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For the first time an element other than a metal was deposited by atomic layer deposition (ALD).
Pure and conformal thin films of elemental antimony were prepared by ALD using SbCl3 and (Et3Si)3Sb
as precursors. In situ reactionmechanism studies showed that the dehalosilylation reactions involved
are very efficient in eliminating the ligands from the growing surface enabling the use of low growth
temperatures down to 95 �C. Various antimony compounds, such as GeSb, Sb2Te, GaSb, and AlSb,
can also be deposited by reacting (Et3Si)3Sb with other metal halides or mixing Sb growth cycles
with other ALD processes. The new antimony ALD process is a major step in the realization of
non-volatile phase change random access memories (PCRAM) and ALD of III-V compounds.

Introduction

Atomic layer deposition (ALD) is a unique modification
of the Chemical Vapor Deposition method for highly
controlled deposition of thin films.1-3 Unique to ALD
is that precursor vapors are brought onto the substrates
alternately, one at a time, separated by purging periods
with inert gas. The film grows via saturative surface reac-
tions between the incoming precursor and the surface species
left from the previous precursor. When all the reactions
are saturative and no precursor decomposition takes
place, the film growth is self-limiting providing a number
of attractive features, such as easy and accurate film thick-
ness control down to an atomic layer level, excellent large
area uniformity, and unrivaled conformality on complex
shaped substrates. These characteristics have made ALD
the method of choice for the continuously downscaling
microelectronics, and also for many other areas, in parti-
cular nanotechnology.4,5

The success of ALD is built on chemistry: for each
material of an interest an appropriate combination of
precursormoleculesmust be found thatmatches theALD
principle of alternate supply of precursors and reacts
on the surface in the self-limiting manner without self-
decomposition. With compound thin film materials it has

been quite straightforward to find this kind of exchange
reactions; a particularly universal approach for the growth
of oxides, sulfides, and nitrides has been to exploit non-
metal hydrides with various metal precursor compounds.3

However, for elements such a universal chemistry does
not exist at least for thermalALD.With plasma enhanced
ALD in principle all elements may be attempted using
hydrogen radicals as reducing agents, but at this point it is
too early to say how universal this approach turns out.6,7

With thermal ALD, noble metals have been deposited using
O2 as the other precursor together with metal-organic
and organometallic noblemetal compounds,8-10 andWhas
been deposited by reducingWF6with silanes and boranes.

11

In addition, some other metals like Cu, Fe, Co, and Ni
have been deposited with varying success using H2 as the
reducing agent.12 In the area of metalloids and non-metals
many attempts have been made toward ALD of silicon
and germanium but no real success has been met yet.1

Recently, we reported the ALDof tellurides and selenides
using alkylsilyls of tellurium and selenium and various
halides as precursors.13 This chemistry was found towork
at very low temperatures below 100 �C, and this was
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explained in terms of a favorable formation of alkylsilyl
halides as volatile byproducts. In this article we report the
low temperature deposition of elemental antimony exploit-
ing similardehalosilylation reactionsbetween (Et3Si)3Sband
SbCl3. In addition, it will be shown that by combining the

elemental antimony ALD process with the Sb2Te3, GeTe,
and germanium antimony telluride (GST) phase change
material (PCM) processes, one can widely expand the

accessible compositions in the Ge-Sb-Te ternary system.
This is of a great importance because crystallization rate and

temperature, melting temperature, and electrical resistivities
of the amorphous and crystalline states of the phase change
material are all important factorswhichdependon the phase

change material composition and affect the performance
and data retention of PCM devices. Finally, the application
of dehalosilylation chemistry on ALD of III-V antimonide

compounds will be demonstrated.

Materials and Methods

Precursor Synthesis. (Et3Si)3Sb was synthesized by reacting

Na3Sb with Et3SiCl. Na3Sb was prepared from the elements

using naphthalene as a catalyst. Similar methods for preparing

different alkyl silyl compounds of group 15 and 16 elements

have been described in the literature.14-16 All manipulations

were done under rigorous exclusion of air and moisture using

standard Schlenk and glovebox techniques. Hexane was deoxy-

genized by bubbling with Ar and dried and stored over 4 Å

molecular sieves. Tetrahydrofuran (THF) was freshly distilled

from sodiumbenzophenone ketyl. 1H (200MHz) and 13C (50MHz)

NMR spectra were recorded with a Varian Gemini 2000 instru-

ment at ambient temperature. Chemical shifts were referenced

to SiMe4 and are given in parts per million (ppm). The mass

spectrum was recorded with a JEOL JMS-SX102 operating in

electron impact mode (70 eV) using a direct insertion probe and

a sublimation temperature range of 50-370 �C.
In a typical synthesis, 4.18 g (182mmol) of Na cut in very thin

slices, 7.38 g (61 mmol) of Sb powder, and 0.2 g of naphthalene

were added into 200 mL of dimethoxyethane (DME) in a Schlenk

bottle. The mixture was refluxed for 2 days and then cooled to

room temperature. A 30.00 g portion (276mmol) of Et3SiCl was

added, and themixture was again refluxed for 2 days. DMEwas

then evaporated, and 100 mL of hexane was added and the

mixture was filtered with a Schlenk sinter. Hexane was evapo-

rated off from the filtrate leaving a yellow-orange liquid. Yield:

22.28 g (77.5%) δH(200 MHz, CDCl3) 0.84 (q, 18H, CH2), 1.00

(t, 27H, CH3); δC(50MHz, CDCl3) 9.17 (SiCH2), 9.17 (CH3).m/z

(EI, 70 eV) 466 [M]þ, 437 [(Et3Si)3Sb - Et]þ, 409 [(Et3Si)2Sb-

SiEtH]þ, 379 [(Et3Si)2SbSi]
þ, 351 [(Et3Si)2Sb]

þ, 322 [(Et3Si)2Sb

- Et]þ, 319, 294 [(Et3Si)SbSiEtH]þ, 266 [(Et3Si)SbSiH2]
þ.

Film Deposition. The films were deposited onto 5 � 5 cm2

native SiO2/Si and soda lime glass substrates in flow-type F-120

ALD reactors (ASMMicrochemistry Oy, Helsinki, Finland).17

The ALD reactors were operated under a pressure of about

10 mbar using nitrogen (made on site by a Nitrox UHPN 3000

generator, rated purity of 99.9995%) as a carrier and purging

gas. The precursors SbCl3, (Et3Si)3Sb, GeCl2 3C4H8O2, GaCl3,

and AlCl3 were evaporated from open glass vessels inside the

reactors at 30, 85, 65, 20, and 90 �C, respectively, and pulsed

with inert gas valving.

Reaction Mechanism Studies. The in situ experiments were

carried out at 98 �C in a specially modified F-120 reactor where

the total area of the substrates was about 3500 cm2.18 The SbCl3
pulses were usually 15 s long, the (Et3Si)3Sb pulses 55 s long, and

the purge periods 55 s long. Long pulse times were necessary to

obtain stable QCM signals. Then also physisorption of excess

precursor molecules occurred requiring long purge periods to

desorb. The QMSwas aHidenHAL/3F 501 RCwith a Faraday

detector and an ionization energy of 70 eV. The pressure was

reduced to about 1� 10-5 mbar in the QMS chamber by dif-

ferential pumping through a 100 μm orifice. The QCM was a

Maxtek TM 400 with a sampling rate of 20 Hz.

From the QMS result that p% of the Et3SiCl is released

during the SbCl3 pulse as compared to a complete ALD cycle,

n is obtainedas 3p/100, since in reactions 2a-b (see below), a total

of three Et3SiCl molecules are released. From the QCM result

m1/m0, n is obtained with molecular masses according to m0 =

2M(Sb)=243.6 andm1=M(SbCl3) - nM(Et3SiCl)=228.15-
108.642n, which give m1/m0 = (228.15 - 108.642n)/243.6 and

further n=(228.15 - 243.6 m1/m0)/108.642.

Film Characterization. The electron micrographs were obtained

using aHitachi S-4800 field emission scanning electronmicroscope.

Film compositions were determined by using an INCAEnergy 350

EDXspectrometer connectedwith the S-4800 and aGMRelectron

probe thin film microanalysis program.19 Film crystallinity was

examined with a PANalytical X0Pert Pro MPD X-ray diffracto-

meter. For in situ X-ray diffraction (XRD) measurements an

Anton-Paar HTK1200N oven was used. Film thicknesses were

measured by X-ray reflection (XRR) using a Bruker D8 Advance

X-ray diffractometer. Surface resistances were measured with a

CPS four-point probe (Cascade Microtech Inc.) and a Keithley

2400 SourceMeter.

To analyze light impurities, time-of-flight elastic recoil detec-

tion analysis (TOF-ERDA)was carried outwith a 5MV tandem

accelerator EGP-10-II using 48 MeV 79Br9þ as a primary beam.20

The results of the depth profiling should be regarded as only

suggestive. The slopes and long tails in the Sb, Ge, and Si signals

are not real, but generated by multiple scattering. As such the

depth profiles can, however, be used to estimate whether the

impurities reside at the interfaces or in the bulk of the film.

Preparation of Sb Nanotubes. Sb nanotubes were prepared at

100 �C using a porous alumina membrane (Whatman Anodisc)

as the template. The membrane has pores of approximately

60 μm in length and 0.2 μm in diameter, giving an aspect ratio of

300:1. 1000 ALD cycles were applied with pulse lengths of 2 and

4 s for SbCl3 and (Et3Si)3Sb, respectively, and 10 s purges for

both. The alumina membrane was subsequently dissolved in

0.5 M KOH at 30-35 �C to give free-standing nanotubes of up

to 10μmin length.Even longer tubeswouldmost likely be obtained

by using longer pulse and purge times for the precursors.

Results

ALD of Elemental Antimony. Antimony, a Group 15
semimetal, has been widely used in lead batteries and as a
dopant in the semiconductor industry, and it has also been
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studied as a pH electrode.21,22 In thin film form Sb has been
utilized as a lens material in super-resolution near-field
structures (super-RENS) which may allow optical media
with recording marks below the optical diffraction limit.23

Elemental Sb films were deposited in flow-type ALD
reactors (F-120, ASM Microchemistry) using SbCl3 and
(Et3Si)3Sb as the precursors. Soda lime glass and silicon
with native oxide were used as the substrates. (Et3Si)3Sb
synthesized in house (see the Methods section) is a liquid
at room temperature and was evaporated at 85 �C from
an open boat inside the reactor. The evaporation tem-
perature of SbCl3 was 30 �C. Clear mirror-like films were
producedatdeposition temperaturesof 95-250 �C.Figure 1a
shows that at 95 �C the growth rate saturates to 0.45 Å/
cycle at a (Et3Si)3Sb pulse length of 1 s. The SbCl3 pulse
length was kept at 1 s, and all the purges were 2 s. The

correlationbetween film thickness andnumber of deposition
cycles was also linear, as seen in Figure 1b. As character-
istic to ALD, the film growth is thus self-limiting, and
the film thickness is dictated by the number of deposition
cycles applied. FESEM images of the same films are
shown in the Supporting Information, Figure S1. After
100 ALD cycles the film is not continuous but the nu-
cleation density on native SiO2/Si appears quite high. With
larger number of ALD cycles continuous films are pro-
duced, and their roughness and grain size increase as a
function of cycle number. Figure 1c shows that the growth
rate decreases quite abruptly when the temperature is
increased from 100 to 150 �C, stabilizes to∼0.2 Å/cycle at
150-200 �C, and then decreases again.24 No film grew at

Figure 1. Characteristics of the SbCl3-(Et3Si)3Sb ALD process. (a) Growth rate of Sb films as a function of (Et3Si)3Sb pulse length at 95 �C. (b) Sb film
thickness as a function of the number of ALD cycles at 95 �C. (c) Growth rate of Sb films as a function of deposition temperature. (d) Grazing incidence
XRDpattern of a Sb filmprepared at 95 �Cusing 1000ALDcycles. (e) Resistivity as a function of deposition temperature. (f) TOF-ERDAdepth profile of
a film grown at 100 �C.
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300 �C. FESEM images of Sb films grown at different
temperatures are shown in the Supporting Information,
Figure S2. Films prepared at 100 and 125 �Cappear dense
with few isolated grains on top. At 150-200 �C films start
to appear slightly porous with voids between grains. At
250 �C only isolated grains are seen. The nucleation density
thus appears to decrease when the temperature is increased.
All the antimony films were polycrystalline (Figure 1d)
with reflections identified as rhombohedral Sb.25

The resistivities of the films grown on soda lime glass
were fairly close to the bulk values of Sb (41.7 μΩ cm).21

Values between 60-100 μΩ cm were typically obtained
with a four point probe. Figure 1e shows that the mini-
mum in resistivity, 65 μΩ cm, occurred at a deposition
temperature of 125 �C. The low resistivity values are
reflected by the low impurity content measured by
TOF-ERDA from a Sb film deposited at 100 �C.Chlorine
was not detected at all, and the other impurity contents
averaged over the whole film were H 0.6 ( 0.2, C 1.0 (
0.2, and O 3.5( 0.3 at. %. As seen in the depth profile in
Figure 1f, most of the oxygen was located in the interface
regions, and more so at the film surface. The C and H
impurities were concentrated in the film/substrate inter-
face region. The contents of the impurities in the bulk of the
filmwere thus exceptionally low, given the low deposition
temperature of 100 �C.
The conformality of the new Sb process was studied by

depositing an Sb film on a high aspect ratio trench struc-
ture at 100 �C. As seen in the cross-section FESEM image
(Figure 2a) the film thickness appears the same in all areas
of the test structure. Saturative film growth through self-
limiting surface reactions, as characteristic to a good
ALD process, is responsible for the observed excellent
conformality. Sb nanotubes (Figures 2b-2d) were also
prepared using template-directed deposition26 with anodic
alumina as the template that was removed after the Sb
deposition (see theMethods section). The nanotubeswere
approximately 10 μm long and contained only minor
amounts of impurities as judged by EDX (see Supporting

Information, Figure S3). The new Sb process can thus
be used to prepare various nanostructures by exploiting
all the good qualities of ALD. It should also be pointed
out that the low deposition temperature enables the use of
many temperature sensitive materials such as polymers
and biological materials as templates.
The growthmechanism of the Sb process was studied in

situ at 98 �Cwith a quadrupolemass spectrometer (QMS)
and a quartz crystal microbalance (QCM) integrated into
a flow-type ALD reactor.18 The volatile byproduct of
the process was concluded to be Et3SiCl similar to the
SbCl3-(Et3Si)2Te and GeCl2 3C4H8O2-(Et3Si)2Te pro-
cesses previously investigated with the same equipment.27

Therefore the net reaction of the SbCl3-(Et3Si)3Sb ALD
process depositing elemental antimony is a dehalosilyla-
tion reaction.

SbCl3ðgÞþ ðEt3SiÞ3SbðgÞ f 2SbðsÞþ 3Et3SiClðgÞ ð1Þ

This reaction also involves comproportionation of anti-
mony. In a comproportionation reaction the same element is
both oxidized and reduced so that on the reactant side the
element exists at two oxidation states (in this case SbþIII

and Sb-III) and on the product side at one (Sb0) which is
between the two oxidation states on the reactant side.
Similarly developing and about equally strong QMS

signals atm/z=121 (Et2SiCl
þ) andm/z=93 (HEtSiClþ),

depicting the byproduct Et3SiCl, were observed in the
SbCl3-(Et3Si)3Sb process. The former was mainly used in
the measurements that were aimed at quantifying how
much byproduct is released at each step of an ALD cycle,
an example of which is given in Figure 3a. The pattern
displays a large and tall peak during the SbCl3 pulse and a
small and flat peak during the (Et3Si)3Sb pulse, so Et3SiCl
is released during both precursor pulses but in greater
amounts during the SbCl3 pulse. If either of the precur-
sors is pulsed repeatedly, no peak rises, so there are no
interfering backgrounds. However, the (Et3Si)3Sb pulse
leaves the baseline a bit risen.
Comparison of the intensities of the peaks during the

two different precursor pulses integrated from the base-
line level indicates that (75 ( 7)% (N=34) of Et3SiCl is
released during the SbCl3 pulse as compared to a com-
plete ALD cycle. However, there is a certain trend in
the data; actually the mentioned fraction changes from
(83( 5)% (N=11) to (70( 4)% (N=20) during a mea-
surement session. The origin of this trend is discussed in
more detail in the Supporting Information. The error
limits are standard deviations, and N is the number of
measurements.
Figure 3b showsQCMdata of the process.During both

precursor pulses the mass signal ascends and during both
purge periods it descends to obtain a plateau. The descent
during the purge periods is attributed to a desorption of
physisorbed excess precursor molecules, cf. ref 27. The
mass change after the SbCl3 pulse and the following purge
is denotedm1, and themass change after a complete ALD

Figure 2. Conformality testing of the SbCl3-(Et3Si)3Sb ALD process.
(a) Cross-section FESEM image of a Sb film deposited on a high aspect
ratio trench structure. (b)-(d) FESEM images of Sb nanotubes prepared
using a porous alumina membrane (Whatman Anodisc) as a template.
The deposition temperature was 100 �C and amount of ALD cycles 1000.
Pulse/purge lengths were 2/10 s for SbCl3 and 4/10 s for (Et3Si)3Sb.

(25) International Centre forDiffractionData (ICDD), Card 35-0732.
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cyclem0. As a result QCM gives thatm1/m0 changes from
-0.08 ( 0.19 (N=15) to 0.27 ( 0.11 (N=18) during a
measurement session and is in average 0.11 ( 0,23 (N=
33). It was also verified that no net mass increase is
observed with the QCM when either of the precursors is
pulsed repeatedly, so no decomposition of the precursors
occurs.
BecauseEt3SiClwas the only gaseous byproduct detected,

and itwas foundbeing releasedduringbothprecursorpulses,
the process must follow the exchange reactions 2a-b.

n - SiEt3ðsÞþ SbCl3ðgÞ f -SbCl3- nðsÞþ nEt3SiClðgÞ
ð2aÞ

-SbCl3- nðsÞþ ðEt3SiÞ3SbðgÞ f 2SbðsÞþ n -SiEt3ðsÞ

þ ð3- nÞEt3SiClðgÞ ð2bÞ

During the SbCl3 pulse (eq 2a) the SbCl3 molecules adsorb
and react with the -SiEt3 groups left on the surface after
the previous (Et3Si)3Sb pulse and converts the surface
to chloride terminated. With QMS and QCM it is not
possible to identify whether the -SiEt3 (or -Cl) ligands
are bonded to the same or different Sb atoms on the surface,
for example, whether =SbSiEt3 groups or -Sb(SiEt3)2
groups or both occur on the surface. The parameter
n depicts the number of chloride ligands released, in
average, from each adsorbing SbCl3 molecule. Its value
depends on the concentration of the-SiEt3 groups on the
surface. The remaining chloride ligands are eliminated
during the following (Et3Si)3Sb pulse (eq 2b), and thus the
value of n does not bear any information about film
contamination which arises from incompleteness of the
reactions. The parameter n was determined independently
fromboth theQMSandQCMresults. According toQMS
(QCM) n changes from 2.49( 0.14 (2.28( 0.43) to 2.10(
0.12 (1.49 ( 0.26) being in average 2.24 ( 0.22 (1.85 (
0.53) (see the Methods section for derivations). QCM
gives somewhat smaller values than QMS, but the QCM
results also display greater deviations. The accentuated
average of the averages according to QMS and QCM is
n=2.13, which is to be regarded as the final result best
corresponding to practical growth experiments as far as
we can tell.
ALD of Antimony Containing Phase Change Materials.

Antimony is a constituent of many phase change materials

Sb-Te, Ge-Sb, Ge-Sb-Te (GST), andAg-In-Sb-Te
(AIST) used in phase change random access memories
(PCRAM, PCM) and CDs, DVDs, and Blu-ray discs.28-33

PCM has recently gained interest as a potential memory
technology beyond flash.28-31 The operation of a PCM
cell is based on the reversible phase change and the large
resistivity difference between amorphous and crystalline
states of the material. The switching in a phase-change
memory cell is accomplished by heating the material
locally with suitable current pulses which, depending on
the intensity of the pulse, leave thematerial in a crystalline
or amorphous state. Sputtering has usually been used in
the deposition of PCM materials, but more conformal
chemical deposition methods will be needed in the future
when demanding 3-D pore-like cell structures will be
utilized to reduce the programming current and minimize
thermal crosstalk of the memory cells.31 The thin film
depositionmethodsmust not only offer a good conformality
but also a good control of the film composition. The
following examples demonstrate how the current antimony
ALD process adds a new dimension in tailoring the film
composition of antimony containing phase change materials.
ALD of Sb-Te. In addition to the stoichiometric com-

pound Sb2Te3, various other Sb-Te compositions, such
as Sb2Te, are important in PCM applications. The pre-
viously reported SbCl3-(Et3Si)2TeALDprocess produces
only stoichiometric Sb2Te3, without any possibility for
composition control.13 However, good composition control
can be achieved when (Et3Si)3Sb is used as a third pre-
cursor in the Sb-Te deposition process. To demonstrate
this, Sb-Te films were grown bymixing Sb cycles (SbCl3þ
(Et3Si)3Sb) with Sb2Te3 cycles (SbCl3 þ (Et3Si)2Te) at a
deposition temperature of 95 �C. Pulse lengths of 1 s were
used for SbCl3 and (Et3Si)2Te and 2 s for (Et3Si)3Sb. The
purge lengths were all 2 s. Figure 4a depicts the film
composition as a function of Sb2Te3/(Sb2Te3þSb) cycle
ratio. The compositions of pure Sb and Sb2Te3 are also
indicated for clarity. It seems that there are two linear

Figure 3. In situ reaction mechanism studies of the SbCl3-(Et3Si)3Sb ALD process. (a) QMS (m/z= 121, Et2SiCl
þ, fragment of Et3SiCl) and (b) QCM

results collected at a deposition temperature of 98 �C.

(28) Ovshinsky, S. R. Phys. Rev. Lett. 1968, 21, 1450.
(29) Welnic, W.; Wuttig, M. Mater. Today 2008, 11, 20.
(30) Atwood, G. Science 2008, 321, 210.
(31) Lacaita, A. L. Solid-State Electron. 2006, 50, 24.
(32) Yamada, N.; Ohno, E.; Nishiuchi, K.; Akahira, N. J. Appl. Phys.

1991, 69, 2849.
(33) Matsunga, T.; Umetani, Y.; Yamada, N. Phys. Rev. B 2001, 64,

184116.
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regions; a subtle change in composition up to a cycle ratio
of 0.66 and then a more pronounced one from 0.66 to 1.
It is clear that Sb-Te films with varying compositions
can be prepared using ALD by adjusting the cycle ratio.
Figure 4b shows the dependence of the growth rate on the
cycle ratio. The growth rate seems to saturate to 0.15 Å/
cycle with cycle ratios of 0.66 or higher. The growth rate
of Sb2Te3 is not shown here, but it should be around 0.15 Å/
cycle as well at this temperature.13 All the Sb-Te films
were crystalline showing a similar rhombohedral struc-
ture as pure Sb (Supporting Information, Figure S4) and
no chlorine could be detected by EDX.
ALD of Ge-Sb. Ge-Sb, especially with the eutectic

composition Ge15Sb85, is an important tellurium free
PCM material.34 It has a relatively high crystallization
temperature making it suitable for memory applications
where data retention at elevated temperatures is required.
By exploiting the new SbALDprocess, Ge-Sb films with
varying compositions were grown by ALD using GeCl2 3
C4H8O2, (Et3Si)3Sb, and SbCl3 as precursors. When only
GeCl2 3C4H8O2 and (Et3Si)3Sb were pulsed onto the sub-
strate, a film with a composition of Ge82Sb18 was pro-
duced (Figure 5a).GeCl2 3C4H8O2 and (Et3Si)3Sb thus react
with each other. When Sb cycles ((Et3Si)3Sb þ SbCl3) were
mixed with the GeSb cycles (GeCl2 3C4H8O2 þ (Et3Si)3Sb),

the composition could be accurately controlled as seen in
Figure 5a. The dependence of the growth rate on the
GeSb/(GeSbþSb) cycling ratio was linear (Figure 5b).
Some chlorine impurities could be detected in the Ge-Sb
films by EDX, and a clear trend was observed: the higher
the GeSb/(GeSbþSb) cycle ratio the higher the chlorine
residue contents. This suggests that the chlorine origi-
nates from the Ge precursor and/or binds with Ge in the
film. A more accurate impurity analysis using TOF-
ERDA was conducted for a Ge22Sb78 film and opposed
to the Sb film the impurities were found uniformly
throughout the film (Supporting Information, Figure
S5). The impurity contents were: H 3.2 ( 0.7, C 1.1 (
0.2, O 9.1 ( 0.8, and Cl 1.0 ( 0.2 at. %. The chlorine
content is not alarmingly high but considerable amounts
of oxygen were found instead. Probably some oxidation
had occurred when the film was exposed to air.
All the prepared Ge-Sb films were amorphous in the as-

deposited state. The crystallization behavior of a Ge23Sb77
film was studied by high-temperature XRD (HTXRD) in a
N2 atmosphere (Figure 5c). Crystallization started around
250 �C with the appearance of Sb reflections.25 At 325 �C
weak Ge reflections began to appear indicating Ge pre-
cipitation.35 These observations are consistent with litera-
ture on sputtered GeSb films of similar composition.34

ALD ofGe-Sb-Te.Wehave earlier reported theALD
of GeTe, Sb2Te3 andGST using halides of Ge and Sb and

Figure 4. ALD of Sb-Te films. (a) Composition and (b) growth rate as a function of Sb2Te3/(Sb2Te3þSb) cycle ratio.

Figure 5. ALDofGe-Sb films. (a) Composition and (b) growth rate as a function ofGeSb/(GeSbþSb) cycle ratio. The impurity contents were not taken
into account in the composition plot. (c) HTXRDplotmeasured fromaGe23Sb77 film.All theGe-Sb filmswere deposited at 95 �Cusing pulse/purge times
of 4/6, 1/2 and 2/2 s for GeCl2 3C4H8O2, SbCl3, and (Et3Si)3Sb, respectively.

(34) Raoux, S.; Cabral, C.; Krusin-Elbaum, L.; Jordan-Sweet, J. L.;
Virwani, K.; Hitzbleck, M.; Salinga, M.; Madan, A.; Pinto, T. L.
J. Appl. Phys. 2009, 105, 064918. (35) International Centre forDiffractionData (ICDD), Card 04-0545.
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alkylsilyls of Te.13 The composition of Ge-Sb-Te films
prepared using these processes is, however, restricted only
to the vicinity of the GeTe-Sb2Te3 tie line in the Ge-Sb-Te
ternaryphasediagram(Figure 6).Now, theuseof (Et3Si)3Sb
as a precursor opens a large composition window in the
phase diagram accessible to ALD. By mixing the four
binary processes indicated in Figure 6 in appropriate
ratios, films with any composition within the white area
in the diagram can now be readily grown by ALD. Many
important PCRAMmaterials lie within this composition
range. To demonstrate the freedom to choose the stoichi-
ometry, we deposited additional films with compositions
Ge4Sb62Te34 and Ge35Sb44Te21 (Figure 6).
ALD of GaSb and AlSb. Antimony containing III-V

semiconductors AlSb, GaSb, and InSb and their mixtures
have various electronic and photonic device applications
such as bipolar transistors, field effect transistors, lasers,
and IR detectors.36,37 Therefore it is of an interest to
explore the applicability of the new (Et3Si)3Sb precursor
also for these materials. Indeed, also gallium chloride
(GaCl3) was found reactive toward (Et3Si)3Sb. Deposi-
tion experiments showed that films with a composition of
roughly GaSb2 were produced at 150 �C. Pulse length series
of both GaCl3 and (Et3Si)3Sb indicated that the growth
rate saturated to around 0.7 Å/cycle (Supporting Informa-
tion,Figures S6andS7).All the filmswereXRDamorphous
asdeposited.The films containedalso someoxygen (approx-
imated 5-15 at %) and chlorine (1-6 at %) impurities.
Some oxidation of the films likely occurred after being
exposed to ambient atmosphere as judged from the change
of film appearance and the high oxygen content. These
facts most likely caused the scatter seen in the data points
in Supporting Information, Figures S6 and S7.
Preliminary studies have shown that AlCl3 and (Et3Si)3Sb

react also resulting in films with an excess of Al. Most

likely the excess Al is in the form of an oxide. The cubic
AlSb phase38 was, however, detected by XRD in a film
deposited at 300 �C (Supporting Information, Figure S8).
To our knowledge these are the first experimental results
on theALDof III-Vantimonide compounds ever reported.
Further improvement in film purity will be looked for by
depositing the films in epitaxial form.

Discussion

Dehalosilylation reactions have been known already
for quite some time.39 This chemistry has been used to
grow InP, GaAs, and InAs materials from solution at
room temperature.39-41 Also, many sulfides have been
prepared from (R3Si)2S and halide compounds.42 The
reactions are usually fast, highly exothermic, and clean
with very little impurities found in the product. These are
all interesting observations from the ALD point of view.
Fora successfulALDprecursor combination,high reactivity
is a key requirement1-3 which many reported dehalosily-
lation reactions seem to meet. Other important ALD
precursor requirements are sufficient volatility and thermal
stability in the process temperature. So far, our experi-
ence in using alkylsilyls of Sb, Te, andSe inALD indicates
that these requirements are also met. It is rather the prop-
erties of the other reactant (i.e., halide) that may limit the
use of dehalosilylation reactions in ALD in some cases.
The process for elemental antimony reported here is quite

unique when compared to the other existing ALD processes
for elemental thin films. Typically there is only oneprecursor
compound containing the element to be deposited, and this
compound is reacted with O2, H2, silane, or borane to
eliminate the ligands. Here for the first time in ALD two
different precursors bearing the same element, but with
different oxidation states, were shown to result in clean
ligand removal and deposition of elemental films through
dehalosilylation that also involves comproportionation of
the element being deposited. This is a fundamentally new
approach for ALD which could work with elements other
than antimony as well, provided that the right chemistries
could be found. On the other hand, comproportionation is
especially typical for the group 15 elements with reactions 3
and 4 being common textbook examples. In reaction 4
nitrogen undergoes exactly the same changes in oxidation
states as antimony in reaction 1.

NH4NO3ðsÞ f N2OðgÞþ 2H2OðgÞ ð3Þ

NH4NO2ðsÞ f N2ðgÞþ 2H2OðgÞ ð4Þ
The possibility to grow GaSb and AlSb films by ALD

has been demonstrated for the first time. New types of
devices based on these III-V materials can be envisaged
where conformal films are required. We also predict that

Figure 6. Ternary phase diagram for Ge, Sb, and Te. The white area
indicates the compositions now accessible by ALD. Blue circles represent
actual thin film samples prepared by ALD and measured by EDX.
Impurities were left out from the composition assessment.
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by using similar dehalosilylation chemistry as reported
here, but for arsenic or phosphorus, low temperature
ALDof other important III-Vcompounds such asGaAs
or InP might be possible. Previously ALD of III-V com-
pounds has been attempted using chemistry borrowed
from MOCVD, that is, metal alkyl compounds reacting
with non-metal hydrides.43 In addition metal chlorides
have been used as precursors.44 The processes have not
been very successful, and in many cases use of very high
temperatures orplasmaor laser assistancehasbeen required.
Interesting results have been obtained with t-butylarsine
at temperatures near 400 �C or more though.45,46 Con-
clusion on the earlier III-V ALD studies is not straight-
forward since all the papers are strictly focused on epitaxy.
However, we believe that the dehalosilylation chemistry
may open up a new era in III-V ALD chemistry.

Conclusions

Wehave shown that (Et3Si)3Sb is reactive toward SbCl3
and other metal chlorides at relatively low temperatures

in ALD conditions. The control of Sb content in alloy
films using the new SbCl3-(Et3Si)3Sb process allows
plasma-freeALDgrowth ofmany phase changematerials
which were not previously possible. These include pure
Sb, Sb2Te, and Ge15Sb85, among others. Sb-rich GST
materials, which were recently shown to exhibit polarity-
dependent resistance switching, could also be prepared.47

In addition, the ALD of III-V antimonides seems quite
promising. The results presented here together with our
earlier reported telluride and selenide ALD processes13

offer a large selection of materials which can now be
deposited conformally on demanding 3D structures. The
use of efficient dehalosilylation reactions in ALD has
opened up a great number of new possibilities.
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