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Thin films of Mn+1AXn layered compounds in the Ti-Si-C system were deposited on MgOs111d and
Al2O3s0001d substrates held at 900°C using dc magnetron sputtering from elemental targets of Ti, Si, and C.
We report on single-crystal and epitaxial deposition of Ti3SiC2 (the previously reportedMAX phase in the
Ti-Si-C system), a previously unknownMAX phase Ti4SiC3 and another type of structure having the stoichi-
ometry of Ti5Si2C3 and Ti7Si2C5. The latter two structures can be viewed as an intergrowth of 2 and 3 or 3 and
4 M layers between eachA layer. In addition, epitaxial films of Ti5Si3Cx were deposited and Ti5Si4 is also
observed. First-principles calculations, based on density functional theory(DFT) of Tin+1SiCn for n=1,2,3,4
and the observed intergrown Ti5Si2C3 and Ti7Si2C5 structures show that the calculated difference in cohesive
energy between theMAX phases reported here and competing phases(TiC, Ti3SiC2, TiSi2, and Ti5Si3) are very
small. This suggests that the observed Ti5Si2C3 and Ti7Si2C5 structures at least should be considered as
metastable phases. The calculations show that the energy required for insertion of a Si layer in the TiC matrix
is independent of how close the Si layers are stacked. Hardness and electrical properties can be related to the
number of Si layers per Ti layer. This opens up for designed thin film structures the possibility to tune
properties.

DOI: 10.1103/PhysRevB.70.165401 PACS number(s): 68.55.Nq, 81.15.Cd, 71.20.Be, 31.10.1z

I. INTRODUCTION

MAX-phases are a group of ternary and layered com-
pounds with Ti3SiC2 as the most studied representative. The
composition of these compounds can be written as
Mn+1AXn sn=1–3d whereM is an early transition metal,A is
a p element, usually group IIIA and IVA andX is carbon or
nitrogen.1,2 Figure 1 shows the three different crystal struc-
tures that have been described in the literatureM2AX,
M3AX2, and M4AX3, henceforth called 211, 312, and 413,
respectively. These structures can be described as a nano-
laminate with layers of a binary carbide or nitrideMX inter-
leaved with a single layer ofA atoms. The insertion ofA
layers means thatM-A bonds replaceM-X bonds. The dif-
ference between, e.g., Ti3SiC2 and pure TiC is that single
layers of interstitial C atoms have been exchanged with Si
layers. In addition, the nanolaminate TiC layers on each side
of the inserted Si layers are twinned with the Si layer as a
mirror plane.1,3,4The major difference between theMn+1AXn,
n=1,2,3, phases is the number of insertedA layers perM
layer. This value can vary from, e.g., 0.5A-layer/M-layer in
the 211 phase to 0.25A layer/M-layer in the 413 phase. It is
likely that the stability and physical properties of different
Mn+1AXn phases can be understood from a detailed study of
the M-A and M-X interactions. It has been shown thatab
initio calculations can be a useful approach to bring light on
this topic, for example in Refs. 5 and 6.

The nanolayered structure of Ti3SiC2 with one Si layer for
every three Ti layers gives this compound a combination of
very interesting and useful characteristics.7 It is reported to
have refractory ceramic properties and yet be damage toler-
ant and withstand thermal shock in combination with good

electrical and tribological properties.8–13 It is also easily ma-
chinable and exhibits surface orientations with low friction
and self-lubricating properties.14,15 Figure 2 shows a ternary
section of the Ti-Si-C system determined at 1100°C by
Wakelkampet al.16 The phase diagram suggests that the only
stable Tin+1SiCn MAX phase is Ti3SiC2. Ti3SiC2 can be syn-
thesized as bulk material using sintering17 and as thin film
materials by chemical vapor deposition18 and magnetron
sputtering.19 We have in recent studies described three ap-
proaches to deposit single crystal and epitaxial films of

FIG. 1. (Color online) Mn+1AXn phase structures forn=1, 2, and
3 giving the three known subgroups referred to as 211, 312, and
413. Each structure shows one unit cell and the arrows show the Si
layers. Thec axis can be predicted in any givenMAX structure by
adding together the right number of Ti-Si-Ti and Ti-C-Ti distances,
markeddSi anddC in the figure.
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Ti3SiC2 using (i) sputtering of Ti and Si with C60 as carbon
source,19,20 (ii ) sputtering from a Ti3SiC2 compound
target,19,20and(iii ) unbalanced dc magnetron sputtering from
individual Ti, Si, and C targets.20,21 The MAX phases could
be suitable for thin film applications such as, for example,
low-friction gliding electrical contacts or as corrosive pro-
tecting coatings.

Considering the variety ofMn+1AXn phases for other tran-
sition metals, it is possible that otherMAX phases can exist
in the Ti-Si-C system, especially in the low-temperature re-
gime where kinetic constraints can stabilize metastable
phases. Such phases may exhibit properties similar, or per-
haps, superior to Ti3SiC2. The main objective with this study
is to make a systematic study of the phase formation in the
Ti-Si-C system with a special emphasis to synthesize
Tin+1SiCn MAX phases using thin film deposition. This
means that we have concentrated our deposition experiments
to films with 50 at % Ti and varied the Si and C contents. For
this purpose, we employ dc magnetron sputtering from three
targets, which offers the best control of the individual el-
emental fluxes.21 Magnetron sputtering is also known to sta-
bilize metastable phases since it is a synthesis technique that
does not utilize thermodynamic equilibrium. The experimen-
tal study has been combined with theoreticalab initio calcu-
lations to achieve a better understanding of the phase stabil-
ity in the Tin+1SiCn system. In particular, the effect of
Si/Ti-layer ratio and its effect on stability and properties of
the resulting Tin+1SiCn MAX phases are investigated.

II. EXPERIMENTAL SETUP

The Ti-Si-C films were deposited in an ultra high vacuum
chamber(base pressure: 1310−9 Torr) using unbalanced dc
magnetron sputtering from three targets. Ti and C were sput-
tered from 3 in. targets and Si from a 1 in. target using 4
m Torr Ar pressure. The purity of the Ti, C,(pyrolytic graph-
ite) and Si targets were 99.9, 99.9, and 99.999%, respec-

tively. The individual fluxes of Ti, Si, and C were calibrated
separately and controlled by the magnetron current. The Ti
target was kept constant at 310 mA, while the Si and C tar-
gets were varied from 18 to 60 mA and 270 to 340 mA,
respectively, which gave discharge voltages of,,325,
450–500, and 510–550 V, respectively. The deposition rate
was about 33 Å/min for the Tin+1SiCn films. Most films
were deposited for 30 min giving,1000 Å thick Tin+1SiCn
films. Prior to deposition, the substrates, MgOs111d,
MgOs100d, and Al2O3s0001d were degreased in trichloroet-
hylene and isopropanole, thereafter preheated in the vacuum
chamber to.800°C for 1 h. The substrates were resistively
heated from the backside and the temperature was monitored
using a pyrometer.

A 200-Å-thick TiC seed layer film was deposited for
8 min at 900°C to aid theMAX film nucleation. During
deposition there are two ways to initiate the Tin+1SiCn film
growth:(i) The Si magnetron is started during the Ti-C depo-
sition without interrupting the film growth.(ii ) The TiC
growth is interrupted using a shutter placed in front of the
substrates while the Si magnetron is started. After a few min-
utes, when the magnetrons are stable, the shutter is removed
and Ti-Si-C deposition is initiated. Both methods were tested
and work equally well. To study the overall behavior of thin
film growth in the Tin+1SiCn system multilayerMAX films
were deposited such that the composition was changed every
1000 Å of growth. Figure 3 shows a schematic sketch of
how this was carried out. The multilayer film deposition
started with a stable 312 growth on TiC. Thereafter, the
deposition fluxes were adjusted towards higher or lower Si
content, in order to decrease or increasen in Tin+1SiCn (route
a andb, respectively, in Fig. 3). Also, during this procedure
the C content was adjusted correspondingly.

All films were characterizedex situwith x-ray diffraction
(XRD). u-2u scans andv scans[rocking curve(RC)] were
recorded with a Siemens D5000(Cu Ka radiation) using an
x-ray Göbel-mirror setup and a Soller slit on the detector.w
scans and reciprocal space maps(RSMs) were performed to
characterize the epitaxial relationships. The chemical compo-
sitions of the films were studied with x-ray photoelectron
spectroscopy(XPS) using a Phi Quantum 2000 instrument
with monochromatizied AlKa radiation. XPS depth profiles
were made with an argon ion sputter. A Ti3SiC2 standard
(Kanthal AB, Sweden) was used to calculate sensitivity fac-
tors for the quantitative analysis.

FIG. 2. The ternary phase diagram of Ti-Si-C determined at
1100°C after Wakelkampet al. (Ref. 16). T1=Ti3SiC2.

FIG. 3. Schematic sketch of how the multilayer films were de-
posited. Route(a) gives a film with lower Si content and route(b)
films with higher Si content(note that the 211 phase was not ob-
served within this study).
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The transmission electron microscopy(TEM) investiga-
tions were carried out using a JEOL 2010 FEG analytical
STEM and a Philips CM 20 UT for high-resolution micros-
copy (HREM). A Technai 200 UT instrument was used for
high-angle annular dark field(HAADF) in 1.4 Å probe scan-
ning TEM mode imaging. Cross sectional samples were pre-
pared using low-angles4°d ion milling, in a Gatan PIPS op-
erated at 5 kV. A final polishing stage using low-energy ions
at 2 kV was applied to remove the amorphous surface layer
formed in the previous stage.

Four-point-probe(Jandel,I =4.532 mA) was used to mea-
sure the sheet resistanceRS. The bulk resistivityr was cal-
culated from the film thickness t:

RS= 4.532sU/Id andr = RS t.

The TiC seed layer has been omitted when presenting the
resistance data. The system can be viewed as two parallel-
coupled resistors where the resistance in the TiC is about one
order of magnitude larger than theMAX-phase film and also
less than 20% of the total film thickness. This means that the
TiC contribution to the total sheet resistance is more or less
negligible. Hardness and Young’s modulus were measured at
room temperature on.0.5-mm-thick films with a Tribo-
scope®(Hysitron, Inc.) using a three-sided pyramidal Berk-
ovich indenter. The properties were calculated using the Ol-
iver and Pharr method.22 A series of six indents in the range
of 100 to 3000mN were made for every load. An atomic
force microscope(AFM) imaging system was connected to
the indentation system to display indents and plastic defor-
mations around the indented surface as we report
elsewhere.23

III. EXPERIMENTAL RESULTS

A. Epitaxial Ti n+1SiCn growth on TiC„111… seed layer

The MAX-phase films in this study were deposited on a
200-Å-thick TiC seed layer on MgOs111d and Al2O3s0001d
to obtain reproducible nucleation conditions. The TiC com-

position was determined with XPS to TiC0.7–0.8.
MgO and TiC have aB1 structure with the nominal mis-
match 2.5%.w scans show epitaxial “cube-on-cube” growth
between the two, i. e. TiCs111d / /MgOs111d with

TiCf1 1̄0g / /MgOf1 1̄0g in-plane relationship. Although
the mismatch between TiCs111d and Al2O3s0001d is 11.2%,
Al2O3s0001d also proves to be a good template for epitaxial
TiCs111d films and a TiCs111d/ /Al 2O3s0001d growth
is observed with an in-plane relationship of

TiCf1 1̄0g / /Al 2O3f10 1̄0g and TiCf1̄10g / /Al 2O3f2̄110g.
Table I shows the rocking curve(RC) full width at half maxi-
mum (FWHM) values of the TiC seed layer films. As can be
seen, the TiCs111d on Al2O3s0001d has a typical FWHM
value of 0.5°. In contrast, TiCs111d on MgOs111d exhibits
considerably higher FWHM values of 1.3–2.0°. The
TiCs111d surface is an excellent substrate for the Tin+1SiCn

film growth19–21 since the TiC layers in the Tin+1SiCns001d
basal plane isde facto a TiCs111d surface. All Tin+1SiCn

films in this study were found to exhibit the same epitaxial
out of plane oriented c-axis growth, i.e.,
Tin+1SiCns0001d / /TiCs111d with the in-plane relationship

Tin+1SiCnf2 1̄ 1̄0g / /TiCf1 1̄0g.

B. Ti3SiC2

According to the phase diagram in Fig. 2, the only known
thermodynamically stableMAX compound in the Ti-Si-C
system is Ti3SiC2.

16 This phase was routinely deposited as
thin films at 900°C. Figure 4 shows the XRD patterns from
Tin+1SiCn films of different composition deposited on
MgOs111d and Al2O3s0001d substrates with TiCs111d seed
layer. Figure 4(a) shows the diffractogram of a single phase
312 film on MgOs111d. With the exception of substrate and
seed layer peaks only the Ti3SiC2 000l peaks can be seen.
This epitaxial c-axis growth behavior, i.e.,
Ti3SiC2s0001d / /TiCs111d, was obtained also for
Al2O3s0001d substrates. The in-plane relationship was deter-
mined with w scans and the TiC layers in theMAX film

TABLE I. Rocking curve full width at half maximum(RC FWHM) of epitaxial films on Al2O3s0001d and
MgOs111d substrates.

Substrate

MgOs111d Al2O3s0001d
n Epitaxial film Peak RC FWHMas°d RC FWHMas°d
Seed layer TiCx (111) 1.3s1.8–2.0d 0.5s0.6–0.7d

1 Ti2SiC

2 Ti3SiC2 (0008) 0.85s1.3–2.0d 0.37s0.6–0.7d
3 Ti4SiC3 (000 10) 1.2s1.3–2.0d 0.6s0.7–0.8d
4 Ti5SiC4

1.5 Ti5Si2C3 (0004) 0.4

2.5 Ti7Si2C5 (000 18) 1.2s1.3–2.0d 0.6

Silicide Ti5Si3Cx (0002) 0.8s1.2–2.0d 0.4s0.5–0.9d
Silicide Ti5Si4C? (0002) 1.0s1.2–2.0d 0.7s1.2–2.0d
aBest observed FWHM and commonly observed FWHM in parenthesis.
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follow the orientation of the TiCs111d giving

Ti3SiC2f2 1̄ 1̄0g / /TiCf1 1̄0g. The experimental unit cell pa-
rameters determined from the 312 films are presented in
Table II. Thec axis was calculated from the 000l peaks in the
u-2u diffractogram and thea axis was determined with re-

ciprocal space maps(RSM’s) of 10 1̄l peaks(l =11 to 16).
The intensity of theu−2u XRD and RC indicates higher film
crystal quality on Al2O3s0001d substrates compared to

MgOs111d. Table I shows that the RC FWHM of Ti3SiC2 are
comparable to the FWHM of the TiC seed layer. Typical
values for Ti3SiC2s0008d on Al2O3s0001d were in the range
from 0.4° to 0.7° while films from the same experiment on
MgOs111d were in the range of 1.3° to 2.0°.

Figure 5(a) shows a cross sectional TEM image of a
1000-Å-thick Ti3SiC2 film deposited on a,200-Å-thick
TiCs111d seed layer on MgOs111d substrate. The selected
area electron diffraction pattern, inset in Fig. 5(a), shows the
c-orientedMAX-phase film. Additional spots from the fcc
lattice of the TiC and MgO substrate are also present. The
HAADF image in Fig. 5(b) confirms that the material has the
characteristic stacking sequence of the 312 structure. The
bright spots represent the Ti atoms since the HAADF signal
is atomic size dependent, lighter atoms show much less con-
trast. Thus, the dark horizontal lines make out the Si planes
of the layered structure. The cross-sectional TEM analysis of
all Ti3SiC2s0001d films studied shows no grain boundaries
over the analysed area in the microscope at magnifications
down to 1000 times. Consequently, the Ti3SiC2s001d films
can be considered to be of single-crystal quality.

The stoichiometry of the Ti3SiC2films was measured with
XPS. The analysis showed that the composition was close to

FIG. 4. X-ray diffraction(XRD) of Ti1+nSiCn thin films from
both single-phase films and multilayer films.(a) Ti3SiC2s001d film
deposited on TiCs111d seed layer on MgOs111d substrate.(b)
Ti1+nSiCn multilayer film deposited on TiCs111d seed-layer on
MgOs111d following route (a) in Fig. 3 towards lower Si content.
The triangles mark the Ti4SiC3 peaks. Thes+d signs mark the peaks
of a previously unknown type ofMAX-phase structure Ti7Si2C5,
which can be viewed as an intergrowth of 312 and 413.(c)
Ti1+nSiCn multilayer film deposited on TiCs111d seed layer on
Al2O3s0001d following route(b) in Fig. 3. Thes3d mark the peaks
from the novel Ti5Si2C3 phases, which can be described as an in-
tergrowth of 211 and 312.(d) Ti4SiC3s0001d film deposited on
TiCs111d seed layer on Al2O3s0001d substrate.

TABLE II. Unit cell parameters determined with XRD of thin films and DFT calculations. Predictedc
axis fromdC anddSi as indicated in Fig. 1.

Measured Calculated Predicteda

a axis c axis a axis c axis dCanddSi c axis

n Phase sÅd sÅd sÅd sÅd sÅd
Seed layer TiCx 4.325

1 Ti2SiC 3.01 12.67 2dC+2dSi 12.712

2 Ti3SiC2 3.06 17.65–17.77 3.03 17.45 4dC+2dSi 17.708

3 Ti4SiC3 3.05 22.67–22.73 3.03 22.31 6dC+2dSi 22.704

4 Ti5SiC4 3.04 27.24 8dC+2dSi 27.700

1.5 Ti5Si2C3 3.06 30.42 2.99 30.38 6dC+4dSi 30.420

2.5 Ti7Si2C5 3.06 40.37–40.45 3.06 40.18 10dC+4dSi 40.412

Silicide Ti5Si3Cx 5.15–5.19 dC 2.498

Silicide Ti5Si4Cx? 12.74–12.77 dSi 3.858

adC=aTiC/Î3 anddSi=Ti-Si-Ti distance in Ti3SiC2.

FIG. 5. (a) Cross-sectional TEM image of a Ti3SiC2s0001d film
on MgOs111d substrate with TiCs111d seed layer. The inset shows
the corresponding selected area electron diffraction pattern.(b)
HAADF image with atomic resolution, showing the layered struc-
ture of Ti3SiC2.
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3:1:2. However, variations of a few atomic percent could be
observed in different samples, depending on the chosen ele-
ment fluxes during film deposition. This supports the exis-
tence of a narrow homogeneity range in the Ti3SiC2 phase,
as seen in the phase diagram in Fig. 2.16

C. Deposition of Tin+1SiCn multilayer films

Figure 4(b) shows an x-ray diffractogram of a multilayer
film with compositional modulation according to route(a) in
Fig. 3. The diffractogram shows a substrate MgOs111d peak
at 36.9°, a seed-layer TiCs111d peak at 35.9°, and 312MAX
phase Ti3SiC2s000ld peaks at 10.0°, 20.1°, 30.3°, and 40.8°,
respectively. Furthermore, a series of peaks denoted with a
triangle can be seen at 7.8°, 15.6°, 23.5°, 31.6°, and 39.7°.
As will be shown below, these peaks can be attributed to the
novel Ti4SiC3 MAX phase, with ac axis of ,22.7Å. In ad-
dition, a number of other peaks can be seen at 4.4°, 8.7°,
13.1°, 17.5°, 22.0°, 26.4°,(30.9°, 35.5°), and 40.1° denoted
with a pluss+d in Fig. 4(b). As will be discussed later, these
peaks can be attributed to a previously unknown type of
MAX phases. This phase has a unit cellc axis of ,40.4Å,
which is the sum of the 312 and the 413c-axis. Therefore, in
the following, we call this phase 725(i.e., Ti7Si2C5). Upon
further reduction of the Si content, a Tin+1SiCn phase with n
higher than 3(i.e., Ti5SiC4, etc.) could not be observed by
XRD. Instead, XPS and TEM detect a cubic TiCx film (B1
structure) with a high concentration of Si.

Figure 6 contains a low magnification cross sectional im-
age of a multilayer film following route(a) in Fig. 3. The Si
content decreases during growth and subsequently with
thickness. In the bottom of the image the Al2O3 substrate and
the TiC bufferlayer can be seen. Each horizontal “line” in the
image corresponds to the mirrorplane in the layered
Tin+1SiCn MAX phases. Images of selected regions in the
film show the different stacking sequences at medium mag-
nification of 10 Si layers. These images are all 200 nm wide
and the differences in stacking sequences govern the height
of the image. For each sequence, the corresponding high-
resolution image is shown to the left with a schematic. In the

low magnification image, the near surface region contains
low amounts of Si and the system prefers growth of a cubic
TiC phase rather than the hexagonal Tin+1SiCn phase. How-
ever, still some occurrence of mirrorplanes can be seen and
they become less frequent closer to the surface. This is in
agreement with observations made by Yuet al. that report of
Si-induced twinning of TiC accompanied with Si segregation
to the twin boundaries, which leads to microtwins and for-
mation of 2D Ti3SiC2 platelets.24,25

Figure 4(c) shows the diffractogram from a multilayer
film where the Si content is increased(routeb in Fig. 3). In
addition to the peaks from the substrate, TiC and 312, sev-
eral other peaks marked with a crosss3d can be observed at
5.81°, 11.62°, 17.48°, 23.37° and 29.33°. The peaks can be
attributed to a previously unknownMAX phase with ac axis
of ,30.4 Å. As for the 725 phase, the unit cell of this phase
can be described as the sum of the 312 and 211 unit cells. In
the following, this phase will be called 523(i.e., Ti5Si2C3).
However, the 211 phasesTi2SiCd did not form in the
multilayer films, nor in any other films. The arrow in Fig.
4(c) points at the Ti5Si3Cxs0002d peak, a phase which was
commonly observed in many films with high Si content. For-
mation of silicides and phase mixtures between silicides and
MAX phases will be discussed in Sec. III F.

It should also be noted that other more random stacking
sequences could be observed in some films. An example of
this is given in the HAADF image in Fig. 7. The growth
direction in the film is from right to left in the image. As can
be seen, there are two broader regions with about ten “closed
packed” layers of TiC between the interleaving Si layers.
There can also be seen layers of three, four, and five TiC
layers between each Si layer. Thereafter the film resumes the
typical 312 stacking sequence.

D. Ti4SiC3

The MAX phase Ti4SiC3 could be deposited in multilayer
films, as presented in Sec. III C, at reduced Si flux. The 413
has previously not been observed as bulk material in the
Ti-Si-C system. This compound could be deposited as

FIG. 6. The right image shows a cross-
sectional TEM image of a multilayer film follow-
ing route(a) in Fig. 3 towards lower Si content.
Images of selected regions at medium magnifica-
tion show 10 Si layers of the 312, 725, and 413
structure. To the left, the matched atom positions
and stacking sequences are indicated schemati-
cally with each HREM inset, depending on the
contrast conditions applied. The Si layers can be
found as mirror planes in the stacking sequence.
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single-phase films by a careful tuning of the deposition
fluxes. Figure 4(d) shows the XRD pattern of a 2000 Å thick
Ti4SiC3s0001d film deposited on TiCs111d/ /Al 2O3s0001d.
Only the 000l peaks can be observed, i.e., the epitaxial
growth is Ti4SiC3s0001d / /TiCs111d with an in-plane rela-

tionship Ti4SiC3f10 1̄0g / /TiCf1 1̄0g. The typical stacking
with four layers of Ti between the Si layers can be seen in
the HREM image from the multilayer film, in Fig. 6. Small
devations from Scherzer imaging conditions and difference
in sample thickness between HREM insets in Fig. 6 influ-
enced the contrast such as atom positions appears with dark
contrast in 413 and 725, and bright contrast in 312 phase
structures. It was also found that HREM imaging of these
MAX phases were very sensitive to small deviations(mrad)
from the exact zone axis, which resulted in apparent symme-
try breaking of the lattice image. A slight imaging artifact
can thus be seen in Fig. 6 and also in Fig. 8.

The experimental unit cell parameters for the 413 phase
are shown in Table II. Thec axis was determined from the

000l peaks and thea axis from RSM of 10 1̄l peaks(l =14 to
17). Variations in thec axis between different films were in
the range of 0.1%, i.e., 22.70±0.03 Å. As for the Ti3SiC2
films, better crystalline quality was found on Al2O3s001d
substrates than on MgOs111d. Table I shows RC FWHM
values for the Ti4SiC3s00010d peak in multilayer films on
Al2O3s0001d substrates in the range of 0.6° to 0.7° and on
MgOs111d substrates between 1.3° to 2.0°.

E. Ti5Si2C3 and Ti7Si2C5: MAX-phase structures

The multilayer films presented in Sec. III C showed the
existence of two previously unknown types ofMAX phases
Ti5Si2C3 and Ti7Si2C5. The 725 and 523 phases have yet not
been deposited as single-phase films. They are generally ob-
served as minority phases together with, e.g., Ti3SiC2 or, as
already mentioned, in multilayer films. XRD evidently iden-
tifies them as well-ordered crystalline phases. If we assume
the same hexagonal structure as the otherMAX phases, thec

axis can be determined from the 000l reflectionssl =2nd in
the u–2u diffraction to 30.4 Å for Ti5Si2C3 and 40.4 Å for
Ti7Si2C5, with small variations in different films, as pre-
sented in Table II. As can be seen in the HREM image in Fig.
8 the structure of 523 can be described as a combination of
half-unit cells of 312 and half-unit cells of 211. It should be
noted that observations of a pure Ti2SiC phase has not been
reported in literature. The stacking sequence of 523 during
growth is alternating two and three Ti layers between each Si
layer. In the same way the 725 phase has a structure which
can be described as half cells of both phases 312 and 413,
i.e., alternating three and four Ti layers between each Si
layer. This can be seen in the HREM image of the 725 phase
in Fig. 6. These observations correlate very well with the
calculatedc axis from the 000l reflectionssl =2nd in u–2u
XRD. Thec axis of 30.4 Å for 523 is equal to the sum of the
observedc axis for 312 and the predictedc axis for 211. For
the 725 thec axis is 40.4 Å, which is the sum of the ob-
served 312 and 413c axes.

However, it should be observed that this description of the
c axis cannot correctly reproduce the stacking sequence of
the 523 and 725 phases. The alternating stacking of even and
odd numbers of Ti layers induces a translation of the Si
position in the lattice. This can be seen in the schematic
atomic positions for 523 and 725, Figs. 8 and 6, respectively,
where the Si atoms not are positioned on top of each other.
That would require three repetitions instead of two. This sug-
gests that the symmetry of the hexagonal space groupD6h

4

FIG. 7. TEM HAADF image of aMAX-phase film where the
stacking sequence has been disturbed and each Si layer is separated
with a random number of TiC layers.

FIG. 8. Cross-sectional HREM image from a Tin+1SiCn film
following route (a) in Fig. 3 showing the intergrownMAX phases
Ti5Si2C3, referred to as 523. The matched atom positions and stack-
ing sequence are indicated schematically to the right. The Si layers
can be found as mirror planes in the stacking sequence.
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−P63/mmc, used for theMAX phases, is broken. However,
the diffraction pattern from these intergrown structures could
instead be indexed based on a hexagonal lattice with ac axis
that is 1.5 times the basic hexagonalc axis, i.e., 45.63 and
60.62 Å for 523 and 725, respectively. In such a structure,
the observed 000l reflections in theu-2u diffractogram
would be indexed withl =3n. However, further studies are
needed to settle this topic.

Thea axis was determined from asymmetric peakss10 1̄ld
using reciprocal space mapping(RSM). However, thea axis
can only be estimated to be,3.06 Å (=a axis of Ti3SiC2)
since there are overlapping peaks from Ti3SiC2, which
makes the maps hard to interpret(there is also the question
regarding indexing, depending on whatc axis is used).
In conformity with the other Tin+1SiCn phases, the
in-plane orientation of both Ti5Si2C3 and Ti7Si2C5

are Ti5Si2C3f2 1̄ 1̄0g/ /Ti3SiC2ff2 1̄ 1̄0g / /TiCf1 1̄0g and

Ti7Si2C5ff2 1̄ 1̄0g/ /Ti3SiC2ff2 1̄ 1̄0g / /TiCf1 1̄0g, respec-
tively. Rocking curve of 523 and 725 phases reveals the
same growth direction as the TiCs111d and the other
Tin+1SiCn phases. Best observed RC FWHM values on
Al2O3s0001d substrate were 0.4° and 0.6° for Ti5Si2C3s0004d
and Ti7Si2C5s00018d, respectively. As with the otherMAX
films the RC FWHM is slightly higher on MgOs111d sub-
strates. Finally, the RSM showed no indications of strain in
the films.

F. Observations and epitaxial growth of silicide phases

The phase diagram of Ti-Si-C in Fig. 2 shows one ternary
compound in addition to Ti3SiC2, namely, Ti5Si3Cx.

16 This
phase can be considered as a solid solution of carbon into the
binary silicide Ti5Si3.

26 In our study, Ti5Si3Cx was observed
as a minority phase in many films. Theu–2u diffractogram
in Fig. 9(a) shows a typical Ti3SiC2 film with a small, but

easily identified silicide impurity. The phase diagram in Fig.
2 shows that there exists large homogeneity areas connected
by two-phase regions.16 Most deposited films containing the
Ti5Si3Cx phase have a composition within the two-phase area
so it is not surprising that it can be formed. Rocking curves
showed that this phase also exhibits an epitaxial growth with
the samec axis orientation as theMAX films. The Ti5Si3Cx
has a hexagonal unit cell and XRD gives ac axis of 5.18 Å
(with observed values in different films ranging from 5.16 to
5.20 Å). In films with higher Si content the XRD analysis
shows that the silicide formation becomes more prominent
and Ti5Si4 (or maybe Ti5Si4Cx) can also be identified, see
Fig. 9 diffractogram(b).

Even though the silicide phases most often were observed
in phase mixtures, it was also possible to deposit single
phase epitaxial Ti5Si3Cxs000ld films on the TiCs111d seed
layer on Al2O3s0001d as shown in Fig. 9 diffractogram(c).
Rocking curves of the Ti5Si3Cxs0002d peak showed a
FWHM of 0.7°, but a lower RC FWHM of,0.4° –0.5° was
often seen in films consisting of phase mixtures. Phi scans
showed a twinned growth where the in-plane relationship is

Ti5Si3Cxf110g/(rotated ±9.5° around[110])/TiCf1 1̄0g. Fur-
thermore, epitaxial Ti5Si3Cxs111d films was grown on
TiCs100d seed layer on MgOs100d substrate, see Fig. 9(d).
The RC showed two domains(growth directions) separated
by 0.5° and a Ti5Si3Cxs222d RC FWHM of ,1°. Phi
scans showed that the in-plane relationship is
Ti5Si3Cxf110g / /TiCf100g / /MgOf100g.

G. Physical properties of theMAX films

Four point probe measurements were performed at room
temperature on the films to determine the electrical conduc-
tance. Bulk resistivity was calculated from the sheet resistiv-
ity and the estimated film thickness. The results are presented
in Table III. The resistivity of the Tin+1SiCn films is generally

FIG. 9. u-2u diffractograms showing(a)
Ti3SiC2 film on TiC-seed layer with the com-
monly observed impurity phase Ti5Si3Cx, which
grows epitaxially with ac axis orientation.(b)
Ti3SiC2 film on TiC-seed layer with both
Ti5Si3Cx and Ti5Si4 as impurity phases.(c) Epi-
taxially grown Ti5Si3Cxs001d film on TiCs111d
seed layer.(d) Epitaxially grown Ti5Si3Cxs111d
film on TiCs100d seed layer.
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very low. Single crystal Ti3SiC2s000ld films have a resistivity
of 25–30mV cm. Single-phase films of Ti4SiC3s0001d have
a resistivity of about 50mV cm. Epitaxial TiCxs111d, x
=0.7–0.8, films grown under equivalent conditions have a
resistivity in the range of 200 to 260mV cm. Interestingly,
the multilayer films of differentMAX phases also had very
low resistivity values in the range of 30 to 50mV cm. How-
ever, incorporation of silicides in theMAX films has a nega-
tive effect on the conductance. Phase mixtures of Ti3SiC2
with Ti5Si3Cx and Ti5Si4, gave resistivity values in the range
of 40–80mV cm. The epitaxial films of Ti5Si3Cx (with or
without Ti5Si4) had resistivity values of 140 to 160mV cm.
In general, we can conclude that all films containing 312 and
otherMAX phases exhibit a very good conducting behavior
of almost an order of magnitude better than corresponding
TiCx films.

Hardness and Young’s modulus have been measured on
films deposited to a thickness of at least 0.5mm. Nanoinden-
tation in with a Berkovich indenter yielded hardness values
of approximately 24 GPa for very small loads. Higher loads
give lower hardness values due to the special deformation
behavior of theMAX phases, as presented elsewhere.23,27

The Young’s modulus of the Ti3SiC2 films was approxi-
mately 340 GPa. No other single-phase films with a thick-
ness of.0.5 mm were made in this study, therefore we can-
not report hardness values for the 413, 523, or 725 phases.
However, the observed hardness in gradient and multilayer
films consisting of phase mixtures of 312, 413, and 725
phases in different proportions was within the error for a
pure 312 film.

IV. THEORETICAL STUDY

A. Method

The experimental observation of previously unreported
MAX phases in the Ti-Si-C system makes it very interesting
to perform theoretical calculations on these compounds. We
have used the Viennaab initio simulation package(VASP)
and projector augmented wave28 (PAW) method as supplied
by Kresse and Joubert.29 The calculations of optimized ge-

ometries and total energy were performed within the local
density approximation(LDA ) based on the density func-
tional theory(DFT). We used the Ceperley-Alder30 exchange
and correlation functional parameterized by Perdew and
Zunger.31 High-precision calculations with a cutoff energy of
500 eV for the plane-wave basis were performed. The Bril-
louin zone integration was carried out using the special
k-point sampling of the Monkhorst-Pack type.32 The total
energies were converged to below 0.001 eV as regards the
number of k points. The tetrahedron method with Blöchl
corrections33 was applied for both geometry relaxation and
total energy calculations. The geometry optimization was
considered to be convergenced when the total force on the
atoms was less than 1310−3 eV/Å, however, for bigger sys-
tem, e.g., 725 it was around 1310−2 eV/Å. All calculations
have been carried out on stoichiometric phases without con-
sideration to homogeneity ranges(e.g., TiCx, x=1 and
Ti5Si3Cx, x=0). For more detailed data about the calculations
we refer to Liet al.34 The phase stability has been predicted
by comparing the total energy of theMAX phase with the
total energy of the competing equilibrium phases at corre-
sponding composition as given by the phase diagram in Fig.
2. Since the difference between the total energy and the co-
hesive energy of a phase only involves the total energy of the
atomic form of the elements that build up a phase, one can
for the purpose of evaluation phase stability(energy differ-
ences between different phases) use these two energies syn-
onymously. We will use the cohesive energy,Ecoh in our
discussions.

B. Calculation of unit cell parameters

All MAX phases follow the general formulaMn+1AXn
with a layered hexagonal structure that belongs to space
groupD6h

4 −P63/mmc. The value ofn=1,2,3 gives the three
reported crystal structures 211, 312, and 413, characterized
by 2, 3, and 4MX layers separating eachA layer, respec-
tively (see Fig. 1).1 Table II shows the observed unit cell
parameters for Ti3SiC2, Ti4SiC3, Ti5Si2C3, and Ti7Si2C5 to-
gether with the theoretical unit cell parameters obtained from
our first principles calculations. Furthermore, calculated data
for Ti2SiC and Ti5SiC4 are included to complement the
study. In addition, thec axis for a givenMAX phase unit cell
can also be predicted from the knowledge of theM-X-M and
M-A-M distance, denoteddC anddSi, respectively in Fig. 1.1

For comparison, Table II also present the predictedc axis for
Tin+1SiCn structuressn=1–4d and for the novel Ti5Si2C3 and
Ti7Si2C5 phases, usingdC=aTiC/Î3 and dSi values from the
Ti-Si-Ti distance in the 312 compound.1

The measured, calculated and predicted cell parameters
have been used to calculate the volume of the unit cell per
atom. As can be seen in Fig. 10(a), the volume increases
linearly with the number of inserted Si layers per Ti layer. A
small but noticeable trend of shortera and c axes for the
calculated cell data, leads to a smaller calculated volume/
atom than measured. This slight tendency for overbinding is
a well-known effect of the local density approximation.

C. Calculation of total energies and bulk modulus

The phase diagram in Fig. 2 shows that the competing
phases for Ti4SiC3, Ti5SiC4, and Ti7Si2C5 are Ti3SiC2 and

TABLE III. Measured resistivity and calculated bulk modulus of
the MAX phases in the Ti-Si-C system.

n Phase
Experimental

resistivity smVcmd
Calculated bulk
modulus(GPa)

Seed layer TiCx 200–260 289

1 Ti2SiC 205

2 Ti3SiC2 25–30 233

3 Ti4SiC3 50 245

4 Ti5SiC4 254

1.5 Ti5Si2C3 224

2.5 Ti7Si2C5 239

gradient film 312/523 30

gradient film 312/725/413 27–40

Silicide Ti5Si3Cx 120–160
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TiC, while the competing phases for Ti2SiC and Ti5Si2C3 are
Ti3SiC2, TiSi2, and Ti5Si3 (where the last also could be
Ti5Si3Cx). It has been assumed that the phase diagram in Fig.
2 also is valid at 0 K. Table IV list the cohesive energy per
atom sEcohd for each of the calculatedMAX phases and for
the competing equilibrium phases. The stability of a given
MAX phase is determined by the energy differencesDEd be-
tween theMAX phase and its competing phases. A negative
DE indicates a stable phase. A positiveDE suggests that it
will decompose or not be formed at all in favour for the
competing phases.

From Table IV, it can be seen that there is a very small,
but negative, energy difference of -0.008 eV/atom, between
the 211 phase and its competing phases. This suggests that
the 211 could be stable, but it should be noted that the cal-
culated energy difference is so small that it is approaching
the accuracy of the calculations. A more significant negative
energy difference is calculated for the 413 compound with
−0.029 eV/atom. This suggests that the 413 phase actually is
stable. For the 514 compound, the calculated energy differ-
ence is clearly positive, +0.037 eV/atom and this phase
should therefore not be stable. The calculations of theMAX
phase structures 523 and 725 show that the energy difference
is positive compared with the competing phases;
+0.036 eV/atom for the 523 compound and +0.030 eV/atom
for the 725 compound. This suggests that both the observed
intergrown phases should not be stable in bulk form.

It seems clear from Table IV that the cohesive energy of
the Tin+1SiCn phases is dependent on the value ofn. With

increasing values ofn theMAX phase becomes more similar
to pure TiC and the number of Si layers per Ti layer is
reduced. The extra energy, required to insert Si layers, can
therefore be deduced by calculating the difference in cohe-
sive energy between the Tin+1SiCn phases and pure TiC. In
Fig. 10(b) this energy difference has been plotted as a func-
tion of the number of Si layers per Ti layer. Note from the
figure that the energy difference increases(almost) linearly
with the amount of Si layers per Ti layers in the structure.
This is consistent with Ti-Si bonds being weaker than Ti-C
bonds and that the Ti-Si and Ti-C bonds are constant in
strength for all stoichiometries.

Our calculations of the bulk modulus(Table III) show that
the Si layers in the Ti-Si-C system make the compound
softer. The bulk modulus decreases with increasing number
of Si layer per Ti layer, as seen by comparing Ti2SiC to
Ti5SiC4. The 523 phase is a combination of 211 and 312 and
has a Si concentration intermediate of 211 and 312, hence it
should have a bulk modulus higher than 211, but lower than
312. A calculated bulk modulus of 224 GPa is consistent
with this analysis. All the studied Ti-Si-C compounds have a
lower calculated bulk modulus compared to TiC. As shown
in Fig. 11, the general trend of the bulk modulus can be
clearly seen from our calculations; it decreases with increas-
ing content of Si, although the bulk modulus is somewhat
overestimated within the LDA approximation.

D. Electronic structure

The density of states(DOS) for all our calculatedMAX
phases and TiC are shown in Fig. 12. The lowest lying states,

FIG. 10. (a) Volume per atom
and(b) differences in cohesive en-
ergy between the Tin+1SiCn

phases and TiC, plotted as a func-
tion of Si layers per Ti layer.

TABLE IV. Calculated cohesive energyEcoh and difference in cohesive energy between the Tin+1SiCn phases and pure TiC,Etot-ETiC.
Competing phases for Ti2SiC, Ti4SiC3, Ti5SiC4, Ti5Si2C3 and Ti7Si2C5 and energy differenceDE between these compounds and their
assumed decompositional products.DE.0 shows that the phase should not be stable,DE,0 suggest that the phase is stable at 0 K.

n
Si-layer/
Ti-layer Phase

Ecoh

seV/atomd
Emax-ETiC

seV/atomd Competing phasesa
DE

seV/atomd

0 TiC −10.1965 0

1 0.5 Ti2SiC −9.1425 1.054 0.75 Ti3SiC2+0.107 TiSi2+0.143 Ti5Si3 20.008

2 0.33 Ti3SiC2 −9.5215 0.675

3 0.25 Ti4SiC3 −9.7190 0.478 0.75 Ti3SiC2+0.25 TiC 20.029

4 0.2 Ti5SiC4 −9.7542 0.442 0.6 Ti3SiC2+0.4 TiC 0.037

1.5 0.4 Ti5Si2C3 −9.3309 0.866 0.9 Ti3SiC2+0.043 TiSi2+0.057 Ti5Si3 0.036

2.5 0.286 Ti7Si2C5 −9.5902 0.606 0.857 Ti3SiC2+0.143 TiC 0.028

TiSi2 −7.4287

Ti5Si3 −8.3846

aAs concluded from the phase diagram in Fig. 2.
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positioned at,−10 eV, originate from the C 2s states, Si 3s
states contribute to the states between −9 to −6 eV. The
states just below the Fermi levelsEFd s−6–0 eVd are domi-
nated by hybridising Ti 3d orbitals and C 2p states, as are
the states aboveEF. To analyze the nature of the chemical
bonding further, the balanced crystal orbital overlap popula-
tion (BCOOP) between the Tid and Si p orbitals and the
Ti d and Cp orbitals was calculated for Ti3SiC2 and is
shown in Fig. 13.35 As discussed in Ref. 36 the BCOOP is a
function that is positive for bonding hybrid states and nega-
tive for antibonding states. A BCOOP analysis will distin-
guish bonding from antibonding hybrids between any orbit-
als, e.g., the Tid and Cp states or the Tid and Sip states of
the presently discussed materials. From the figure it can be
seen thatEF indeed separates the low lying bonding states
from the antibonding states aboveEF, since the BCOOP is
positive for the states belowEF and negative above. Al-

though it has been pointed out that it is hard to compare the
strength of a chemical bond, just by inspection of the
BCOOP, it should be possible to compare the strength of two
similar chemical bonds(e.g., covalentp-d bonds) from the
BCOOP curve. It can be seen in Fig. 13 that the Tid-C p
overlap is more prominent with higher positive values for the
states belowEF than the Tid-Si p overlap. This implies that
the Ti d-C p bond are stronger than the Tid-Si p bond.

The density of states at Fermi levelNsEFd is, in the sim-
plest approximation, directly related to the electrical conduc-
tivity. Our calculatedNsEFd for 211, 312, 413, and 514
phases are 0.36, 0.33, 0.29, and 0.25 states/eV per atom,
respectively. This can be compared to TiC, which has a
pseudogap at the Fermi level withNsEFd close to
0.1 states/eV per atom, showing only weak metallic behav-
ior. A trend of decreasingNsEFd in the sequence of 211, 312,
413, and 514 compounds can be observed, showing decreas-
ing metallicity of theMAX phase with increasing number of
n. A calculatedNsEFd=3.96 states/eV per unit cell in 312 is
in very good agreement with experimental data of
4.42 states/eV per unit cell derived from heat capacity
data.37

V. DISCUSSION

A. Phase stability

We have demonstrated that an up to now unknownMAX
phase, Ti4SiC3, can be synthesised as thin films. Previous
results for the relative easiness to deposit Ti3SiC2 single-
crystal films19 are also reinforced by the present triple-target
(elemental) magnetron sputtering technique. Films contain-
ing Ti2SiC could not be deposited. Neither was it possible to
synthesiseMAX phases withn.4, i.e., Ti5SiC4 or higher.
However, two more previously unreported compounds,
Ti5Si2C3 and Ti7Si2C5 have been synthesized. This corre-
sponds toM5A2X3 and M7A2X5, i.e., a doubled unit cell of
Mn+1AXn for n=1.5 and 2.5, respectively. These two are rep-

FIG. 11. (Color online) The calculated bulk modulus(B) for
TiC, Ti5SiC4, Ti4SiC3, Ti7Si2C5, Ti3SiC2, Ti5Si2C3, and Ti2SiC as a
function of Si layers per Ti layer compared with literature data for
TiC and Ti3SiC2.

FIG. 12. Total density of state(DOS) for Ti2SiC, Ti3SiC2,
Ti4SiC3, Ti5SiC4 Ti5Si2C3, and Ti7Si2C5 phases, the Fermi level
sEFd is set at zero energy.

FIG. 13. (Color online) Partial and total density of state(DOS)
for Ti3SiC2(upper). Balanced crystal orbital overlap population
(BCOOP) for Ti3SiC2 between Tid and Sip orbitals and Tid and
C p orbitals (lower).
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resentatives of a completely previously unknown type of
stacking sequence for theMAX phase compounds. The struc-
ture can be described as an intergrowth of two knownMAX
structures(e.g., 211 and 312 or 312 and 413) and can be
viewed as alternately stacking of 2 and 3, respectively, 3 and
4 MX layers between eachA layer. It was previously as-
sumed that Ti3SiC2 was the only Tin+1SiCn MAX phase.1

However, our results show that this is not the case and fur-
ther, there exists more complexMAX-phase structures.

To investigate the stability and electronic structure of
these novelMAX phases in the Ti-Si-C system a series of
DFT calculations were carried out. From Table II it can be
seen that the correlations between experimental and calcu-
lated cell parameters are in agreement. They also fit well
with the predictedc-axis estimated fromdC anddSi distances
(see Fig. 1 and Table II). The DFT calculations give the
cohesive energy of a phase, which can be used to estimate
the phase stability. The cohesive energy of theMAX phase
was compared to corresponding cohesive energies for com-
peting phases, given in the phase diagram in Fig. 2. Ti2SiC
and Ti4SiC3 have a cohesive energy that is lower than the
competing phases and should be stable. In contrast, Ti5SiC4
and also the Ti5Si2C3 and Ti7Si2C5 phases, have much higher
cohesive energy than their competing phases, suggesting that
these phases are thermodynamically unstable. In reality, the
stabilities of theMAX phases depend on the sign ofDG in an
assumed reaction where theMAX phase decomposes into the
competing phases. In principle, the DFT calculations only
give the enthalpy changesDHd at 0 K for this reaction. Ac-
curate conclusions about phase stabilities at higher tempera-
tures require the knowledge of the temperature dependencies
of the enthalpy values and, in addition, entropy effects have
to be included. This has not been carried out in this study and
we can therefore not draw any final conclusions about the
relative stabilities of the new phases at elevated tempera-
tures. However, it is clear that the calculated energy differ-
ences between theMAX phases and the competing phases
are very small. This suggests that these phases should be
possible to synthesize as stable or metastable compounds at
favorable experimental conditions. In particular, this should
be true for low-temperature thin film processes where kinetic
constraints play an important role.

It should be noted that 413 was commonly observed in
many films and seem relatively easy to grow. In contrast, no
successful deposition of the 211 phase was made despite the
calculations that suggest that 211 could be stable or at least
not very unstable. However, in the phase diagram, 413 lies
on the tie line between 312 and TiC, which is a simply bal-
anced system. In contrast, 211 is found in a three-phase re-
gion of 312, TiSi2 and Ti5Si3, where the last should be con-
sidered as Ti5Si3Cx. However, the calculated energy
difference is based on the Ti5Si3 without C incorporation. It
is likely that the energy differenceDE would change sign if
the calculations had been made for Ti5Si3Cx since C is re-
ported to stabilize the Ti5Si3 phase.26,38,39Ti5Si3Cx was com-
monly observed in Si-rich films and the formation of this
silicide when the relative amount of Si increases could effec-
tively hinder the formation of the 211 phase. The observation
of 523 is important, however, since its structure contains
layers of 211 stacking and thus precludes the possibility for a
211 Ti-Si-C MAX phase.

B. Influence of number of Si layers per Ti layer

Our results clearly suggest a relationship between the
properties of theMAX phases and the number of Si layers
per Ti layer. The major difference between aMAX phase and
TiC is that a C layer in the TiC structure has been exchanged
with a Si layer. The two TiC slabs formed on each side of the
inserted Si layer are also twinned with the Si layer acting as
a mirror plane.1 The linear relationship in Fig. 10(b) demon-
strates that the total energy of aMAX phase is directly re-
lated to the number of inserted Si layers per Ti layer. Fur-
thermore, the extra energy required to add a Si layer seems to
be independent on the distance between the Si layers. This
also means that other stacking sequences could be formed.
Evidence for this hypothesis is that we have observed ran-
dom stacking sequences where the system apparently com-
pensates for insufficient amount of Si(or fluctuations in the
Si flux during deposition). An example of this is given in the
HAADF STEM image in Fig. 7. This observation attests to
the ease of altering the stacking sequence of Si layers in the
MAX film during growth.

It is important to note that the insertion of Si layers in the
TiC structure lead to a situation where the Ti atoms will
experience different surroundings depending on how closely
the Si layers are repeated. In Ti3SiC2 two types of Ti posi-
tions can be identified, TiI and TiII, where the repeated stack-
ing sequence is Si-TiII-C-TiI-C-TiII. Both calculations and
experimental investigations show that this also affects the
Ti-C distance, where TiI-C=2.09 Å and TiII-C=2.18 Å.5,40

Calculations also show that the TiII atomic plane has more
free charge density distribution than the TiI plane.41 Further-
more, Si is a much larger atom than C. Therefore, theMAX
phases have a larger volume per atom than pure TiC[see Fig.
10(a)] and the volume depends on the number of Si layers. In
addition, the Ti-Si distance in Ti3SiC2 is 2.69 Å, which is
considerably longer than the ideal Ti-Si covalent bond of
2.54 Å and suggest that the Ti-Si bond is in fact a weak
bond.10 This conclusion is confirmed by the BCOOP results
in Fig. 13, which clearly suggest that the Tid-C p bond is
stronger than the Tid-Si p bond. The relatively weak Ti-Si
bond also explains the positive slope of the curve in Fig.
10(b). A MAX phase where theM-A bond is stronger than
the M-X bond should give a curve with a negative slope.

Many physical properties of the Tin+1SiCn phases can be
related to the relative amount of Si layers per Ti layer. As can
be seen in Fig. 11 the calculated bulk modulus decreases
linearly with the number of Si layers/Ti layer. This softening
is a direct consequence of the changes in bonding conditions
due to the formation of the weaker Ti-Si bonds.(It should be
noted that, the measured value for Young’s modulus of the
Ti3SiC2 film cannot be directly compared with the calculated
bulk modulus since they represent different properties.) Un-
fortunately, it has not yet been possible to perform hardness
measurements on the other deposited phases and we can
therefore not experimentally verify the calculated results.
However, the calculated trend is not surprising, since the
Tin+1SiCn actually becomes more and more TiC like with
increasing number ofn (i.e., reduced number of inserted Si
layer). The MAX phases have similar and very specific de-
formation behavior with kink formation and delamination
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properties, which also have been explained by the weak
Ti-Si interaction.27 The defomation behavior of the thin films
in this study have been addressed by Molinaet al.23

All Ti n+1SiCn MAX-phase films show excellent conduct-
ing properties(see Table II). This is in good agreement with
the DFT calculations, which show a relatively large DOS at
Fermi level for all these compounds. The electrical conduc-
tivity properties of Tin+1SiCn should approach TiC with in-
creasing number of Ti layers. TiC has a pseudogap at the
Fermi level, with NsEFd close to 0.1 states/eV per atom,
showing weak metallic behavior. Zhouet al. suggest that the
difference in charge density distribution between TiI and TiII
layers indicate that the TiII layers contribute more to the
electrical conductivity than TiI layers.41 Therefore, the num-
ber of TiII layers per unit cell plays an important role in the
electrical conductivity. The highest calculatedNsEFd in the
Tin+1SiCn system suggests that 211 has higher conductivity
than the otherMAX phases, which is also consistent with that
it only contains TiII type. The ratio of TiII /Ti in one unit cell
are 1(4/4), 0.667(4/6), 0.5 (4/8), 0.4 (4/10) in the sequence
of 211, 312, 413, and 514, suggesting a decrease of the elec-
trical conductivity with increasing number ofn.

VI. CONCLUDING REMARKS

We have shown that there are at least three more stable or
metastable phases in the Ti-Si-C system than previously re-
ported. It is possible to use dc magnetron sputtering tech-
nique to synthesize single-crystal and epitaxialMAX phase
films of (0001)-oriented Ti3SiC2 and Ti4SiC3. In addition to
Ti4SiC3, we have observed two previously unknown com-
pounds Ti5Si2C3 and Ti7Si2C5. These compounds do not fol-
low the general formulaMn+1AXn. Still, they belong to the
MAX phase family since they share the layered structure.
Our DFT calculations suggest that the total energy of the
observedMAX phases are very similar to the total energy of
the competing phases as given by the phase diagram. This
can explain the fact that theseMAX phases are formed under
kinetically limited deposition conditions at the relatively low
temperature of 900°C and under the influence of epitaxial
stabilization.

The DFT calculations show that many properties, such as
total energy, volume and bulk modulus of theMAX phases in
the Ti-Si-C system can be directly related to the number of
inserted Si layers per Ti layer. This can be understood from
the very weak interaction between Ti and Si compared to Ti
and C. This lowers the cohesive energy, which increases the
cell volume/atom and softens theMAX phase with increasing
number of Si layers per Ti layer. Our experimental results
suggest thatMAX phase films with designed electrical and
mechanical properties can be synthesised by tuning of the Si
content.

Furthermore, we can conclude from the calculations that
the insertion of a Si layer cost a certain amount of energy for
the structure regardless of how closely the Si layers are
packed in the TiC matrix. We have also observed random
stacking sequences within theMAX phase films. This opens
up the prospect for design of artificial and complexMAX
phase structures, such sequences should be possible to manu-
facture by careful tuning of the element fluxes during depo-
sition.

Finally, our study shows that previously unknown and
previously unknownMAX phases can be synthesized using
thin films deposition. DFT calculations can be used to predict
properties and relative stability of candidate compounds. We
suggest that this approach can be used to findMAX phases of
other elements. This could have large impact in materials
development since it is likely that the very useful properties
of Ti3SiC2 can be improved or surpassed.
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