and [Zn(DMP),] function well in combination
with HQ as the organic precursor in ALD/MLD for the hybrid
alucone and zincone films. Very importantly the possibility to use
the same metal precursor makes the water-based thermal metal-
oxide ALD and the metal-organic ALD/MLD processes mutually
combinable, thus opening up new avenues for the low-tempera-
ture growth of layer-engineered metal-oxide : organic superlattice

Table 1 Reported ALD/MLD processes for hybrid Al-HQ and Zn-HQ thin films

Inorganic precursor Deposition temperature (°C) GPC (A / cycle) Material type Property/application studied Ref.
TMA 200 6.9 Hybrid Annealed to graphitic carbon 55
TMA 200 7.0 Hybrid Annealed to semiconductor 61
TMA 150 7.5 Hybrid Electrode coating 13
TMA 150 4.1 Hybrid 46
TMA 180 3.5 Hybrid 62
TMA 150 2.2 Hybrid Electrochemical performance 8
TMA 100 34 SL Barrier properties 67
DEZ 150 2.8 Hybrid Semiconductor 63
DEZ 220 7.4 SL Thermoelectrics 64
DEZ 230 4.0 SL Thermoelectrics 60
DEZ 150 52.3 ng cm > Hybrid 9
DEZ 150 2.0 Hybrid Mechanics, porosity, etc. 54
DEZ 200 2.0 Hybrid Electrical transport 65
DEZ 150 5.4 SL Porosity & air-degradation 66
DEZ 150 1.6 SL Thermal conductivity 51
DEZ 150 1.6 Hybrid 53
DEZ 150 2.7 Hybrid 50
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(SL) type structures for various advanced applications requiring
simultaneously the mechanical flexibility from the organic layers

and the specific functional properties of the inorganic
layers 12,23,56,59,60

Experimental

All the thin films were deposited on 2.0 x 2.0 cm? Si(100) sub-
strates in a commercial flow-type hot-wall thermal ALD reactor
(F-120 by ASM Ltd); schematics of the reactor with its different
temperature zones is shown in Fig. S1, ESL{ The in-house syn-
thesized [Al(NiPr,),(DMP)] and [Zn(DMP),] precursor powders
were vaporized at 75 and 35 °C, respectively. For the deposition
of metal oxide films, deionized water was used as the co-reac-
tant, while in the case of the hybrid metalcone films, the
second precursor was hydroquinone (HQ; benzene-1,4-diol)
which was routinely vaporized at 90 °C, but we also challenged
the ultralow vaporization temperature of 60 °C for it. All the
precursors other than deionized water were placed inside the
reactor in open boats, while the deionized water cylinder was
kept outside the reactor and pulsed at 21 °C. Because of their
air sensitivity, the metal precursors were loaded into the pre-
cursor boats in a glove box and sealed with paraffin film,
which was removed immediately before transferring the pre-
cursor boat to the reactor under inert atmosphere. Nitrogen
(99.999%; flow rate at 300 SCCM) was used as both the carrier
and purge gas between the precursor pulses. The reactor
pressure was kept at 3-5 mbar.

All the films were characterized for their thickness, density
and roughness with X-ray reflectivity (XRR; PANalytical X'Pert
PRO Alfa 1) measurements; the data were fitted using the
X'Pert Reflectivity software by PANalytical. For the calculation
of the growth-per-cycle (GPC) value, the XRR-determined film
thickness value was divided by the number of deposition
cycles applied. The XRR pattern fittings were straightforward
for both alucone and zincone films, even though there was an
uncertainty on the exact molecular formulae of the materials.
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Therefore, the film densities were also calculated directly from
the critical angle (6.) values based on the dependency of 6. on
the mean electron density (p.) and mass density (py,) of the
film material, using the equation, p. = (0.°n)/(4’r.), where 1 is
the X-ray wavelength and r, is the classical electron radius. The
mass density was then calculated as py, = (peA)/(NaZ), where A
is the average molar mass, N, is the Avogadro constant and Z
is the average atomic number. In general, the density values
obtained from the XRR pattern fittings and calculations based
on the critical angle were in excellent agreement with each
other.

The same diffractometer was used to collect the grazing
incidence X-ray diffraction (GIXRD) patterns for the films with
an incident angle of 0.5°. The chemical (bonding) structure of
the films was investigated using Fourier transform infrared
(FTIR, Bruker alpha II) spectroscopy analysis. The interference
from the silicon substrate was suppressed by subtracting the
FTIR spectrum of the bare silicon substrate from the FTIR
spectra of the samples.

Results and discussion

We investigated the two metal precursors, [Al(NiPr,),(DMP)]
and [Zn(DMP),], for both the metal-oxide and metal-organic
thin-film fabrication in the low-temperature range of
60-170 °C. The metal-oxide processes were water-based while
in the metal-organic processes hydroquinone was used as the
organic precursor. One of the advantages of HQ is its relatively
low sublimation temperature, which was crucial for the realiz-
ation of the low-temperature deposition processes. From
GIXRD measurements, the resultant Al,O;, AI-HQ and Zn-HQ
films were amorphous, while the ZnO films
polycrystalline.

were

[Al(NiPr,),(DMP)] + HQ process

For the AI-HQ films, the process optimization data are sum-
marized in Fig. 1. This process was investigated within the
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Fig. 1 ALD/MLD process characteristics for the [Al(NiPr,),(DMP)] + HQ process on Si substrates: (a) saturation curve with individually increased pre-
cursor pulse lengths, the other pulse length was fixed at 10 s and 6 s for HQ and [Al(NiPr;),(DMP)], respectively, (b) GPC versus deposition tempera-
ture, and (c) linear dependence of film thickness on the number of ALD/MLD cycles applied; in (a) and (c), deposition temperature was 140 °C, in (b)
& (c) pulse/purge sequence was: 6 s [Al(NiPr;),(DMP)]/10 s N,/8 s HQ/15 s N,.
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temperature range from 95 to 170 °C, the lowest feasible depo-
sition temperature defined by the precursor vaporization temp-
eratures used, i.e. 75 °C for [Al(NiPr,),(DMP)] and 90 °C for HQ.
As seen from Fig. 1(b), efficient film growth could be achieved
within the entire deposition temperature range investigated; in
these temperature-varied experiments the precursor/purge
pulsing sequence was: 6 s [Al(NiPr,),(DMP)]/10 s N,/8 s HQ/15 s
N,. It is evident that the GPC value decreases with increasing
deposition temperature, from 4.2 A/cycle at 95 °C to 2.2 A/cycle
at 170 °C. This is a very common trend seen for most of the
ALD/MLD processes, and typically explained by the following
phenomena (depending on the case): (i) tendency of organic
precursors to decompose/desorb at high temperatures, (ii) sticki-
ness of organic molecules at low temperatures towards remain-
ing in the growing film as a kind of reservoir to form additional
reaction sites, and (iii) physisorption of metal precursor mole-
cules within the porous metal-organic material at low
temperatures.”*”°® In principle, the faster film growth at low
temperatures could also be caused by precursor condensation,
but this seems to be unlikely at least in the present case,
taking into account the fact that in the ALD process of
[Al(NiPr,),(DMP)] with water as the co-reactant the inorganic
precursor showed no signs of condensation (but rather insuffi-
cient reactivity) at low temperatures.®

In previous works for the ALD/MLD Al-HQ processes based
on TMA as the Al precursor, GPC values ranging from 2.2 to
7.5 A / cycle at the typical deposition temperatures of 150 and
200 °C have been reported (Table 1). The somewhat lower GPC
obtained here in this temperature range with
[Al(NiPr,),(DMP)] as the aluminum precursor are apparently
caused by the more pronounced steric hindrance of the larger
ligands in [Al(NiPr,),(DMP)]. The most important benefit of
[Al(NiPr,),(DMP)] over the TMA is the highly competitive GPC
value of 4.2 A / cycle at 95 °C. Interestingly, this value is higher
compared to the value of 3.4 A / cycle reported for an Al-HQ
layer grown from TMA on top of an AL Oj; layer at 100 °C.*°

To verify the self-limiting growth mode expected for an
ideal ALD/MLD process, we confirmed that the GPC value satu-
rated when the precursor pulse lengths of [Al(NiPr,),(DMP)] and
HQ were individually increased; this data is shown in Fig. 1(a).
As can be seen, the growth rate is only weakly dependent on the
precursor pulse lengths; a small increasing trend is seen for
[Al(NiPr,),(DMP)] up to 7 s, and for HQ up to 8 s. Interestingly,
the former pulse length is exactly what was found for the same
[Al(NiPr,),(DMP)] precursor in the water assisted thermal ALD
process for the deposition of Al,O; films.’® Finally, we demon-
strate in Fig. 1(c) that our [Al(NiPr,),(DMP)] + HQ process obeys
the linearity criterion expected for an ALD/MLD process, ie.,
that the film thickness increases in a highly linear manner (R* =
0.99998) with increasing number of ALD/MLD cycles applied.
The GPC value calculated from the data is 2.82 A / cycle; in
these experiments the precursor/purge pulsing sequence was:
6 s [Al(NiPr,),(DMP)]/10 s N,/8 s HQ/15 s N,, and the deposition
temperature was 140 °C.

The film roughness and density values were estimated
based on the XRR data fittings (Fig. S2 and S3%). The films

values
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were found to be appreciably smooth, the roughness value
decreasing from 1.0 to 0.3 nm when the deposition tempera-
ture increased from 110 to 155 °C. The obtained film density
values increased accordingly from 1.2 to 1.6 g em >, being in
line with the values previously reported for alucone films. For
example, for our AI-HQ film deposited at 140 °C, the density
value was exactly the same (1.6 g cm ™) as the value previously
reported for an AI-HQ film deposited from TMA at 150 °C.*®
We investigated the types of chemical species and bonding
modes in the AI-HQ films with FTIR spectroscopy; a spectrum
recorded for a representative film is displayed in Fig. 2, together
with a spectrum for the HQ precursor powder for reference. For
HQ, the characteristic 1(O-H) stretching vibration peak is seen
at 3160 cm ™", but this is missing in the AI-HQ spectrum indicat-
ing that hydroquinone has completely reacted with
[Al(NiPr,),(DMP)] to form the Al-O-C¢H,-O-Al units. This is
further proven by the appearance of the ¢(Al-O) stretching peak
at 835 cm™".”® Furthermore, only one aromatic 1(C=C) stretch-
ing vibration can be found, at 1504 cm™". The (C-0) stretching
vibration is detected at 1224 cm™" for the AIFHQ film, i.e. at a
slightly higher wavenumber compared to the HQ case, as a con-
sequence of the changed binding situation of the oxygen atom.
As no characteristic vibrations for amine bonding or aliphatic
hydrocarbons are seen, it can be stated, that the reaction of HQ
with [Al(NiPr,),(DMP)] is complete without incorporation of
ligand fragments of the amides or the DMP ligand into the thin
film. Overall, the Al-HQ spectrum is in good agreement with
those seen for other ALD/MLD-grown metal-HQ thin films.>>*®

Stability of AI-HQ films

Most of the alucone films reported in literature have been
unstable in open air. To investigate the stability of our AI-HQ
films, we recorded FTIR spectra regularly during their storage

HQ

v(0-H)3162

AI-HQ

Intensity (a.u.)

3000 2000 1000

4000 1
Wavenumber (cm™)

Fig. 2 FTIR spectrum of a 70 nm thick Al-HQ thin film deposited on Si
at 140 °C. For comparison the spectrum recorded for the HQ precursor
is also shown. The bands marked with * are caused by adsorbed CO..

Dalton Trans., 2022, 51,14508-14516 | 14511


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt02279f

Open Access Article. Published on 31 August 2022. Downloaded on 11/8/2025 7:45:44 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

under ambient conditions; the spectrum after a two-week
storage is displayed in Fig. 3(a) together with a spectrum
recorded for the as-deposited film. It can be seen that the
same bands as in the as-deposited film can be found for the
aged sample, but the band at 1589 cm™" due to the defor-
mation vibration of §(H,0) is more pronounced.”
Furthermore, in the 3600-4000 cm™' range, a broad band
appears, that can be assigned to the ©(O-H) stretch vibrations
of water. Unfortunately, this signal is overlapping with the
signal of adsorbed CO, making a more detailed interpretation
difficult. However, we assume that it is most likely caused by
water coordinated to the metal center as the organic part still
seems to be intact and not affected over time. This observation
is in line with the fact that the film thickness was found to
decrease during one-day storage in ambient conditions, e.g.,
for a film deposited with 150 ALD/MLD cycles at 140 °C from
42 to 31 nm. The degree of shrinkage, i.e. ca. 25%, observed
here for our Al-HQ films deposited from [Al(NiPr,),(DMP)] is

(@ Al-HQ

—~ |As-deposited

>
L
P
‘»

c
L
=

1589
4000 3000 2000 1000
Wavenumber (cm"I )
L(b) ' ' Al-HQ: ALO,

~— | As-deposited

S
S
2
‘0

o=
L
£

4000 3000 2000 1000

Wavenumber (cm'1 )

Fig. 3 Stability studies of Al-HQ films: FTIR spectra for (a) a 70 nm thick
Al-HQ film immediately after the deposition and aging (two-week) in
ambient conditions, and (b) Al-HQ film deposited at 140 °C and capped
with 45 nm Al,O3 layer measured immediately after the deposition and
after one-week storage in ambient conditions. The bands marked with *
are caused by adsorbed COs,.
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of the same order as the values reported by Nilsen et al. for
their AI-HQ films grown from TMA.** Also, the previously
reported ethylene glycol based Al-EG films have shown similar
deterioration upon exposure to ambient air.>* While the thick-
ness reduction was somewhat less pronounced (22% after air
exposure of 5-6 days), the chemical composition of the Al-EG
films changed more dramatically compared to our Al-HQ
films, possibly due to the trapping of the smaller EG mole-
cules within the growing Al-EG film leading to subsequent de-
hydration in addition to the water absorption.

Because of the instability of the AI-HQ films under ambient
conditions, part of the experiments were carried out at the
deposition temperature of 140 °C (and not at the lowest temp-
erature of 95 °C), as it allowed us to deposit a capping
ALD-AL,O; layer for the AI-HQ films through the
[Al(NiPr,),(DMP)] + H,O process. It is worth mentioning that
the ALD-AL,O; process (7 s [Al(NiPr,),(DMP)]/10 s N,/1 s H,0O/
30 s N,) yielded the Al,O; layers with a GPC of 0.72 A / cycle, in
reasonable accordance with our previous report.>®

We tested the capping layer concept for a 55 nm AI-HQ film
(200 cycles) by capping it with an Al,O; layer grown with 250
ALD cycles. Assuming the same GPC value as for bare Al,O;
films, this capping layer was estimated to be ca. 20 nm thick.
However, the resultant total film thickness was found to be
100 nm (instead of the expected thickness of 75 nm), indicat-
ing that the growth rate of Al,O; seems to be twice as high on
Al-HQ as on Si(100) (such that the obtained Al,O; layer was
45 nm thick). Tentatively we explain this as follows: the AI-HQ
film may work as a reservoir for excess water molecules during
the H,O pulse which then reacts with the subsequent
[Al(NiPr,),(DMP)] pulse, resulting in additional growth.
Interestingly, the reaction of this temporarily incorporated
water seems to be complete, as no water vibrations could be
detected in the FTIR spectrum immediately after the depo-
sition, see Fig. 3(b). However, after one week storage under
ambient conditions, the water vibrations were detected, indi-
cating that the Al,O; capping layer is not completely protecting
the AI-HQ film from water absorption. However, it slows down
the water diffusion, as for the Al,0;-capped Al-HQ the thick-
ness shrinkage was only 10% after one week of storage.

[Zn(DMP),] + H,0 and [Zn(DMP),] + HQ processes

Similar to the aluminum-based processes, we investigated the
low-temperature deposition processes for both Zn-HQ and
ZnO films using [Zn(DMP),] as the zinc precursor. As
[Zn(DMP),] could be vaporized at the appreciably low tempera-
ture of 35 °C, deposition temperatures as low as 60 °C could
be achieved, which is very exciting as there are no reports on
low-temperature deposition of hybrid Zn-HQ thin films. Note
that for that purpose, we also had to challenge the unusually
low evaporation temperature of 60 °C for the HQ precursor.
We started the Zn(DMP),-enabled low-temperature deposition
experiments by investigating the feasibility of the ALD growth
of ZnO films at 60 °C. From Fig. 4(a), it can be seen that the
surface-saturation is reached for Zn(DMP), at a pulse length of
10 s (H,O pulse length at 2 s), yielding a GPC value of

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Confirmation of the feasibility of the low-temperature ALD of
ZnO films from [Zn(DMP),] and H,O precursors: (a) saturation study of
the [Zn(DMP),]: the H,O pulse kept constant at 2 s and the [Zn(DMP),]
pulse varied; deposition was performed at 60 °C. (b) GIXRD of ZnO de-
posited on Si(100) at two different temperatures. The total number of
cycles was 600 in both cases, the reflections are indexed.

0.49 A/cycle, which is very similar to the value previously rea-
lized in a plasma-enhanced ALD process at the same depo-
sition temperature.”” The GIXRD patterns shown in Fig. 4(b)
for our thermal-ALD ZnO films grown at 60 °C and also at
140 °C for reference, confirm that even the low-temperature de-
posited ZnO thin film is well crystallized, though the diffrac-
tion peak intensities seem to be little lower compared to the
film deposited at 140 °C. Here it should be noted that the
lower diffraction intensities are explained by the considerably
lower thickness of the 60 °C grown film, as both films were de-
posited with the same number of ALD cycles (600 cycles), yield-
ing more than doubled film thickness for the film deposited at
140 °C (with GPC of 1.1 A/cycle).

Next, the ALD/MLD process for the Zn-HQ films was investi-
gated in the temperature range from 60 to 250 °C ([Zn(DMP),]
and HQ were vaporized at temperatures of 35 and 60 °C,
respectively), see Fig. 5(b). As expected, the growth rate
decreases with increasing deposition temperature, typical to
alucones or other zincones.*® From the precursor saturation
curves shown in Fig. 5(a), it is clear that the [Zn(DMP),] + HQ
process follows the behavior expected for an ALD/MLD
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process, even at the low deposition temperature of 60 °C.
Because of the low deposition temperature, longer than usual
purge periods were applied after both precursors to avoid the
condensation of the precursors in the film. For [Zn(DMP),],
the surface saturation is reached with a pulse length of 2 s,
whereas HQ requires a considerably longer pulse length of 36
s. This can be explained by the extremely low vapor pressure of
HQ at the vaporization temperature used (60 °C, chosen here
to enable the low deposition temperatures). As the last confir-
mation of the ideal ALD/MLD type growth, we show in Fig. 5(c)
the linear (R* = 0.999) dependence of film thickness on the
number of deposition cycles. The GPC value calculated from
the data is 3.17 A / cycle; in these experiments the precursor/
purge pulsing sequence was: 2 s [Zn(DMP),]/15 s N,/36 s HQ/
80 s N,. The growth rate achieved here is slightly higher than
those reported earlier for the DEZ-based processes at 150 °C
(Table 1).

The film roughness and density values were estimated
based on the XRR data fittings (Fig. S4 and S5t). The density
values match very well with the values previously reported for
Zn-HQ films. For example, the film deposited at 160 °C
showed a density of 1.9 g cm™ (1.8 g cm ™ when calculated
from critical angle), just like a Zn-HQ film deposited at 150 °C
using DEZ as the precursor.’® Similar density values have been
also reported for hybrid films deposited from DEZ and
4-aminophenol.*® The roughness values of our Zn-HQ films
decreased from 3.8 to 0.6 nm, when the deposition tempera-
ture increased from 60 to 200 °C respectively.

The FTIR spectrum shown in Fig. 6(a) for our Zn-HQ film
deposited at 60 °C, matches well with those previously
reported for Zn-HQ films.*? The absence of vibrations around
3160 cm™' indicates the complete reaction of HQ with
Zn(DMP),. The presence of aromatic ring from HQ is con-
firmed by the sharp v(C=C) stretching peak at 1493 cm™". As
in the case of AI-HQ films, the (C-O) stretching vibration is
shifted to 1211 cm™" from the 1187 cm™" position in HQ. The
absence of characteristic aliphatic hydrocarbon or the amine
vibrations in the spectrum.

Stability of Zn-HQ films

Compared to their AI-HQ analogues, the Zn-HQ films were
found to be more stable. However, during the long-term
storage under ambient conditions they also absorb water, as
seen from the FTIR spectrum recorded for a Zn-HQ film after a
two-weeks storage, see Fig. 6: the broad band around
3200-3500 cm ™" corresponds to the 1(O-H) stretching of water
and the peak at 1589 cm ™" is due to the deformation vibration
of water. Importantly, our Zn-HQ films deposited at low temp-
eratures from Zn(DMP), are more stable than the previously
reported zincone films deposited using DEZ and EG, for which
even a one-hour exposure to ambient conditions resulted in
the disappearance of the characteristic vibration peaks from
the structure and the appearance of water-related peaks,*®
apparently due to quick insertion of water vapor into the
ethoxy linkage and simultaneous release of glycol molecules,
leading to the complete structure destruction. During an
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Fig. 6 Stability studies of the Zn-HQ thin films deposited at 60 °C on Si
(100) in this study. Comparison of FTIR spectrum of a 95 nm thick Zn-
HQ thin film immediately after the deposition and after two weeks in
ambient conditions. The bands marked with * are caused by adsorbed
COs.

extended storage (two weeks) in ambient conditions, the thick-
ness of our Zn-HQ films was found to decrease by 37-45%
depending on the initial film thickness. In an earlier study on
Zn-HQ films grown using DEZ as the zinc precursor a similar
film thickness decrease (by 26%) was seen even after a one day
storage in ambient conditions.>

Conclusions

This work has demonstrated the possibility to use new non-
pyrophoric aluminum and zinc precursors, [Al(NiPr,),(DMP)]
and [Zn(DMP),], in ALD/MLD in combination with hydro-
quinone for the growth of alucone (Al-HQ) and zincone

14514 | Dalton Trans., 2022, 51, 14508-14516

(Zn-HQ) thin films at appreciably low temperatures. Both the
metal precursors are thermally stable, volatile, and highly reac-
tive and therefore optimal for the low-temperature deposition
of new metal-organic thin films. Hydroquinone, on the other
hand, is a well-known MLD precursor with sufficiently high
vapor pressure, even at the record low vaporization tempera-
ture of 60 °C as used here. The processes were shown to fulfil
all the typical criteria of ideal ALD/MLD type self-saturated
layer-by-layer film growth characteristics.

Like the alucone and zincone films fabricated from other
precursors, our Al-HQ and Zn-HQ films grown from
[Al(NiPr,),(DMP)] and [Zn(DMP),] were not fully stable under
ambient conditions, especially upon long term storage.
However, our Zn-HQ films deposited at low temperatures from
[Zn(DMP),] were found to be more stable than the previously
reported zincone films deposited using DEZ. For the AI-HQ
films, we demonstrated the possibility to tackle the instability
issue by depositing a thin gas-barrier Al,O; layer from the
same Al(NiPr,),(DMP) precursor and under similar deposition
conditions.

Finally, we like to emphasize the future potential in now
having both the water-assisted thermal ALD processes for the
Al,O; and ZnO films and the ALD/MLD processes for the
hybrid AL-HQ and Zn-HQ films, based on the same metal pre-
cursors and working in the same low deposition temperature
range, for combining these processes for various layer-engin-
eered multilayer structures. One of the apparent application
fields of such multilayer structures would be in ZnO-based
thermoelectric coatings in particular on flexible (temperature
sensitive) substrates, in which Al-doping could be applied to
increase the carrier concentration and hydroquinone layers
could be inserted to create inorganic/organic interfaces to
block the phonon conduction.>®”?
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