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Additional Details of TiC Thin Film Deposition 

 

Titanium carbide films are deposited onto Si(100) substrates which are removed from the 

chamber and examined with SEM, XRD, and x-ray photoelectron spectroscopy (XPS) as a function of 

deposition angle and annealing conditions.  For QCM/EP characterization, TiC is deposited onto 10 

MHz QCM crystals (International Crystal Manufacturing Co.).  The QCM crystals consist of a quartz 

crystal substrate with a titanium adhesion layer with a gold contact layer on top.  The gold contacts act 

not only as sensing contact for deposition but also as an optically reflective surface for spectroscopic 

ellipsometry (SE) measurements.  Two different quartz crystal orientations (AT and BT cut) were 

employed to determine if the effects of stress present in the deposited films created any distortion in the 

porosimetry data.
1,2

  Utilizing the QCM crystal as the growth substrate allows for the measurement of 

the exact deposition amount, typically ~ 40 µgrams, providing greater confidence in specific surface 

area measurements as outlined later.   

 

An electron beam evaporator is used to deposit metallic titanium onto the substrate at rates of ~ 

1-10 monolayers per minute (1 monolayer = 1.48 × 10
15 

Ti atoms·cm
-2

),
 
as calibrated by QCM.  For 

analysis by SEM, XRD and XPS, TiC was deposited onto Si(100) wafers.  In this case, we rely on 

obtaining a relative measure of the evaporation rate by monitoring the flux of titanium ions (calibrated 

by QCM) generated by electron beam bombardment via an electrode integrated within the evaporator.  

In order to estimate any systematic drift in the deposition rate, the titanium flux is checked again by 

QCM following film deposition.  Typical variations in Ti flux for films deposited on Si(100) are 

estimated to be less than ~ 10%.  The temperature of the Si(100) substrate is 35 °C ± 10 °C during 

deposition.  When depositing onto the 10 MHz QCM crystals for QCM porosimetry and SE experiments 



a Maxtek RQCM controller is used to monitor the deposition rate throughout the growth process.  

Radiative heating from the electron beam evaporator and the ion gauge during Ti deposition raises the 

temperature of the QCM to ~ 35 °C.  A precision leak valve is used to introduce C2H4 at a pressure of ~ 

2.5 × 10
-7 

mbar.  Under these conditions, the flux of ethylene to the surface is much greater than 

necessary to carburize the titanium, ensuring a sufficient supply of carbon.  At a sample temperature of 

35 °C, the surface reaction of titanium with ethylene results in the formation of the TiC film as well as 

instantaneous and constant gas phase evolution of hydrogen and ethane, observed by RGA at m/z
+ 

2 and 

m/z
+
 30.  Rotation of the sample manipulator around the vertical axis allows the deposition angle to vary 

from 13º - 90º from sample normal.  The 10 MHz QCM crystal is installed on a home-built rotary 

mount which allows the deposition angle to the QCM also to be controlled from 13º - 90º ± 1º. 

 

Following deposition of TiC films onto QCM substrates, each sample is passivated in low 

pressure oxygen (6 × 10
-5 

mbar) until it ceases to adsorb additional oxygen, typically 1 -3 hours.  The 

oxygen passivation treatment is necessary to prevent violent oxidation of the samples when they are 

exposed to air for transport to ex situ characterization.  X-ray photoelectron spectra of the passivated 

surface of the TiC films demonstrates that the films are covered by a thin layer of oxycarbide (see 

Figure S4).  Due to the high surface area to volume ratio and the finely divided nature of the films, they 

adsorb relatively large amounts of oxygen during passivation, ~ 15 % by mass, as observed by QCM.  

When the vacuum chamber is vented to atmosphere the measured mass again increases due to both the 

adsorption of oxygen, promoted by the increased partial pressure of oxygen, and water vapor from 

ambient humidity.  This second mass increase totals ~ 10 %.  A plot illustrating the changes in the mass 

of a TiC film as well as resonant frequency, ∆fR, of the QCM during synthesis, oxygen passivation, and 

venting of the chamber is included in the supporting information as Figure S1.  Following removal from 



the chamber, the micropore capacities of the films were observed to decrease over several days.  To 

minimize this effect all samples were tested immediately after removal. 

 

 

(1) EerNisse, E. P. Journal of Applied Physics 1972, 43, 1330-1337. 

(2) EerNisse, E. P. Journal of Applied Physics 1973, 44, 4482-4485. 
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Figure S1. Plots of the cumulative film mass and the change in resonant frequency, ∆fR, of the QCM 

observed during deposition of a TiC film at 35 °C and a deposition angle of 80°.  The plot can be 

divided into three experimental phases.  First, film deposition occurs from t0 → t1 as the titanium is 

evaporated onto the surface of the QCM in an ethylene background pressure of 2.5 × 10
-7 

mbar. During 

this period the mass of TiC on the QCM increases linearly with respect to time.  Second, once the film 

has been deposited, oxygen is introduced into the chamber at a pressure of 6 × 10
-5

 mbar from t2 → t3.   

At this time the mass of the film suddenly increases with the introduction of oxygen, after which it 

remains relatively constant as the film is passivated.  Third, and finally, the vacuum chamber is vented 

to atmospheric pressure, during the period from t3 → t4, to remove the deposited film.  Again, the mass 

of the film increases rapidly as the film adsorbs additional oxygen and water from humidity in the air.  

The total amount of deposited TiC is ~ 40 µg·cm
-2

, after oxygen passivation the film increases to at total 

of ~ 46 µg·cm
-2

, and upon equilibration with air the film has a final mass of ~ 50 µg·cm
-2

. 



(a) TiC 13°, e1= 1.2 t= 117 nm 

A E B 

7.734 1.19 6.599 

1.036 4.05 2.027 

2.880 7.32 10 

 

(d) TiC 50°, e1= 1.2 t= 159 nm 

A E B 

2.832 1.19 4.674 

0.546 4.05 1.000 

2.963 7.32 10 

 

(g) TiC 60°, e1= 1.2 t= 178 nm 

A E B 

2.040 1.19 2.674 

0.483 4.05 1.109 

2.736 7.32 8.897 

 

(j) TiC 70°, e1= 1.2 t= 240 nm 

A E B 

1.334 1.19 3.947 

0.268 4.05 0.778 

1.690 7.32 8.121 

 

(m) TiC 80°, e1= 1.4 t= 438 nm 

A E B 

2.501 0.5 2.355 

0.157 4.05 1.043 

0.653 7.32 10 

 

 

 

Figure S2. Fit parameters (a,d,g,j,m) for three Lorentzian oscillators used to model TiC deposited at 13°, 

50°, 60°, 70°, and 80° along with corresponding model fits (solid lines) to the ellipsometry parameters 

(open symbols) Ψ (b,e,h,k,n) and ∆ (c,f,i,l,o) taken at three different angles of incidence.  The fit 

parameters E and e1 were held constant during fitting. 
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Figure S3. The angle templated porosity determined at various deposition angles using the film mass 

measured via QCM during deposition and the film thickness derived from ellipsometry measurements.  

The angular dependence of the porosity of films deposited by related glancing angle deposition 

techniques has been modeled by Poxson et al. utilizing geometric arguments concerning the nucleation 

and growth of films formed from self-organized arrays of nanocolumns.
3
  Porosity of TiC films 

deposited at 35 ºC were calculated from the mass of TiC as measured by QCM and the film thickness as 

measured by SE, and shows correlation to the prediction from the model of Poxson with a Φ value of 

4.6 ± 0.2.  This term, Φ, is an empirically determined fit parameter related to the film density and height 

of shadowing regions. 

 

 (3) Poxson, D. J.; Mont, F. W.; Schubert, M. F.; Kim, J. K.; Schubert, E. F. Applied Physics Letters 

2008, 93, 3. 
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Figure S4. X-ray diffraction patterns of the titanium foil incrementally carburized at the indicated 

temperatures within 10 % CH4 / 90 % H2.  Diffraction from the as received titanium film indicates only 

metallic titanium, while diffraction from the 1027 °C carburized film only resembles titanium carbide.  

The sample carburized to 827 °C shows diffraction features corresponding to titanium and titanium 

carbide, as well as several unidentified peaks located at 33.6°, 49.7°, and 65.6°. 
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Figure S5. X-ray photoelectron spectrum of the TiC 13° film immediately after introduction into the 

XPS system (the surface was not cleaned by Argon ion sputtering).  It is clear from the peak positions 

within the Ti 2p photoelectron spectrum that titanium exists in metallic (454.5 and 460.8 eV) and oxidic 

(458.9 and 464.6 eV) states.  Oxygen was also observed on the film’s surface by measuring the O 1s 

feature (not shown).  Additionally, the C 1s spectrum reveals that both graphitic-amorphous carbon 

(285.0 eV) and carbidic carbon (281.8 eV) are present.  The estimated atomic composition of the 

surface was 21% titanium, 48% carbon, and 31% oxygen.  The lack of TiO2 diffraction features in XRD 

suggests that the oxycarbide has an amorphous structure or is below the detection limits of XRD. 
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Figure S6.  X-ray diffraction patterns for the TiC films deposited on Si(100) substrates at 35 °C with 

deposition angles ranging from 13 – 85°.  TiC diffraction peaks, marked with a blue arrow, occur at 2θ 

values of 36°, 42°, 61°, 73°, and 77° and correspond to the (111), (200), (220), (311), and (222) crystal 

planes, respectively.  The diffraction features indicated with a red triangle correspond to the Si(100) 

substrate and its native oxide, SiO2. 



Additional Details of the ααααs Technique 

 

As mentioned in the manuscript, the αs method, developed by Sing and coworkers, is an 

empirical technique that can be applied to a broad array of isotherms once a reference isotherm on a 

chemically similar, nonporous material has been obtained.
3
  In short, the αs method utilizes reference 

isotherms generated from chemically similar and nonporous adsorbents, choice of which is critical for 

accurate results.  The experimental and reference isotherms are plotted with respect to a dimensionless 

form of the adsorption amount at a selected value of the partial pressure, in this case P/Po = 0.1.  Then, 

deviations from linearity within the experimental αs plots can be used to determine the micro- and 

meso-pore volumes.  Additionally, the ratio of the slope of the experimental αs plot (following the 

completion of pore adsorption) to the slope for the reference αs plot provides the ratio between the 

external surface areas of the two samples. 

 

To monitor adsorption mechanisms on the porous TiC samples, a reference isotherm was 

generated by depositing a TiO2 13° film using a similar RBD method (TiC 13° films were unsuitable 

due to the large hysteresis at low pressures).
4
  Recall that following deposition the TiC films are 

passivated in oxygen and exposed to air forming an oxide layer, shown by XPS in Fig. S5, which are 

therefore chemically similar to TiO2 13°.  Toluene adsorption on the TiO2 13° film displayed Type III 

behavior, indicating a non-porous with weak affinity for toluene. Thus, the toluene adsorption isotherm 

on TiO2 13° was judged to be the most appropriate standard for use as a standard for αs analysis.  To 

determine parameters such as the pore volume and surface area best fit lines were calculated through 

regions corresponding to adsorption on external surfaces.  The fitting regions for each sample vary due 



to dramatic changes in porosity with changing deposition angle, however these ranges are indicated on 

each αs plot.   

 

(4) Rouquerol, F.; Rouquerol, J.; Sing, K. Adsorption by Powders and Porous Solids: Principles, 

Methodology, and Applications; Academic Press: San Diego, 1999. 

 

(5) Flaherty, D. W.; Dohnalek, Z.; Dohnalkova, A.; Arey, B. W.; McCready, D. E.; Ponnusamy, N.; 

Mullins, C. B.; Kay, B. D. J. Phys. Chem. C 2007, 111, 4765-4773. 



 

 

 

 

 

 

Figure S7. The αs plots obtained using a reference isotherm obtained using toluene on a chemically 

similar TiO2 13° film deposited by the same method as the TiC 13° film. 
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Figure S8. The apparent thickness of the TiO2 13° sample and adsorbate layer increases with increasing 

partial pressure of toluene.  The thickness of the bare sample is 109 nm which remains constant as the 

partial pressure increases, only the thickness of the adsorbate layer increases, reaching ~ 1.7 nm as P/Po 

approaches unity.  This behavior contrasts with that seen for TiC 50° and TiC 70° where capillary forces 

associated with pore condensation cause the films to contract by ~ 10 %. 

 

 

 

 

 

 

 



 

 

 

 

 

Figure S9. Comparison of isotherms performed on TiC 70° with an isotherm performed using a BT cut 

crystal, the error bars are one standard deviation.  There is some disagreement between the cuts 

especially in the hysteresis region; however, any difference could not be separated from variations in the 

films, meaning that any contribution from film stress during adsorption/desorption would be very small 

if present at all. 



 

 

 

 

Table S1.  Average crystallite size, in nanometers, from TiC samples synthesized by reactive ballistic 

deposition of titanium in an ethylene background at 35 °C. 

 
Dep. Angle (°) As Deposited  327 °C Anneal  827 °C Anneal  1027 °C Anneal  

13 9.9 10.5 12.0 17.5 

50 9.2 9.1 12.1 16.7 

60 9.0    

70 7.3    

80 6.9    

85 6.9 8.6   

 

 

 

 


