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Photothermal Behaviour of Titanium Nitride Nanoparticles
Evaluated by Transient X-ray Diffraction

Benjamin T. Diroll,2™* Alexandra Brumberg,*t Ariel A. Leonard,®c Shobhana Panuganti,® Nicolas E.
Watkins,? Shelby A. Cuthriell,> Samantha M. Harvey,”d Eli D. Kinigstein,® Jin Yu,® Xiaoyi Zhang,®
Mercouri G. Kanatzidis,?df Michael R. Wasielewski,?d Lin X. Chen,><d Richard D. Schallerab.d*

The photothermal properties of metal nitrides have recently received significant attention owing to diverse applications in
solar energy conversion, photothermal therapies, photoreactions, and thermochromic windows. Here, the photothermal
response of titanium nitride nanoparticles is examined using transient X-ray diffraction, in which optical excitation is
synchronized with X-ray pulses to characterize dynamic changes in the TiN lattice. Photoinduced diffraction data is
quantitatively analyzed to determine increases in the TiN lattice spacing, which are furthermore calibrated against static,
temperature-dependent diffraction patterns of the same samples. Measurements of 20 nm and 50 nm diameter TiN
nanoparticles reveal transient lattice heating from room temperature up to ~175 °C for the highest pump fluences
investigated here. Increasing excitation intensity drives sublinear increases in lattice temperature, due to increased heat
capacity at the higher effective temperatures achieved at higher powers. Temporal dynamics show that higher excitation
intensity drives not only higher lattice temperatures, but also unexpectedly slower cooling of the TiN nanoparticles, which
is attributed to heating of the solvent proximal to the nanoparticle surface.

A Introduction

Due to a combination of metallic optical properties,’® mechanical
hardness,1%11 high melting points,12714 silicon compatibility,>17 and
non-toxic chemistry,'® refractory metal nitrides such as titanium
nitride (TiN) are widely touted for a range of applications otherwise
performed by noble metals such as silver and gold. One such area in
which TiN has shown considerable promise is in applications that
span  photothermal therapy,’®*?° shape-memory effects,?!
thermochromic windows,?2 photoreactions,?3-26
thermophotovoltaics ,2’-32 or photodetection.33 In particular, recent
work has demonstrated that TiN shows stronger photothermal
heating compared to gold, which time-resolved optical studies
attribute to strong electron-phonon coupling.?834-37 Although many
of the aforementioned applications benefit from large surface areas
that are accessible with TiN nanoparticles (NPs), time-resolved
studies have so far focused on bulk TiN films.36-%0 In particular,
examination of the time-resolved photothermal properties of TiN
NPs in a fluid environment provides a microscopic picture of heat
flow relevant to photothermal applications.
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In this work, we implement optical pump, X-ray diffraction probe
measurements to directly measure photothermal effects on the
lattice of TiN NPs dispersed in water. These transient powder X-ray
diffraction or related ultrafast electron diffraction data quantify
dynamics of the nuclear structure and have shown heating,*3
coherent phonons,***>  solid-solid phase transitions,*® and
disordering or melting*’*® of NPs. Here, comparison of diffraction
patterns with and without optical pumping reveals pump-induced
thermal expansion of the TiN lattice without indications of
disordering, such as melting, in excess of thermal motion, pointing to
the high stability of this composition. A quantitative analytical
framework permits measurement of lattice shifts in Aq, and static
temperature-dependent powder diffraction measurements facilitate
evaluation of lattice temperature change (AT) owing to lattice
expansion. Here, we find that the TiN NP lattice heats up from room
temperature to ~175 °C under the highest pump intensity
illumination employed. In the regime of higher pump intensities,
effective temperature increases sub-linearly, which is attributed to
elevated effective heat capacity for more intense excitation.
Temporal dynamics show that heat transfer from the TiN to the
solvent occurs on a 0.4-1 ns time-scale, becoming slower for higher
lattice temperature.

B Results and Discussion

For the studies in this work, commercial TiN NPs with nominal
diameters of 20 nm and 50 nm were purchased from Plasmachem.
Representative transmission electron microscopy (TEM) images of 20
nm and 50 nm TiN NPs are shown in Figures 1a and 1b. The sample
sizes estimated from selected TEM imaging were 19.8 + 2.6 nm and
46.0 + 10.3 nm, respectively, although the samples, particularly the
50 nm sample, were polydisperse in shape, including ellipsoidal NPs
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as well as faceted cubes.*® As these size estimates are close to vendor
specifications, the samples will be referred to throughout this work
as 20 nm and 50 nm TiN NPs. Room temperature X-ray diffraction
data in Figure 1c confirms the cubic crystal structure of the TiN NPs,
which shows three prominent peaks associated with the (111), (200),
and (220) reflections. The peaks observed for both samples are at
slightly smaller g than some (but not all) reports of bulk TiN,>° shown
in vertical lines in Figure 1c and Figure S1, which is attributed to
deviations in stoichiometry that result in slightly different TiN lattice
constants.>52 Based upon available literature calibrations,>2 both
the TiN NP samples have lattice parameters indicative of a slightly
nitrogen poor composition of 48-49 % nitrogen. Scherrer analysis of
the peak broadening indicates that the samples have an average
crystallite size of 20.8 nm for 20 nm particles and 29.5 nm for 50 nm
particles (Figure S1 and Table S1). This suggests that the 20 nm
nanoparticles are typically single crystals, whereas on average 50 nm
particles contain multiple crystalline domains or defects which
disrupt the crystalline order within a single particle.
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Figure 1. (a, b) Transmission electron microscopy images of (a) 20
nm TiN NPs and (b) 50 nm TiN NPs. (c) Powder X-ray diffraction of
20 nm and 50 nm TiN NPs. Cubic reflections of bulk TiN are shown
in black lines.*° (d) Visible absorption spectra of 20 nm and 50 nm
TiN NPs.

Absorption spectra of the samples dispersed via sonication in
water are shown in Figure 1d. As prepared, the TiN NPs have no
organic coating to improve solubility. Although sedimentation of
sonicated dispersions was observed over several days, this was not
significant on the time-scale of the experiments reported here. Both
sizes of TiN NPs showed strongly attenuated transmission at red
visible wavelengths into the near infrared, attributable to absorption
and scattering from localized surface plasmon resonances,* with a
peak of transmission around 450-500 nm. The polydispersity of size
and shape apparent in TEM is reflected in the broad localized surface
plasmon resonances of the samples, which are substantially broader
than predicted based upon an effective medium model using the
properties of TiN films determined by ellipsometry.*® In several
photothermal applications, broad resonances are an advantage as
they permits a large spectral range to induce nanoparticle heating.
Absorption also becomes stronger at wavelengths < 450 nm due to
an increased contribution from p to d interband transitions.>3-55 In
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this work, the samples, rapidly flowing as a jet, are optically excited
on resonance with interband transitions at 400 nm for transient X-
ray diffraction experiments. Previous works on the photothermal
properties of plasmonic metals have shown that although all
excitation wavelengths induce heating, excitation on resonance with
interband transitions is more efficient for hot carrier generation than
excitation resonant with intraband transitions of the electron
plasma.36:56
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Figure 2. (a,b) Representative, static powder X-ray diffraction of (a)
20 nm and (b) 50 nm TiN NPs as a function of temperature from 25
°C to 300 °C. Data are shown in a rainbow scale from low
temperature (violet) to high temperature (red). Data are offset
vertically for clarity. (c, d) Cubic lattice parameter estimates based
upon fitted values of the (111), (200), and (220) reflections for (c) 20
nm and (d) 50 nm TiN NPs. Dashed lines in (c, d) indicate the bulk
thermal expansion of TiN.>?

To establish a method for interpreting temperature changes in
transient X-ray diffraction, temperature-dependent static X-ray
diffraction data at the main cubic reflections for both TiN NP
ensembles were acquired. Figures 2a and 2b show selected portions
of the powder diffraction patterns of 20 nm and 50 nm TiN
nanoparticles, respectively, from 25 °C to 300 °C. (Full g-range data
is provided in Supplementary Information Figure S2.) As the
temperature is increased up to 300 °C, peak shifts in all three
reflections are observed corresponding to lattice expansion. These
peak shifts can be used to develop a calibration standard for
estimating temperature changes following photoexcitation via peak
shifts in transient X-ray diffraction. Further temperature elevation
near or above 350 °C, collected in air, show loss of cubic diffraction
peaks and emergence of new phases (presumed to be TiO,,) as the
initially dark blue TiN NP powder turns white (Figure S3).

Fitted cubic lattice parameters, a, estimated from the
temperature-dependent peak shifts of (111), (200), and (220)
reflections of the samples are shown in Figures 2c and 2d for the 20
nm and 50 nm TiN NP samples, respectively. (See Figure S4 and Table
S2 for tabulated peak shifts.) The lattice expansion observed in these
temperature-dependent X-ray diffraction measurements is close to
linear with temperature over the range studied (up to 300 °C)
yielding a fitted thermal expansion coefficient of 1.7 (+ 0.3) x 10° K-
1, which is somewhat larger than the reported thermal expansion
coefficient of 9.0 x 10 K for bulk TiN.>? There was no substantial
difference in the behavior of the 20 nm TiN or the 50 nm TiN

This journal is © The Royal Society of Chemistry 20xx
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nanoparticles with regard to lattice expansion, suggesting that both
behave in a bulk-like manner.
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Figure 3. (a,b) Selected transient X-ray diffraction data (AS) for (a) 20 nm and (b) 50 nm TiN NPs for several fluences specified in the legends.
All displayed data were collected at 40 ps pump-probe delay using 400 nm pump excitation. Overlaid on the transient X-ray diffraction data
are dashed lines showing thermal difference diffraction curves, AS300°c, based upon temperature-dependent powder diffraction patterns at
300 °C and 25 °C. AS300°c curves were multiplied to overlay transient X-ray diffraction data. (c, d) Selected transient X-ray diffraction data for
(c) 20 nm and (d) 50 nm TiN NPs, shown with black lines. Gray shading indicate the area under the peak of AS. Data was acquired 40 ps after
photoexcitation with 400 nm light at a fluence of 7.46 mJ-cm=2for 20 nm NPs and 12.20 mJ-cm2 for 50 nm NPs. The dashed red curve is the
first derivative of the static scattering data before pump excitation, multiplied by Aq of -0.0011 A for (c) and -0.0014 A for (d). (e) Estimated
lattice temperature change at 40 ps pump-probe delay for the 20 nm and 50 nm TiN NP samples against 400 nm excitation fluence. Estimates
are calculated by averaging data from the (111), (200), and (220) reflections with error bars spanning the highest and lowest estimated
values. Also shown on the plot is the change in lattice temperature reported for 400 nm excitation of bulk TiN films using transient
thermoreflectance.3® (f) Heat capacity of samples as a function of pulse energy. Estimates of heat capacity are calculated by using average,

high, and low estimates of temperature change.

Transient X-ray diffraction data for the 20 nm and 50 nm TiN NPs
are shown in Figure 3. Here, 1.6-ps. 400-nm pump pulses are
temporally- and spatially-overlapped with probe 79-ps X-ray pulses
generated from a synchrotron (the Advanced Photon Source), with a
controlled pump-probe delay time. Diffraction patterns are collected
both with and without the pump excitation to generate AS =
Spump on — Spump off. TO accurately capture heating of the TiN NP
lattice, data were acquired at a pump-probe delay of 40 ps, (within
the instrument response function). Earlier measurements of
electron-phonon coupling of bulk TiN indicate characteristic
electron-phonon coupling times of ¢. 100 fs.3637 Therefore lattice
heating is anticipated to be complete within the temporal resolution
of the transient X-ray diffraction experiment. Figures 3a and 3b show
typical transient X-ray diffraction data, respectively collected from
the 20 and 50-nm samples, at several pump fluences for the (111),
(200), and (220) reflections. Full g-range data shown in Figure S5
indicates that no solid-solid phase transition is observed. Overlaid in
Figures 3a and 3b with black dashed lines are thermal difference
diffraction data, AS300°c = S300°c — S25°c, based upon temperature-

This journal is © The Royal Society of Chemistry 20xx

dependent powder diffraction patterns. In both transient X-ray
diffraction patterns and thermal difference patterns, thermal
expansion to larger lattice spacings produces a derivative-like feature
at each individual diffraction peak comprised of increased scattering
intensity at slightly smaller g (AS(gpeak +dq)>0) and decreased
scattering intensity at slightly larger g (AS(gpeak +dq)<0). The close
match of the line-shape between AS and AS3ggec indicates that
photothermal heating observed in transient X-ray diffraction
experiments compares readily with equilibrium elevated-
temperature lattice conditions.

Figures 3c and 3d show AS data from transient X-ray diffraction
experiments on 20 nm and 50 nm TiN NPs overlaid with the
derivative of (background-subtracted) sample diffraction without an
optical pump. (Analogous data for thermal difference diffraction data
is shown in Figure S6.) The derivative-like line-shape exhibited by AS
dataindicates that the diffraction patterns result from a small change

as(q)
in g, as AS(q) = ~dq Aq. In particular, the close matches of the
derivatives of the room temperature scattering patterns to both AS

J. Name., 2013, 00, 1-3 | 3
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static thermal differenced diffraction and transient XRD indicates
that neither equilibrium nor photoinduced heating include a
substantial loss of order or phase transition. This distinguishes TiN
from gold, for example, where the latter presents both broadening
and reduction of diffraction peak intensity in addition to shifts to
smaller g.**

The resolution of data points in the transient diffraction
measurements (0.01 A2) is larger than Aq in most instances (Figure
S7), which precludes direct peak fitting of the transient X-ray
diffraction peaks in a manner sufficiently sensitive to capture peak
shifts accurately. To overcome this problem and estimate peak shifts
for extracting effective temperatures, AS arising from shifted
Gaussian peak features are integrated at positive and negative lobes
(shown with gray shading in Figures 3c and 3d) to determine the shift
in g, Aq, according to®’

2f Spearbq = | T11AS(9)1dg.

Here, Speak is the peak magnitude of the background-corrected
scattering peaks, +g values are chosen to encompass the (111), (200),
or (220) peaks, and f is the photoexcited fraction of the sample,
which is calculated based upon the absorption of the sample at the
pump wavelength. In this case, f is approximated as 0.92 for the 20
nm samples and 0.93 for the 50 nm sample, based upon the
penetration depth of the beam to 10/62, calculated using the sample
absorption at the pump wavelength at the widest point of the jet
cross-section (Figure S8 and discussion in Supplementary
Information). Aq for the (111), (200), and (220) peaks of transient X-

ray diffraction data shown in Figures 3a and 3b are then translated
dq
into estimates of NP lattice temperature using calibrations of —;7—

determined from static temperature-dependent measurements. The
lattice temperature changes for the 20 nm and 50 nm TiN NPs
obtained in this manner are shown in Figure 3e plotted as a function
of 400 nm pump fluence. An additional indication that the estimated

lattice temperature changes (and f) are reasonable comes from
ds(q)
comparison of the transient diffraction patterns (AS) with ——.=Aq

as shown in Figures 3c and 3d. Also in Figure 3e is the reported lattice
heating of a bulk TiN film estimated from optical thermoreflectance
measurements, under 400 nm pump excitation.3® These data show
that increases in the lattice temperature of the 20 nm and 50 nm TiN
NP samples (as well as the bulk film) are quite similar, reaching AT of
~150 °C (a lattice temperature of 175 °C) under the investigated
conditions. It is noteworthy that this is well within the interpolation
obtained from static, temperature-dependent X-ray diffraction data
in Figure 2.

Lattice temperature estimates from transient diffraction in
Figure 3e show a nonlinearity at higher fluence which reduces the
photothermal response. If viewed as a heat capacity, or Epulse/AT,
this effective heat capacity of the TiN NPs increases at higher fluence,
as shown in Figure 3f. This is consistent with Debye solids and for
practical applications of TiN, which has a Debye temperature near
636K, points to diminishing returns with higher fluences. In bulk TiN,
the heat capacity, dominated by the lattice heat capacity, increases
by 22% from 25 °C to 175 °C.>® By comparison, the heat capacity of
gold (Debye temperature of 170 K), increases by only 2% over a
similar temperature range.>® Although both electron-phonon
coupling and electron temperature may change with excitation
fluence, the influence of these effects are expected to be minimal for
the lattice temperature estimates with a pump-probe delay of 40 ps,
at which point energy absorbed by electron and lattice temperatures
are equilibrated.3637

4| J. Name., 2012, 00, 1-3

a —40 ps

— —200 ps

= —400 ps

LS 4 800 ps

(7)) 2ns

i —8ns

—100 ns
255 2.60 2.953.00 4.15 4.20
K
q (A7)

% e 0 3.73 mJ-cm?2
A‘ISO-D —L* 6.79 I'l"IJ'Cm-Z-2
%) éﬁl‘ Oll 0 12.20 mJ.cm
:100-5‘7‘7[77 H 4‘) I
< sofdes,, [ T

| Gnogg B 2 690
N g : g \']} 3
0- e e
0 1 2 1020304050
Time (ns)

Figure 4. Transient X-ray diffraction patterns of 50 nm TiN NPs
excited at a 400 nm pump fluence of 6.79 mJ-cm™ for the indicated
pump-probe delay times ranging from 40 ps to 100 ns. (b) Estimated
temperature changes of 50 nm TiN NPs versus time for stated
fluences of 400 nm pump excitation. Temperatures are estimated as
described in the text with errors bars representing high and low
estimates from (111), (200), and (220) peaks. Dashed gray lines show
stretched exponential fits to the data.

Finally, the lattice dynamics were measured at different pump-
probe delay times to observe the cooling of the hot TiN NPs. In Figure
4a, selected AS data are shown for 50 nm TiN NPs at a fixed pump
fluence (6.79 mJ-cm2) at several different pump-probe delay times
up to 100 ns. The NPs cool down following the initial optical pump
pulse and the magnitude of AS decreases to the point at which it
becomes indistinguishable from the baseline. Heat transfer from
particles (subscripted p) to surrounding fluids (f) is a classical heat
transfer problem in which the limiting cases are cooling dictated by
either diffusion or interfacial heat transfer.6%-%3 When heat transfer
is limited by diffusion, the temperature decay of the particle is Tp =

TZC 2

T/Z}f, where @; =Ai/Cz, A; is thermal conductivity, and C; is heat
capacity. For these 50 nm TiN nanoparticles in water, the lifetime of
diffusion-limited heat transfer is estimated at 400 ps. On the other

hand, when heat transfer is limited by interfacial heat transfer, the
rC

decaytimeisT; = 375, where G is the interfacial thermal conductance.
Although the interfacial thermal conductance for these particles is
unknown, previous estimates of interfacially-limited thermal
conductance of metallic nanoparticles in water are ~150 MW-m2-K-
1,60,61,63 Jsing this value, the estimated heat decay time in this system
is 210 ps.

To evaluate the physical processes contributing to heat transfer
in these TiN NPs, Figure 4b compares the temperature relaxation for
50 nm TiN NPs excited at three different fluences. Experimentally,

This journal is © The Royal Society of Chemistry 20xx
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thermal relaxation is a nonexponential processes that is slower than
anticipated under either diffusion-limited or interface transfer-
limited cooling, although these results are closer to the diffusion-
limited case. Similar to earlier work,*-®* dynamics are quantified in
Table 1 by fitting the lattice temperature dynamics to stretched
exponential decays €~ (t/T)ﬁ, as depicted by the gray dashed lines in
Figure 4b. At low fluence, the stretched exponential decay (510150
ps) is longer than either analytical limit and the experimentally-
observed heat dissipation of similarly sized colloidal gold NPs in
water, which show a heat dissipation time constant of 380+40 ps.%*
At higher fluences, the transient X-ray diffraction dynamics
appreciably slow, which is explicitly at odds with previous findings on
gold NPs in water.5* (Normalized, semi-log, and log-log data for
comparison may be found in Figure S9.) In all cases, 8 values are
smaller than previous reports on gold NPs (~0.7),5* which implies a
larger dispersion of rates in these samples. One reason for deviation
from analytical models and elongation of heat dissipation times of
the TiN NPs at higher fluence (or higher lattice temperature) is that
heating of the fluid layer proximal to the particle surface slows heat
dissipation of the particle® by creation of an insulating vapor layer
with larger impedance mismatch with the particle than pure fluid.5¢
At still higher NP temperatures, surface water may even become
superheated or boil,?7:%8 although the lattice temperatures estimated
here are smaller than those estimated to induce boiling on a gold NP
surface.®®

/o)
Table 1. Fitting parameters for stretched exponential (e /m ) fit of
fluence-dependent temperature dynamics of 50 nm TiN NPs.

Fluence (mJ/cm?) B T (ps)
3.73 0.45 510+50
6.79 0.45 720+50
12.20 0.32 1498+190

C Conclusions

In conclusion, we have shown that transient X-ray diffraction may be
used to directly examine photothermal changes in the lattice
temperature of TiN NPs, including for perturbations of less than 20
°C. These results show that the TiN lattice expands but does not
undergo a phase transition in the regime probed, which underlines
the refractory nature of the nitride metals and distinguishes them
from gold NPs in photothermal applications. Under the excitation
conditions used in this work, TiN NPs heat from room temperature
up to as hot as 175 °C, measured by calibrating transient X-ray
diffraction data against static powder diffraction measurements at
elevated temperatures. The increasing heat capacity of TiN at higher
temperatures leads to diminishing returns in photothermal response
at the highest fluences employed here. Cooling of the heated NPs in
water is a non-exponential process that appears slower than
comparably sized gold NPs and unexpectedly sensitive to pump
fluence. These results provide an important microscopic picture of
photothermal behavior in this promising colloidal material.

This journal is © The Royal Society of Chemistry 20xx
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