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or hetero-anionic) compounds.[1–6] In this 
strongly emerging material family, the play 
with the size, charge, electron configuration, 
electronegativity, and polarizability of dif-
ferent anionic species is believed to provide 
us with an exciting way to control the local 
distortions and band structures, and thereby 
to create unique structural, chemical, elec-
tronic, optical, and magnetic states. In the 
best case, this would lead us to phenomena 
inaccessible through other compositional 
tuning approaches. Both the cation and 
anion manipulation may be used to con-
trol the charge balance through aliovalent 
substitutions, but by combining multiple 
anions around a single cation site we can in 
a more straightforward manner create diver-
sity within the cation coordination sphere. 

To mention few examples, anion mixing in the coordination 
sphere could be used to introduce a spread of binding energies to 
control the anionic conductivity, or to create cis/trans isomeriza-
tion effects.[1] For local symmetry breaking, we could look for ani-
sotropic anions, such as O2

2− or S2
2−. As for the bandgap tuning 

via anion mixing, one of the early examples is the Ta2O5-TaON 
system for photocatalysis application.[7] More recently, the oxychlo-
ride compound Bi4NbO8Cl was highlighted as a new stable visible 
light responsive photocatalyst for water splitting.[8]

The anion components for the multi-anion compounds could 
be from the different groups of the Periodic Table, for example, 
oxyhalogenides or carbopnictides, or from the same group, for 
example, oxysulfides, or even a combination of inorganic and 
organic anions. As of now, the mixed-anion compounds are yet 
far out-numbered by the single-anion compounds, and there is 
plenty of room to explore these materials, in particular, provided 
that we could fabricate the materials in high-quality thin-film 
form, most demanded for their future application. Prominent 
examples of the specific applications of the mixed-anion mate-
rials include (Figure  1): LiPON for microbattery,[9,10] (Ga,Zn)
(N,O) for water splitting or photovoltaics,[11] and BiCuSeO[12,13] 
and Pb(Se,Te)[14] for thermoelectrics. Mixed-anion compounds 
such as Na3BH4B12H12 have also shown superionic conduction 
owing to the highly disordered cations and continuous migra-
tion paths in the structure; this specific Na3BH4B12H12 com-
pound with a room-temperature conductivity of 0.5 × 10−3 S cm−1  
could provide us a light-weight solution for the electrolyte in 
Na-based all solid-state batteries.[15] In Figure  2a, the total  
numbers of publications on some of the most important mixed-
anion compounds are shown.

One of the obstacles of the research in this field is the rela-
tively demanding synthesis of multi-anion compounds. The 
major difficulty in their direct synthesis is in the different 

For decades the most successful approach towards new inorganic mate-
rial innovations for next-generation devices has been to manipulate the 
cation composition. As this cation-centric material development is inevitably 
approaching its saturation, new chemistries are needed to maintain the pace 
of technological progress. One of the new chemistry approaches is to play with 
the anions instead of the cations. Moreover, advances in fabrication tech-
niques are needed to address the endeavors to shrink the device and compo-
nent dimensions. Here, the combination of mixed-anion chemistries, such as 
oxychalcogenides or carbopnictides, and the state-of-the-art atomic layer depo-
sition (ALD) thin-film technology are highlighted. The unique bottom-up mate-
rial building mode of ALD can lead to scientifically exciting but at the same 
time industry-feasible material innovations. In this brief review, the present 
status and prospects, and the challenges of this emerging field are discussed.
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1. Introduction

The progress in many advanced technologies relies on the 
development of new active materials with demanded function-
alities. New materials with unorthodox properties are needed 
both to improve the existing and to enable the next-generation 
technologies. This strong positive challenge continuously urges 
materials scientists to search for entirely new material fami-
lies. Moreover, advances in fabrication techniques are needed 
to address the continuously shrinking device and component 
dimensions. Conventionally the new-material search has cen-
tered around single-anion (homo-anionic) compounds, such 
as pure metal oxides, chalcogenides (sulfides, selenides, tellu-
rides), or pnictides (nitrides, phosphides, arsenides), where the 
properties are fine-tuned by controlling the cation (metal) com-
position for doping, etc.

As this cation-centric new material research is approaching 
its saturation, researchers have started to look for novel mate-
rial chemistries, such as the so-called mixed-anion (multi-anion 
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volatilities (and hence optimal synthesis conditions) of the 
precursors for the common non-metals forming the anions, 
for example, hydrogen, carbon, nitrogen, pnictides, oxygen, 
chalcogenides, and halogens. Hence, controlled atmosphere 
synthesis conditions, for example, vacuum or gas flows (O2, 
F2, NH3, H2S, etc.), are preferred. Accordingly, gas-phase thin-
film techniques are highly relevant choices for the mixed-anion 
compound fabrication, in particular as many of their advanced 
applications would require high-quality thin films.

Atomic layer deposition (ALD) is state-of-the-art thin-film 
technology for many industrially important binary metal oxides, 
sulfides, and nitrides.[16–18] Along with its increasing impact 
especially in microprocessors and digital memory devices, 

ALD is currently the fastest-growing thin-film deposition tech-
nique in general. In ALD, the atomic-level film thickness and 
composition control, as well as the large-area homogeneity 
and superior conformality over complex surface structures, 
stem from the self-limited gas-surface reactions of sequen-
tially pulsed gaseous precursors. Owing to the digital control 
over the precursor supply, the ALD technique is rather funda-
mentally well suited for the anion mixing, thereby permitting 
the fine-tuning of the mixed-anion thin films. In Figure  2b, 
we summarize the number of annually published ALD papers 
on mixed-anion compounds; the first paper is for GaAs/GaP 
thin films by Ozeki published in 1990.[19] Despite the steadily 
increasing interest in these materials, there are no reviews on 

Figure 1.  Examples of possible application areas of mixed-anion materials.
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their fabrication through ALD or any other traditional thin-
film deposition technique. Therefore, this review aims to pre-
sent the current state-of-the-art in the field, and in particular 
to summarize i) the available ALD processes developed for 
mixed-anion compounds, and ii) the anion precursors utilized 
in these processes, iii) highlight some promising functionali-
ties of the ALD-fabricated mixed-anion thin films, and iv) dis-
cuss the advantages and limitations of ALD in the application 
space of these materials. In the following, we will first devote 
a short chapter to the basics of the ALD technique (Chapter 2),  
and then discuss the fabrication strategies and precursor choices 
for the reported mixed-anion ALD processes (Chapter 3).  
Then, towards the end, we discuss examples of state-of-the-art 
ALD-grown mixed-anion thin films in Chapter 4, and finally, 
in Chapter 5 provide a summary and outlook for the future 
perspectives and challenges in this scientifically exciting and 
industrially important field.

2. Atomic Layer Deposition in Brief

ALD thin-film technology is one of the cornerstones of modern 
microelectronics and beyond. It yields high-quality conformal 
inorganic thin films (e.g., Al2O3 or HfO2) with excellent pre-
cision for thickness and uniformity. The technique relies on 
self-limiting gas-surface reactions of vaporized precursors 
(e.g., Al(CH3)3 and H2O for Al2O3) sequentially introduced in 
a vacuum reactor; carrier gas (e.g., N2) is used to aid the pre-
cursor transportation and separation of the different precursor 
exposures. In its simplest case, an ALD cycle is composed of 
the following sequence of exposures: 1) first (metal-bearing) 
precursor, 2) inert gas purge, 3) second precursor or so-called 
co-reactant, and 4) inert gas purge, see Figure  3. This basic 
ALD cycle is repeated as many times as needed to grow the 

thin film with the desired thickness. In an ideal case, each 
cycle produces a monolayer of the targeted material. In prac-
tice, however, the growth-per-cycle (GPC) is often less due to, 

Figure 2.  a) All publications: total number of papers published on the five most important mixed-anion chemistries (Web of Science search 22.12.2020); 
b) ALD publications: annually published papers on ALD-fabricated mixed-anion thin films; inset shows the division of the ALD papers between the 
most important mixed-anion chemistries.

Figure 3.  (Left, purple) Schematic illustration of the basic ALD cycle 
consisting of four steps; Step 1: introduction of the first (metal-bearing) 
precursor that chemisorbs to reactive surface sites until full surface cov-
erage; Step 2: purge of the side product(s) and excess precursor mole-
cules with an inert gas pulse (e.g., N2); Step 3: introduction of the second 
precursor (typically the oxygen, nitrogen or sulfur source, e.g. O3, H2O, 
NH3, or H2S); Step 4: purge with an inert gas pulse. These four steps are 
repeated to achieve the desired film thickness. (Right, green) Schematic 
illustration of the addition of the second anion precursor to the basic ALD 
process; the combination of these cycles creates the so-called supercycle.
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for example, steric hindrance of the large ligands in the pre-
cursor molecules.

Typically, GPC values of the order of 1 Å cycle−1 are 
achieved.[20] Initially, ALD was used in the niche applications 
where the quality of the films was the prime criterion. How-
ever, as the gadgets are continuously becoming smaller and 
the integration density of components is increasing, such that 
the slow growth rate is no longer a constraint and thus ALD 
has already been widely commercialized.[21] In general, it is 
superiorly suited to address most if not all of the fabrication 
challenges faced in frontier electronics, optics, and photo-
voltaic applications.[22–25] For several proprietary applications, 
the required conformal coatings on ultrahigh-aspect-ratio 
structures without gradients in thickness or composition have 
already been achieved by ALD.[26,27]

The majority of ALD materials that have been deposited 
are metal oxides because of the commercial demand for thin-
film dielectrics.[21] However, novel applications in areas such 
as energy storage,[23] catalysis,[28] and nanophotonics[29] are 
emerging. For example, ALD is considered a highly suitable 
manufacturing technique for the buffer layers in solar cells 
because the method allows for the uniform deposition of large-
area thin films, which makes it easier to control the composi-
tion of the thin films.[30,31] Furthermore, ALD in combination 
with its purely organic variant viz. molecular layer deposition 
(MLD)[29] is also gaining momentum for promising applica-
tions. The aforementioned widely documented capabilities of 
the ALD technique would be of fundamental importance in the 
emerging field of mixed-anion compounds as well, considering, 
for example, the important aspects related to stoichiometry con-
trol, defect chemistry, and morphological properties.

The possibility to grow thin films of well-defined composi-
tion, density, thickness, uniformity, and conformality on 3D 
topologies is due to a most characteristic and unique feature of 
ALD, that is, the self-limiting growth mode.[32] Conformality of 
the films on ultrahigh-aspect-ratio structures is often a critical 
factor in choosing ALD over competing for deposition tech-
niques such as CVD, PVD, and sputtering for the fabrication of 
conformal coatings. The sufficiently large precursor pulse dura-
tion allows the dispersion of precursor into deep trenches to 
complete the gas-surface reaction over the entire surface. The 
self-limiting growth characteristics restrict the reactions to only 
one layer of the precursor resulting in the highly conformal 
coatings on high aspect ratio and 3D structured substrate 
morphologies.

Precise composition control is another important benefit 
of the self-saturating growth mode of ALD which allows the 
unique “one-layer at a time” growth. For both the compounds 
containing more than two elements/components, the compo-
sition tuning is in principle achieved by designing so-called 
supercycles, which are composed of multiple binary ALD pro-
cesses (Figure 3).[33–36] This approach is commonly applied not 
only for the mixed-anion compounds, but for the mixed-cation 
compounds, including the cation-doped compounds. However, 
it should be noted that experimentally it is sometimes difficult 
to achieve/verify the perfect mixing of the components and 
distinguish the mixed-cation or mixed-anion compounds from 
corresponding nanoscale multilayer structures or so-called nano
laminates. Finally, the alternate precursor exposure allows the  

use of highly reactive precursors (as the unwanted gas-phase 
reactions are avoided), which reduces the thermal budget. 
Usually, in ALD fabrications a wide temperature range is real-
ized where the GPC value remains approximately fixed for the 
films. This facilitates the successful fabrication of multilayer 
structures.

3. Fabrication Process Strategies and Precursors

The variety of the precursors used as sources of the anions is 
extensive; these are summarized in Table  1. Considering the 
mixing of the multiple anions, most of the ALD fabrication pro-
cesses fall into the following four categories (shortly described 
below): i) supercycle approach, ii) exchange reaction method, 
iii) plasma-enhanced ALD (PE-ALD), and iv) spatial ALD 
(SALD). In Table 2, we list the ALD processes so far reported 
for the fabrication of mixed-anion compounds. We also like 
to mention—for a reference—the comprehensive database for 
ALD processes published in the atomiclimits site (https://www.
atomiclimits.com/alddatabase/).

3.1. Supercycle Approach

The most common ALD approach for ternary compounds 
including the present mixed-anion compounds is to mix two 
(or more) basic ALD cycles in an appropriate ratio into a single 
supercycle, as was illustrated in Figure 3. For example, for the 
fabrication of Zn(O, S) films by ALD, Jeon et al.[87] used three 
different mixing conditions of ZnO:ZnS, that is, (4:1), (5:5), and 
(1:4), to control the mixing ratio of oxygen and sulfur in their 
Zn(O,S) films. They used diethylzinc (DEZ) as the source for 
zinc and H2O and H2S as the sources for oxygen and sulfur. 
Similarly, in another approach, AlOxFy films were deposited by 

Table 1.  ALD precursors used for anions.

Group Element Precursors

Carbon C CCl3[37] CF3,[38] CBr3,[39] C2H4,[40]

Oxide O O2, O3, H2O, H2O2*, CH3OH, C2H5OH, NO2
[32]

Chalcogen S S,[41,42] H2S[43–46] 1-propanethiol,[47] di-tert-butyl disulfide,[48]

Se Se,[49] H2Se,[50–53] (Et3Si)2Se,[54–56] (Me3Si)2Se[57–60]

Te Te,[61] H2Te,[62] Te(t-Bu)2
[59,63] (Et3Si)2Te[55] Te2(n-C4H9)2

[64] 
methylallyltelluride (MATe),[65] (Me3Si)2Te[58,66,67]

Pnictogen N NH3, H2/NH3
[68,69] N2, H2/N2

[26,70] N2H4
[71,72] (CH3)NH2, 

tBuNH2, CH2CHCH2NH,[73] diethyl phosphoramidate 
H2NP(O)(OC2H5)2 (DEPA)[74]

P PH3
[75–77]

As AsH3
[78,79]

Sb SbCl3, (CH3)2N)3Sb[80]

Bi BiCl3[80]

Halogen F HF, TiF4
[81–84]

Cl HCl

Br HBr[85]

I I2, SnI4
[86]
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Table 2.  ALD processes reported for mixed-anion compounds.

Compound Cation precursor Anion precursor ALD window (W)/Dep. T (DT) [°C] GPC [Å] Ref.

MoCxNy Mo(NtBu)2(NMe2)2 N2/H2 plasma 80–300 (DT) 0.36–0.6  [99]

SiCxNy Si2Cl6 CH3NH2 plasma 400 (DT) 1.0 [100]

(Me)3(Vi)3(NSiH2)3 N2 plasma 200 (DT) - [101,102]

(iPr)3(NSiH2)3 NH3 plasma 200 (DT) - [103]

TaCxNy Ta(NEt2)3(NtBu) CH4/H2 plasma 200 (DT) 0.4–0.5 [104]

H2 plasma 100–400 (DT) 0.5–1.0 [105]

NH3 plasma 100–400 (DT) 0.5–4.0 [106]

H2 plasma 200–260 (W) 0.35 [107]

Ta(NtAm)[(NMe2)]3 H2, Ar/H2 plasma 350 (DT) 0.9–1.0 [108]

TaAlCxNy TaCl5 or TaBr5 NH3, AlMe3 250–400 (DT) 0.8–0.9 [109]

TiCxNy Ti(NMe2)4 H2, NH3, H2/CH4 plasma 100–300 (DT) 1.0–1.3 [110]

TiCl4 AlH2(NtBuCH2CH2NC4H8) 220–400 (DT) 1.6–2.0 [111]

WCxNy W(CpEt)(CO)2(NO) H2 plasma 100–400 (DT) 0.17–0.28 [112]

W(MeCp)(CO)2(NO) NH3 plasma 250–450 (DT)
300–350 (W)

0.49–0.56 [113]

W(NtBu)2(NMe2)2 H2 plasma 300 (DT) 1.2 [114]

WF6 NH3; triethylboron (Et3B) 300–400 (DT)
300–350 (W)

0.8–0.9 [115–121]

CH4; NH3; H2 250 (DT) - [122]

ZrCxNy TDMAZr 5% H2, 95% N2 150 (DT) - [123,124]

SiOxCy (Cl3Si)CH3 H2O Room temperature 0.5 [125,126]

DMADMSE O3 110 0.2 [127–129]

OMCTS O2; Ar; H2 plasmas 100–400 0.3–1.05 [130]

TMS O2 plasma - - [131]

Si2Cl6 CO or CO/O2 plasma 400 - [100]

SiOxNy BDEAS NH3 plasma 300 - [132]

SnOxNy Sn(NMe2)4 H2O, N2 plasma 200 (DT) 0.55–0.8 [133]

ZrOxNy TDMAZr N2/H2 plasma, NH3 plasma 150, 250 (DT) 0.51 [124,134,135]

NbNxOy TBTDEN H2 plasma 35 0(DT) 0.46 [136]

AlOxNy Al2(NMe2)6 NH3, H2O 200 (DT) 0.8 [137,138]

AlMe3 NH3+ O2 plasma 185, 400–450 (DT) 0.87–1.0 [139,140]

HfOxNy Hf(Hf(N((Et)Me)4)) NH3, H2O 200 (DT) - [141–143]

GaOxNy TMG O2, NH3 plasma 200 (DT) 0.4–0.7 [144,145]

TiOxNy Ti(NMe2)4, N2 plasma, NH3 100–300 (DT) 0.7 [146–150]

Ti(OiPr)4 NH3 plasma 190–270 (W) 0.3–0.35

TiCl4 NH3, NH4OH; O2 250–450 (DT) 0.2–0.3 [151–155]

LiPON LTB Me3P +H2O, N2, plasma N2 250 (DT) 1.05 [156–158]

P(NMe2)3, O2+NH3 350–500 (DT) 0.5–2.1 [159]

LiN(SiMe3)2 PO(NH2)(OEt)2 270–310 (W) 0.7 [74]

Li2PO2N LTB 250–300 0.15–0.9 [160]

NaPON STB 250–400 0.2–0.5 [161]

MoON MoO2(tBuAMD)2 O3 120–270 (DT) 0.2–0.3 [162]

MoOxNy Mo(CO)6 O3; NH3 170 (DT) [163]

MnOxNy Mn(CpEt)2; Mn(EtCp)2 NH3 plasma 225–300 (W) 0.39 [164]

TaOxNy Ta(NEtMe)2(NiPr), Ta(NiPr)
(NEtMe)2

Ar+N2/NH3/H2 gas mixture 400 (DT) - [165]

TaCl5 H2O; NH3 - - [166]
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alternating the deposition of Al2O3 followed by AlF3 at 150 °C 
using trimethyl aluminum (TMA), H2O, and HF as the reac-
tants for aluminum, oxygen, and fluorine.[88]

3.2. Exchange Reaction Method

In the exchange reaction method, after the first ALD cycle, 
the other anion precursor is pulsed into the reaction chamber 

without the cation precursor pulse. This allows the exchange 
of anions from the already deposited ALD layer and the other 
anion precursor. Several mixed-anion ALD processes are using 
this approach.[31,89–92] Very recently Mahuli et  al.[88] reported 
such a process for AlOxFy films based on HF fluorination of 
Al2O3. The process involves several cycles of Al2O3 followed 
by one or more HF pulses for the fluorination of the under-
lining Al2O3 layer. According to thermodynamics, the reaction 

Compound Cation precursor Anion precursor ALD window (W)/Dep. T (DT) [°C] GPC [Å] Ref.

Ta(N(Me)2)5 CH3NHNH2; H2O; N2 175–280 (W) 0.87–1.04 [167,168]

ZnOxNy ZnEt2 H2O; NH3 150 (DT) - [169]

ZnOxBy H2O; B(OiPr)3 150 (DT) - [170]

H2O; B2H6 105–165 (W) 2.8 [171]

ZnOxPy H2O, PO(OMe)3 160–220 1.6–1.8 [172]

O3, P(OMe)3 250 (DT) 1.7 [173]

AlOxPy AlCl3; Al(OnPr)3 H2O, O3; (CH3)3COH; P2O5 150–500 (DT) 0.15–1.3 [65,174–181]

CaOxPy Ca(thd)2 (CH3O)3PO; O3; H2O 250–400(DT) 0.3–0.6 [182]

MgOxPy Mg(EtCp)2 TDMAP; H2O & O2 plasma 125–300 (DT) 1.3 [183]

SnOxPy Sn(NMe2)4 H2O, PO(OMe)3; O3 200–250 (DT) 1.23–1.84 [184]

GaAsxPy GaMe3 AsH3, PH3 460–550 (DT) 0.5–1.0 [19]

LiOxFy LTB HFAA, TiF4 220 (DT) - [185]

AlOxFy AlMe3 H2O, HF 150 (DT) - [88]

ZnOxFy ZnEt2 H2O, HF+H2O 140 (DT) 2.1–2.5 [186]

BiOCl BiCl3 O3 130, 300 (DT) 0.1–0.2 [187]

ZnAlxOySz ZnCl2; AlCl3 H2O, H2S 500(DT) 0.39;0.79 [188]

ZnOxSy ZnEt2 O2/Ar plasma, H2S 120–220 (W) 1.2–2.5 [189]

H2O, H2S 100–225 (DT) 1.0–2.0 [31,87,96,190–197]

ZnEt2; ZnMe2 H2O+O2, H2S 100–300 (DT) 1.05 [198,199]

Y2O2S Y(thd)3 H2S 350–425 (DT) [200]

YOxSyEuz Y(MeCp)3; Eu(thd)3 H2S, O3+H2O 300 (DT) [201]

CdOxSy CdCl2 H2S, H2O 140 (DT) 1.0 [202]

InOxSy In(acac)3 H2S, Ar/O2 plasma 160 (DT) 0.4–1.4 [89,90,203]

SnOxSy Sn(dmamp)2 H2S, H2O 100–180 (DT) 0.42–0.56 [204]

MoOSe Mo(CO)6 (Me3Si)2Se 167 (DT) 2.0 [57]

ZnSxSey Zn H2S, H2Se 400 (DT) 2.7 [205]

ZnCl2 H2S, Se 400 (DT) [206]

ZnMe2 H2S, H2Se 150–225 (W) 2.71 [207,208]

SrSxSey Sr(thd)2 H2S, Se 380 (D) [206]

GeSbxSeyTez Ge(OEt)4; Sb(OEt)3 Se(SiMe3)2;Te(SiMe3)2 70 (DT) [58,209]

CdSexTey Cd Se, Te 150–350 [210]

SbSexTey Sb(NMe2)3 Se(SiMe3)2, TetBu2 80–300 9.98 [59]

PbSexTey Pb(thd)2 Se(SiEt3)2, Te(SiEt3)2 170–210 (W) 0.25 [54]

Li3(BO3)-Li2CO3 LTB O3, TIB 200–260 (DT) 0.65 [211]

tBu: tert-butyl((CH3)3C-); Me: methyl(CH3-); Et: Ethyl(CH3CH2-); Vi: vinyl(CH2CH-); Am: amyl(C5H11-); iPr: isopropyl((CH3)2CH-); Cp: cyclopentadienyl; Cyclotrisilazane: 
(-NSiH2)3; DMADMSE: 1,2-bis[(dimethylamino)dimethylsilyl]ethane 1,2-[(NMe2)Me2Si]2CH2CH2; OMCTS: octamethylcyclotetrasiloxane [(CH3)2SiO]4; TMS: trimethyl-
silane (CH3)3SiH; BDEAS: bis-diethylamino-silane ((NEt2)2Si); TDMAZr: tetrakis dimethylamino zirconium (Zr[NEt2]4); TBTDEN: (tert-butylimido)-tris(diethylamino)-
niobium(NtBu)(Et2N)3Nb; TMG: tris(dimethylamino)galium ((NMe2)3Ga); AMD: acetamidinato; thd: 2,2,6,6-tetramethyl-3,5-heptanedionate; acac: acetylacetonate; 
TDMAP: tris(dimethylamino)phosphine ((NMe2)3PH3); HFAA: hexafluoroacetylacetone (CF3COCH2COCF3); LTB: Lithium Tert-Butoxide (LiOtBu); STB: Sodium Tert-
Butoxide (NaOtBu); dmamp: 2-Dimethylamino-2-methylpropanol ((Me)2C(CH2OH)N(Me)2); TIB: triisopropyl borate [(Me)2CHO]3B.

Table 2. Continued.
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of HF with Al2O3 produces AlF3 along with the reaction, 
Al2O3+6HF(g) → AlF3  +3H2O(g). Stoichiometry in the AlOxFy 
films is thus controlled by controlling the amount of HF pulsed 
in the reaction chamber.

3.3. Plasma-Enhanced ALD

Traditional ALD processes are based on temperature-induced 
reactions; they are sometimes called thermal-ALD processes. 
More recently, the research interest in plasma-enhanced 
(PE)-ALD is rapidly increasing, to expand the number and types 
of materials beyond the material set available to thermal-ALD. 
The technique has turned out to be highly useful in the field 
of mixed-anion thin films, in particular. In PE-ALD the same 
chemical precursors that are used in thermal-ALD processes 
are used, but the technique utilizes cycling of a radio frequency 
(RF)-plasma to complete the surface chemical reactions in a 
highly controlled manner. The technique retains the key ben-
efits of the thermal-ALD, such as excellent conformality, thick-
ness control, uniformity over the wafer, and fabricates the films 
at lower temperatures.

3.4. Spatial ALD

Spatial ALD (SALD) is a variation of ALD in which precur-
sors are continuously supplied in different locations and 
kept separated by an inert gas region or zone. Film growth is 
achieved by exposing the substrate to the locations containing 
the different precursors. There are a few reports of mixed-
anion SALD fabrications as well, for the fabrication of p-type 
Zn(O,N)[93–95] and the Zn(O,S) buffer layers for Cu(In,Ga)Se2 
solar cells.[96,97]

Besides the aforementioned four major approaches, there 
are also ALD processes for mixed-anion compounds in which 
the additional anion is simply brought to the film through one 
of the two main precursors; the examples include the process 
for the solid-electrolyte LiPON films where the phosphorus-
containing anion precursor PO(NH2)(OEt)2 contains addi-
tionally both nitrogen and oxygen,[74] and the “unintentional” 
chlorine doping of TiO2 films from the TiCl4 cation precursor, 
appearing promising for Li+-ion storage applications.[98]

4. State-of-the-Art Mixed-Anion ALD Thin Films

There are yet a very limited number of ALD processes devel-
oped for mixed-anion compounds, probably because of the 
paucity of suitable combinations of precursors with sufficient 
volatility and stability. The first report of ALD fabrication of a 
mixed-anion compound is from the year 1990 by Ozeki[19] for 
GaAs/GaP strained-layer superlattices. Later in 1992, Koukitu 
et  al.[205] reported the epitaxial fabrication of Zn(S,Se) films, 
that is, an important material for blue light-emitting devices. 
They used Zn vapor, and H2S and H2Se gases as the source of 
zinc and the chalcogenides, respectively. For the last decade or 
so, the interest in the topic has experienced a significant boost, 
as was seen from Figure 2b.

4.1. Oxynitrides

The different oxynitrides have formed the major target in the 
ALD works so far reported for mixed-anion compounds. This 
is understandable considering their wide-range importance in 
electronics. Indeed, the fabrication of SiO2, SiC, and Si3N4 thin 
films has represented a substantial segment of the ALD market, 
and there are no immediate reasons to believe that this situa-
tion would not continue in the future too. The aforementioned 
dielectric oxynitrides exhibit a range of useful optical, electronic, 
and barrier properties, and they moreover differ from each other 
in terms of the etch selectivity; hence, together they constitute 
an important material category for a wide variety of applications. 
Furthermore, these materials are essential building blocks for 
several ternary blends, such as silicon carboxides SiCxOy, silicon 
carbonitrides SiCxNy, and silicon oxynitrides SiOxNy, which also 
have unique applications in semiconductor manufacturing. For 
example, SiOxNy which is the intermediate between SiO2 and 
Si3N4, possesses outstanding electronic and mechanical perfor-
mance, such as low dielectric constant, high durability at high 
temperatures, and high resistance to thermal-shocks and oxida-
tion.[212] Recently, Nishio et al.[213] predicted that the GaN/SiOxNy 
structure could be more stable than the SiO2-terminated  
GaN/SiO2 surface; this is very important for the creation of 
dangling-bond-free GaN/insulator interfaces.

Another exciting direction for the oxynitrides is seen in the 
various MPON-type metal phosphorus oxynitride electrolyte 
materials needed in the next-generation solid-state battery tech-
nologies. Indeed, highly promising ALD processes have already 
been reported for LiPON.[156–160] Similarly, phosphorus-free 
SnON[133] and TiON films have been investigated. Sowińska 
et  al.[146] analyzed the effect of process parameters on the 
resultant oxygen-to-nitrogen ratio in their TiOxNy films fabri-
cated by PE-ALD using either titanium isopropoxide and NH3 
plasma or tetrakis(dimethylamino)titanium and N2 plasma 
as precursors. They observed that the O/N ratio had a huge 
impact on electrical properties such as conductivity and dielec-
tric breakdown. Iwashita et  al.[151] demonstrated thermal ALD 
combined with periodic oxidation for synthesizing TiOxNy films 
wherein oxygen was supplied periodically between the ALD-TiN 
cycles. Henkel et al.[147] observed bandgap narrowing in TiOxNy 
films with increasing nitrogen content due to the contribution 
of the nitrogen density of states.

Aluminum- and gallium-based oxynitride films have 
arisen some interest as well. Gallium oxynitride GaOxNy is an 
emerging material candidate for efficient heterostructures for 
photoelectrochemical (PEC) water splitting. In the PE-ALD pro-
cess of Ma et al.[214] highly uniform GaOxNy films were obtained 
through a one-step co-deposition. The process enabled high-
quality epitaxial growth of GaOxNy films on ZnO nanowires at 
200   °C to construct ZnO/GaOxNy core-shell nanowires with 
different shell thicknesses (5–60 nm). Aluminum oxynitride 
AlOxNy films with different nitrogen contents have been depos-
ited by thermal ALD on flexible nano-textured silicon surfaces 
for the surface passivation application.[138,139] The surfaces 
coated with AlOxNy films showed better surface recombination 
velocity due to the collective effect of field-effect passivation by 
the presence of fixed negative charges, and chemical passiva-
tion owing to hydrogen within the film.[137,138]
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4.2. Carbonitrides

Transition-metal carbonitrides are the second most reported 
group of ALD-fabricated mixed-anion compounds. Compared 
to pure metals, binary transition-metal nitrides and carbides 
possess unique and useful property combinations, such as good 
metallic electrical conductivity and high resistance to heat and 
corrosion. Interest in the carbonitrides derives from the fact for 
these mixed-anion compounds even better physical properties 
may be achieved.[215,216] Transition-metal carbonitrides are often 
used as gate electrodes in high-k/metal gate transistors,[217,218] 
but many other fields such as thermodynamic[219] and cata-
lytic[220] applications are emerging as well. Blakeney et  al.[111] 
recently reported the ALD fabrication of titanium carbonitride 
TiCxNy thin films from TiCl4 and aluminum dihydride complex, 
AlH2(tBuNCH2CH2NMe2), containing amido-amine ligands. 
The film growth proceeded via self-limited surface reactions 
with a high growth rate of 1.6–2.0 Å cycle−1 within the appreci-
ably wide deposition temperature window of 220–400  °C; the 
resultant films showed resistivity values around 600 µΩ-cm. 
Molybdenum carbonitride MoCxNy films were deposited 
through PE-ALD from (tBuN)2(NMe2)2 at temperatures ranging 
from 80 to 300   °C.[140] The composition, electrical properties, 
and optical properties are strongly dependent on the N2/H2 
ratio in the gas stream, as well as the process.

Silicon carbonitride Si(C,N) is an intermediate phase 
between SiC and Si3N4, and has the added benefit of a lower 
dielectric constant than the parent phases, thus expanding the 
application potential from those typically reserved for Si3N4 
or SiC. Ovanesyan et  al.[100,221] developed a new ALD process 
for the fabrication of SiCxNy films using Si2Cl6 and CH3NH2 
plasma as the sources for silicon and nitrogen, respectively. 
Under self-limiting growth conditions, the process led to highly 
conformal SiCxNy coatings on nanostructures with up to 9 at-% 
carbon composition. In the process, Si2Cl6 reacts primarily with 
the surface −NH2 species created after the CH3NH2 plasma 
cycle. In the subsequent CH3NH2 half cycle, the surface chlo-
rine is liberated, creating −NHx (x  = 1 or 2) groups, and the 
carbon is incorporated primarily as NCN species.

Tantalum carbonitrides TaCxNy films have been grown by 
PE-ALD from Ta(N-t-C5H11)[N(CH3)2]3 using H2 or Ar∕H2 as 
the reducing agent.[106–108] The latter reducing agent appeared to 
break the TaN bond in the precursor to form TaCx films; this 
resulted in the lower resistivity (≈255 µΩcm) compared with 
the case when H2 was used as the reductant (≈1570 µΩcm).

4.3. Oxysulfides

Among the ALD-fabricated oxysulfide thin films, zinc oxy-
sulfide Zn(O,S) is the most frequently reported mate-
rial.[31,190,195,196,198,199,222–224] It is a wide bandgap semiconductor, 
for which the electronic and optical properties are controlled 
by the oxygen/sulfur content.[31,195,197,222,225,226] This makes it 
a potential candidate for buffer layers in thin-film photovol-
taics.[227,228] Fine-tuning the sulfur content to obtain a slightly 
positive conduction band offset (≤0.5 eV)[195] and decreasing the 
buffer layer thickness[229,230] reduce the interfacial and bulk car-
rier recombination that allows for straightforward optimization 

of the PV cell performance.[199,223,231] The first ALD fabrication 
of Zn(O,S) films was reported in 1992, using dimethylzinc 
(DMZ), H2O, and H2S precursors.[198] Authors varied the sulfur 
content from 0 to 95% and observed a minimum in the 
bandgap and resistivity values around 60% sulfur content.

The same precursors, DMZ, H2O, and H2S, have been used 
in other studies as well. For example, Platzer-Björkman et al.[31] 
tailored the Zn(O,S) film composition systematically to use the 
films as buffer layers in Cu(In,Ga)Se2 solar cells. Bakke et al.[199] 
controlled systematically the growth parameters, and observed 
a strong effect of the material properties on the optical char-
acteristics of the Zn(O,S) films. The ALD growth and crystal 
structure of Zn(O,S) films resembled those of ZnS up to the 
ZnO/(ZnO+ZnS) cycle ratio of 0.6 with about 10% oxygen 
incorporated into the film. At higher cycle ratios the film struc-
ture became amorphous before recovering to crystalline films 
and the properties converge toward ALD-grown ZnO in terms 
of film growth rate, crystallinity, and composition. High-quality 
Zn(O,S) thin films can be grown from other precursors as well, 
for example, DEZ.[87,191]

Recently, thin MoOxSey films (≈1–10  nm) were fabricated 
within TiO2 nanotube layers and on sapphire substrates using 
Mo(CO)6 and (Me3Si)2Se precursors.[57] The MoSexOy coating 
enhanced significantly (four times) the incident photon-to-
current conversion efficiency up to 32% (at λ = 365 nm), and 
also extended the photoresponse to the visible spectral region 
with a remarkable improvement of the photocurrent density up 
to ca. 40 times at λ  = 470  nm. Another recent work reported 
the ALD fabrication of lanthanum copper oxysulfide LaOCuS 
films were deposited from La(thd)2, ozone, Cu(acac)2, and ele-
mental sulfur; LaOCuS is a promising p-type thermoelectric 
material.[232]

4.4. Oxycarbides

Metal carbides, especially transition metal carbides, are fre-
quently fabricated through ALD.[233–239] They have peculiar 
electronic properties,[239,240] and facilitate a broad range of 
promising applications in, for example, energy storage,[241] 
(electro)catalysis,[242] biosensing,[243] and biomedicine[244] 
through the synthesis of mixed-anion compounds such as 
SiOxCy. This compound is conventionally prepared by a so-
called polymer-derived ceramic route via thermolysis of SiC 
and SiO containing polymer precursors (such as polysiloxanes 
and alkoxysilanes) in the inert gas atmosphere (Ar or N2).[245,246] 
The method allows the incorporation of extra carbon into the 
SiOxCy network that inhibits high-temperature diffusion and 
crystallization of silicon, improving the high-temperature sta-
bility of SiOxCy.[247] In ALD literature, the silicon oxycarbide 
SiOxCy is also the most frequently reported mixed-anion car-
bide.[125–127,130,131,248] Recently, Closser et al.[125] fabricated SiOxCy 
films using bis(trichlorosilyl)methane and water as precur-
sors at room temperature. They reported high-quality stable 
films with the following characteristics: density 1.4  g cm−3, 
dielectric constant 2.6 ± 0.3, and refractive index 1.6 ± 0.1 at 
wavelength 633  nm, for potential applications for electronic 
devices. On the other hand, Zhou and Bent[127] fabricated  
SiOxCy from 1,2-bis[(dimethylamino)dimethylsilyl] ethane and 
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ozone precursors. Here the problem was that the highly reac-
tive ozone precursor tended to degrade the carbon within the 
film upon extended exposure.

4.5. Oxyfluorides

Two deposition pathways, the HF exchange method and 
the nanolaminate method, have been demonstrated for the 
growth of aluminum oxyfluoride AlOxFy films at 150  °C using 
TMA, water, and HF as precursors.[88] Linear AlOxFy growth 
was observed during both deposition methods and the com-
positional control was achieved either by changing the HF 
pressure during the HF exposure or by varying the thickness 
of the underlying Al2O3 layer before the HF exposure or by 
changing the ratio of the number of ALD Al2O3 and AlF3 cycles.

5. Summary and Outlook

In this short review, we intended to summarize the current 
status of mixed-anion ALD and to provide some perspective for 
the potential applications of the ALD-grown mixed-anion thin 
films. As the ALD technique is becoming ubiquitous in many 
major fields of technology, the ALD fabrication of mixed-anion 
compounds may most likely become a true necessity as well. 
From the mixed-anion compounds’ point of view, the ALD fab-
rication may be deemed necessary especially in applications 
where high-quality thin films on complex geometries and struc-
tures are required.

The metastability of many of the mixed-anion compounds 
as well as the high-temperature requirement for their synthesis 
using conventional techniques has been critical bottlenecks for 
the use of these materials in devices. The unique bottom-up 
and low-temperature fabrication by ALD could solve many of 
these problems and provide with us new approaches to manip-
ulate the anion composition and the order/disorder. Several 
mixed-anion ALD processes have already shown the benefit, for 
example, the LiPON, SnON, and TiON thin films for solid-state 
battery technologies, where the O/N ratio has a huge impact 
on the actual device performance, for example, ionic conduc-
tivity and dielectric breakdown. Aluminum- and gallium-based 
oxynitride films have arisen considerable interest as well. The 
steadily increasing interest in ALD-fabricated mixed-anion com-
pounds is expected to eventually lead us to new and improved 
material functionalities for many other applications as well, in 
catalysis, energy conversion, electronics, and beyond.

Most of the functional mixed-anion materials utilized to 
date are derived from metal oxides. In the future, the ALD 
approach could be extended to many other anions and their 
combinations, including even the organic molecular anions to 
complement the play with the presently employed inorganic 
anions mostly involving O, S, N, P, or Cl. Overall, with this 
wide palette of anions (based on abundant elements) we could 
design next-generation hybrid materials not only to address the 
inherent scarcity issues of metals but also to discover entirely 
new material functionalities. For the inclusion of organic 
molecular anions such as carboxylates (e.g., terephthalate), we 
like to emphasize the great potential provided by the currently 

strongly emerging ALD/MLD technique where ALD cycles are 
combined with MLD cycles for the organic constituent.[249–252] 
This could open completely new horizons for the entire field 
of mixed-anion compounds. There is still a lot to discover in 
the field of mixed-anion ALD, both for the scientific principles 
and technological applications, which indeed makes the field 
exciting and the prospects high.
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