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Abstract: Indium oxide is a major component of many
technologically important thin films, most notably the

transparent conductor indium tin oxide (ITO). Despite
being pyrophoric, homoleptic indium(III) alkyls do not

allow atomic layer deposition (ALD) of In2O3 using water
as a co-precursor at substrate temperatures below 200 8C.
Several alternative indium sources have been developed,

but none allows ALD at lower temperatures except in the
presence of oxidants such as O2 or O3, which are not com-

patible with some substrates or alloying processes. We
have synthesized a new indium precursor, tris(N,N’-diiso-
propylformamidinato)indium(III), compound 1, which
allows ALD of pure, carbon-free In2O3 films using H2O as
the only co-reactant, on substrates in the temperature

range 150–275 8C. In contrast, replacing just the H of the
anionic iPrNC(H)NiPr ligand with a methyl group (affording

the known tris(N,N’-diisopropylacetamidinato)indium(III),
compound 2) results in a considerably higher and narrow-
er ALD window in the analogous reaction with H2O (225–
300 8C). Kinetic studies demonstrate that a higher rate of

surface reactions in both parts of the ALD cycle gives rise
to this difference in the ALD windows.

Thin films containing indium, especially multi-component

alloys,[1] have enormous technological significance. In thin-film
photovoltaics, mixed oxide-sulfides of indium act as electron-

transport layers,[1c,d] and copper-indium-gallium-sulfide (CIGS)

serves as an absorber layer.[1c,d] By far the most common use is
in indium tin oxide (ITO), a transparent conducting oxide

(TCO)[2] widely used in flat-panel and touch-sensitive displays
as well as thin-film solar cells.[3] ITO films are often deposited

by magnetron sputtering[2b,4] or chemical vapor deposition

(CVD).[5] Though these methods provide high growth rates on
planar substrates, high deposition temperatures, thickness var-

iation, and sputtering damage can be issues when applied to
very thin films or non-flat substrates.[4–6]

Due to increasing demand for highly conformal, very thin

films (e.g. , electron transport layers can sometimes be as thin
as 10–20 nm) containing indium as part of a multi-component

composition, it would be advantageous to grow In2O3 thin
films by atomic layer deposition (ALD).[6b,7] In order to allow al-

loying, it would be especially helpful to find a broad range of
slightly elevated temperatures in which the growth rate is con-

stant and the film deposition proceeds by canonical alternat-

ing cycles of surface saturation, that is, a low and wide ALD
window.[6b,7] A low ALD temperature is important for sensitive

substrates such as polymers, organic light absorbers, and
those inorganic multi-layered devices having the possibility of

interlayer contamination by thermally activated diffusion. A
wide ALD window would allow for the doping of InIII into a

broader range of alloyed materials, whether those are other

metal oxides or indium chalcogenides.[1d,6b,7] However, low-
temperature ALD of In2O3 has remained a persistent challen-

ge.[1d, 6a,8] The only reports of ALD of In2O3 below 200 8C require
an oxidant, either O2 or O3 (Figure 1, Table S1 in the Supporting
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Figure 1. Growth rate versus temperature for all In2O3 ALD processes. Lines
represent the carbon-free ALD window, and circles denote temperatures at
which the film resistivity was reported to be <10�2 W·cm. Red markers indi-
cate H2O as the sole oxygen source; gray markers indicate another oxygen
source such as O3, H2O2, or O2. The indium sources are 1 and 2[14a] (this
work), TMIn (A[8g]), Et2In[N(SiMe3)2] (B

[8a]), DADI (C[8j]), In[C(NiPr2)(NiPr)2]3 (D
[8h]),

InCl3 (E
[8d,e]), InCp (F,[6a] G[8b]), TEIn (I[8f]), Me2In(EDPA) (J

[8k]), and In(tmhd)3 (K
[8c]).
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Information). The use of an oxygen source other than water
limits the compatibility of the process for alloying or deposit-

ing on some substrates in multi-layered devices by oxidizing
other low-valent metal oxides (e.g. , CuI

2O,
[9] WIII

2O3,
[10] or

SnIIO[11]), and is likely to be a reason for non-uniform films.[6a,8b]

The lack of a water-based low-temperature ALD process for

In2O3 seems especially striking when one considers that its alu-
minum congener, Al2O3, provides the canonical example of an
ALD process operating at temperatures as low as 33 8C using

alternating doses of water and trimethylaluminum(III) (TMA).[12]

However, trimethylindium(III) (TMIn) affords ALD In2O3 with
water only above 200 8C.[8g] Mixed alkyl/amido compounds
such as Et2In[N(SiMe3)2] offer enhanced growth rates, but retain

carbon in the films below 200 8C.[8a] Interestingly, the higher
growth rate (�0.7 �/cycle) for Et2In[N(SiMe3)2] than TMIn

(�0.39 �/cycle) appears to indicate a higher reactivity of water

with indium–nitrogen bonds than indium–carbon bonds. The
lower growth rate using TMIn may reflect a lower reactivity of

water to chemisorbed TMIn or of TMIn to chemisorbed water.
Herein, we report a new InIII precursor, tris(N,N’-diisopropyl-

formamidinato)indium(III) (1, Scheme 1), and a study of its re-
activity for ALD of In2O3. We have selected this particular ami-

dinate ligand in light of the excellent volatility and reactivity of

its CaII complex.[13] Compound 1 enables ALD of In2O3 films in
the temperature range 150–275 8C, using water as the oxygen

source, at a constant growth rate of 0.55 �/cycle. All films de-
posited in the ALD window show resistivity (1–4�10�3 W·cm)

and visible-light transmittance (�80%) suitable for a TCO. In
general a TCO[2b] should possess a resistivity on the order of

10�3 W·cm or less, and transmittance above 80%.

We note four special features of these results. First, only
water is used as an oxygen source for this low-temperature
ALD. Second, the InIII compound 1 is neither oxygen-sensitive,

like commercially available InICp,[6a,8b] nor pyrophoric, like InIII

alkyls. Third, among all In2O3 ALD reactions with water as the

oxygen source, 1 allows both the lowest ALD onset tempera-
ture and the widest ALD window (Figure 1 and Table S1). A

great number of ALD windows of metal oxides overlap with

that of ALD using 1 and H2O, enabling ALD of multicomponent
films.[7] Fourth, comparison of the ALD window and kinetics

studies of the formamidinate 1 with its acetamidinate conge-
ner 2[14] (Scheme 1) highlights the extraordinary reactivity of 1.
It was observed that a surface saturated with chemisorbed 1
completes the surface reactions with H2O 3–4 times faster than

a surface saturated with chemisorbed 2 at 250 8C. This higher
rate of surface reactions is believed to generate the low and
wide ALD window. The enhanced reactivity of compounds
bearing N,N’-diisopropylformamidinato ligands is expected to
be widely useful in developing precursors for ALD at low tem-
peratures.

Single crystals of colorless 1 were grown by sublimation and
the solid-state structure determined by X-ray crystallography

(Figure 2, Tables S2 and S3 in the Supporting Information). The
pseudo-octahedral molecule has a chiral, propeller shape, as
expected for a homoleptic tris(amidinate),[15] and the enantio-
mers crystallize together in the centrosymmetric space group
P21/n. Every atom of the molecule is disordered over four posi-

tions. Nonetheless, the structure is generally unremarkable,
with an average In�N distance, 2.252(13) �, which is not signifi-

cantly different from the 2.254(3)–2.271(3) � found in two InIII

guanidinates or the 2.233(5)–2.238(6) � found in 2.[8h,14b]

To compare the thermal stability and volatility of 1 with

those of 2 and commercially available In(acac)3, thermogravi-
metric analysis (TGA) experiments were performed for all three

compounds. Figure 3a shows that both 1 and 2 evaporate
completely in a single step without leaving residues from ther-

mal decomposition. By utilizing a faster heating rate and larger
amount of compound, the complete evaporation of 1 and 2
can be shifted to higher temperature, demonstrating thermal
stability on the TGA timescale up to at least 320 8C for 1 and
370 8C for 2 (Figure 3a and Figure S4a,b). In the log–log plot

of Figure 3b, the evaporation rates of both 1 and 2 increase
linearly with temperature, confirming a single mass-loss mech-

anism (evaporation). The evaporation rate of 1 is clearly higher
than those of both 2 and In(acac)3. From Figure 3b, we can es-
timate the heating temperatures necessary to afford the same

evaporation rate. For instance, to obtain an evaporation rate of
0.1 mgmin�1 cm�2, 1 requires heating to ca. 127 8C, whereas 2
must be heated ca. 40 8C higher and In(acac)3 about another
25 8C higher.

Scheme 1. Synthesis of InIII amidinates (1, 2) and InIII guanidinate (3).

Figure 2. Solid-state structure of 1 determined by X-ray diffraction. Hydro-
gen atoms are omitted and only one disorder component is shown for clari-
ty. In�N distances, clockwise from top left (�): 2.292(13), 2.284(12), 2.218(13),
2.233(13), 2.223(13), 2.262(12).
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Figure 4 shows the temperature window of In2O3 ALD com-

bining water and 1 (Figure 4a, 150–275 8C, 0.55 �/cycle) or 2
(Figure 4b, 225–300 8C, 0.52 �/cycle). The precursor reservoir

was heated to 125 8C to vaporise 1 and to 140 8C for 2. Al-
though 2 should be heated to ca. 165 8C to equalize the vapor-

isation rate with 1, our ALD valves constrain this temperature

to 140 8C; instead, we used two doses of 2 to saturate the sur-

face (Figure S1, Supporting Information). Films at the upper
end of the ALD windows of 1 and 2 contain ca. 1 at.% carbon

(Figure S7). Thermal decomposition of the precursor or its by-
products on the growth surface is common at the upper end

of ALD windows.

Figure 4. a) ALD windows using H2O and a) 1, and b) 2. These ALD recipes
are described in the Supporting Information.

Figure 5. Kinetic study on In2O3 ALD using 1 versus 2, a) plausible mechanism of surface reaction between saturated surface with chemisorbed 1 or 2 and
H2O, b) growth rate (at 250 8C) versus reaction time of H2O and surface saturated with chemisorbed 1 (closed circle, dash dotted line) or 2 (open circle,
dashed line), c) difference between chemisorbed 1 and 2 in hydrophilicity, d) formation of activated complex of chemisorbed 1 or 2 and H2O with resulting
steric hindrances.

Figure 3. a) Ramp TGA curves of 1 (dashed line, 9.4 mg, 10 8Cmin�1) ; 2 (dash
dot dotted line, 9.5 mg, 10 8Cmin�1) ; In(acac)3 (solid line, 9.3 mg,
10 8Cmin�1) ; 1 (star, 129 mg, 20 8Cmin�1) ; 2 (open circle, 91 mg, 20 8Cmin�1).
b) Plot of evaporation rate (mgmin�1 cm�2, log scale) versus inverse temper-
ature (K, log scale): 1 (closed square, solid line); 2 (closed triangle, dash dot
dotted line); In(acac)3 (closed circle, dashed line).
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In order to understand why the lowest ALD temperature
using 1 is so much lower than that using 2, kinetic studies

were performed at a surface temperature of 250 8C (selected
because it falls neatly within both ALD windows). To compare

the reactivity of the two precursors, in parallel experiments we
saturated the growth surface with 1 or 2, and then determined

the exposure time necessary for water to saturate the surface.
Utilizing the reaction between the saturated surface and H2O
vapor allows us to avoid confounding the reaction rate with

the difference in dosing time and vapor pressure between 1
and 2 at 250 8C. Interestingly, the high similarity of the ALD
growth rates also allows us to rule out confounds that would
result from different extents of surface coverage-in order to
obtain growth rates of 0.55 and 0.52 �/cycle, the coverage of
1-saturated and 2-saturated surfaces must be comparable. The

results of these experiments are shown in Figure 5, where reac-

tion time is defined as the sum of the dosing time of H2O (1 s,
meaning the ALD valve for H2O is opened to the reaction

chamber for 1 s) and the time H2O is held in the reaction
chamber before purging begins. The reaction of H2O with the

surface saturated by 1 (2 s to achieve the ALD growth rate) is
completed much more quickly than the reaction with the sur-

face saturated by 2 (7 s to obtain the ALD growth rate). The

observation that water reacts more readily with 1-saturated
surfaces than 2-saturated surfaces at the same temperature

helps to rationalize the lower ALD growth onset temperature
for 1 than for 2. The surface reactions are able to proceed to

completion more easily for 1 than for 2, and consequently
lower growth temperatures are available.

Because the ALD reactions take place on surfaces at elevat-

ed temperatures, it is difficult to determine a detailed mecha-
nism giving rise to this enhanced reactivity of 1. Without direct

evidence, we are unable to adjudicate between several alterna-
tive explanations of the enhanced reactivity of 1, including
steric effects (Figure 5d); hydrophilicity arguments, wherein a
more hydrophilic 1-saturated surface allows better association

with H2O (Figure 5c); and the possibility that the surface reac-

tion of chemisorbed 1 with H2O affords In�OH and organic by-
products by a different mechanism (e.g. , hydrolysis of forma-
midinate[16]) from the simple acid-base reaction to afford In�
OH and amidine (expected for chemisorbed 2).

Figure 6 shows an SEM image and XRD pattern for the In2O3

ALD film. Further SEM images (Figures S8 and S9) and XRD pat-

terns (Figures S5 and S6) of the In2O3 ALD films grown in this
study are provided in the Supporting Information. Hall-effect
measurements afford the Hall mobility, carrier concentration,

and resistivity for these films (Figures S14 and S15). The resis-
tivity of all films grown in the ALD windows of 1 and 2 were

found to be in the range 1–4�10�3 W·cm which is sufficiently
low for use as a TCO (Figure S14). UV/Vis experiments for these

films demonstrate the high transmittance in the visible range

(>80%, Figures S10–S12).
In summary, a new indium(III) compound, 1, was prepared

and its utility for ALD of In2O3 was demonstrated. Of the In2O3

ALD processes using H2O as the co-reactant, ALD using 1
showed the lowest and widest ALD window (150–275 8C). This
low ALD temperature is believed to result from the high rate

of the surface reaction of chemisorbed 1 with H2O, as well as
of 1 with surface hydroxyl groups. In addition to extending the

ALD window to enhance the compatibility of In2O3 ALD with
other metal oxides and indium chalcogenides, the higher reac-
tivity reduces the overall time required to deposit a film of a

given thickness. Strikingly, all films grown in the ALD window
of 1 have a low resistivity (�10�3 W·cm) suitable for a TCO.

Experimental Section

All experimental details (syntheses, ALD procedures, and character-
ization) are described in the Supporting Information.
CCDC 1819892 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centref.
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