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The thermal properties of single-crystal diamond nanowires (NWs) have been calculated from first

principles but have never been measured experimentally. Taking advantage of the sharp geometry

of samples analyzed in a laser assisted atom probe, this technique is used to measure the thermal

diffusivity of a single NW at low temperature (<300 K). The obtained value is in good agreement

with the ab-initio calculations and confirms that thermal diffusivity in nanoscale samples is lower

than in bulk samples. The results impact the design and integration of diamond NWs and nanonee-

dles in nanoscale devices for heat dissipation. Published by AIP Publishing.
https://doi.org/10.1063/1.5019672

Diamond nanowires (NWs) and nanoneedles (NNs) dis-

play unique properties in the domain of nanostructures, such

as chemical inertness, high mechanical strength, and high

thermal conductivity.1 Due to their unique physiochemical

properties, diamond nanostructures offer the potential to

enable a broad range of applications including light detectors

and emitters, substrates for nanoelectronic devices, tips for

scanning probe microscopy or ultra-bright electron field

emission sources, and sensing applications.2–4 Given the

exceptional thermal conductivity of bulk diamond and the

importance of heat dissipation in nanoscale devices, it is cru-

cial to investigate the thermal diffusivity of NWs and NNs.

The thermal conductivity of diamond NWs was investigated as

a function of the NW diameter and temperature, using ab-initio
calculations.5 There have been no reports of the direct experi-

mental measurement of the thermal properties (such as thermal

diffusivity or conductivity) of a single NW or NN. Moreover,

while the theoretically predicted thermal conductivity value is

lower than for bulk diamond, it is still rather high, which cre-

ates significant problems in their measurement.

In this work, we used a laser assisted tomographic atom

probe (La-TAP) for the thermal diffusivity measurement of

diamond NWs. La-TAP is a powerful technique to image

materials at the atomic scale. In a La-TAP, an intense elec-

trostatic field is applied to the apex of a nanometric needle-

shaped specimen.6 Surface atoms are evaporated from the

surface of the NWs, as positive ions, induced by ultrafast

laser pulses and detected by a two-dimensional position- and

time-of-flight-sensitive detector.7 Hence, the chemical analy-

sis in 3D with a sub-nanometric spatial resolution can be per-

formed.8 The use of laser pulses to trigger the evaporation of

surface atoms led to two main consequences: the opening of

the technique to the nanoscale imaging of many kinds of

materials (semiconductors, ceramics, and polymers)9,10 and

the use of this technique to study the optical and thermal

properties of materials at the nanometer scale under intense

electrostatic fields.11 It was shown that the nanometric needle-

shape of the samples induces a self-confinement of the optical

absorption at the apex of metallic samples.12 Recently, this

technique was used to study the change in the optical emission

and absorption of nonmetallic samples such as diamond under

intense electric fields.11,13 It was also used to characterize the

thermal properties of amorphous metal glasses and silicon

nanoneedles. This was done by comparing experimental results

with heat diffusion models, based on either the actual sample’s

geometry or a simplified nanowire geometry.14,15 However,

using standard illumination conditions in the La-APT, this

technique can be used to measure thermal properties only in

the case of low-thermal-diffusivity materials (D� 0.01 cm2/s,

as in Refs. 14 and 15).

In this letter, we demonstrate that the thermal diffusivity

of highly thermally conductive materials can be measured

too by modifying the illumination conditions. Here, we study

the thermal diffusivity of a diamond NW [D(bulk)> 1 cm2/s]

by focusing the laser beam far from the sample apex, inside

a La-APT chamber. Then, the thermal diffusivity values of

an individual diamond NW were extracted from fitting of the

experimental results accordingly to a heat diffusion model.

The agreement of experimental results on the thermal diffu-

sivity with values calculated by first principles methods con-

firms the ability of the La-TAP technique for obtaining the

thermal properties of diamond NWs and NNs.

The analyzed diamond single crystal needles are

obtained by a combination of chemical vapor deposition

(CVD) growth and selective oxidation of polycrystalline dia-

mond films. More information on the sample preparation is

presented in Ref. 16. A large number of needles were scat-

tered on a silicon substrate, and one was selected and glued

on an electro-polished tungsten tip by micromanipulation

under an optical microscope. The exact geometry of the sam-

ples, measured by scanning electron microscopy (SEM), is

shown in Fig. 1. The nanoneedle presents an almost constanta)angela.vella@univ-rouen.fr
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diameter of d¼ (130 6 40) nm on the last 4 lm close to the

apex and a cone angle of (�1 6 2)�. Given this small cone

angle, we can consider the sample equivalent to a NW in this

region. The end radius is R¼ (50 6 8) nm.

The mechanisms explaining laser-assisted field evapora-

tion of nonmetallic materials has been a subject of debate in

the atom probe community for over a decade. As it was

recently reviewed in Refs. 6 and 9, the evaporation behav-

iors, which had been reported experimentally, are mainly

thermally activated. In the case of thermally activated evapo-

ration, the number of evaporated ions resulting from the

interaction between the specimen and the laser pulse follows

an Arrhenius law17

NionsðtÞ ¼ n exp � Q

kBTsðtÞ

� �
; (1)

where n depends on different parameters including the num-

ber of atoms located at kink sites at the tip surface (which

have the highest probability of evaporation), applied DC

field, and detector efficiency; Q is the field-dependent activa-

tion energy; and Ts(t) is the surface tip temperature at the

specimen apex.

Following the temporal evolution of Nions(t), for each

evaporated species of ions (C3þ, C2þ, Cþ, Cþ2 ; Cþ3 ), allows

the study of the temperature evolution at the apex of the

NW. However, when materials with high electric resistivity

and/or a length of several microns are analyzed in the La-

TAP, the emitted ions exhibit an energy spread that also

affects the temporal evolution of Nions(t), and it can hide the

temperature evolution Ts(t).
18,19

To avoid this problem, a La-TAP equipped with an

energy compensator (reflectron) is used for this study, the

Cameca LEAP4000 xHR model. The use of the reflectron

system reduces the energy spread of detected ions and allows

the study of the temperature evolution of the sample through

the analysis of the TOF spectra. The LEAP4000 xHR is

equipped with a picosecond laser system (k¼ 1064 nm)

operating at 250 kHz and generating pulses of 30 ps with a

tunable energy. Using third harmonic generation, the laser

wavelength is converted to 355 nm. The linearly polarized

laser beam is focused on the diamond NW with a spot diam-

eter (FWHM) of (1.25 6 0.02) lm. More information on the

measurement of the spot size is reported in the supplemen-

tary material. The impact position on the detector and the

time of flight are recorded for each detected ion.

Experiments are performed at 50 K under ultrahigh vacuum

conditions (<10�7 Pa). A high voltage of 5 kV is applied to

the tungsten tip and produces an intense electric field at the

apex of the diamond NW, as experimentally and theoreti-

cally proved in Refs. 11 and 13. A laser pulse energy of

E¼ 250 pJ was focused on it. A schematic of the experiment

setup is reported in Fig. 2.

The obtained time-of-flight spectrum, with the identifi-

cation of the detected ion species, is reported in Fig. 3.

In the case of a NW, the temperature evolution Ts(t) at

the apex can be calculated analytically solving the heat diffu-

sion equation in one dimension (along the tip axis z)

@T

@t
¼ D

@2T

@z2
; (2)

where D is the thermal diffusivity of the diamond NW, with

the zero heat flow at the apex (z¼ 0), as a boundary condi-

tion. At t¼ 0, right after the interaction with the laser pulse,

the lattice temperature distribution along the tip [T(0, z)] is

defined as a Gaussian function (corresponding to the heated

zone) centered on the tip apex20

Tð0; zÞ ¼ Trise exp � z2

2w2
1

 !
; (3)

where w1 is the waist of the heated area and Trise is the maxi-

mum temperature after the interaction with the laser. The

validity of this one dimensional model is discussed in the

supplementary material. Solving Eq. (2), the temperature

evolution at the tip apex is then

TsðtÞ ¼ Tðt; 0Þ ¼ T0 þ Trise
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ tD

w2
1

s ; (4)

FIG. 1. SEM images of the diamond nanoneedles glued on the tungsten tip.

FIG. 2. The needle specimen is inserted into a laser-assisted tomographic

atom probe. The high voltage applied to the tungsten tip produces an intense

electric field at the apex of the diamond NW. Field evaporation of surface

atoms is triggered by focusing the 355 nm laser on a spot of (1.25 6 0.02)

lm FWHM directly on the needle apex or far from it (at a distance z0, as in

the schematic).
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where T0¼ 50 K is the base temperature at which analyses

are performed.

The measured temporal evolution of Nions, for C2þ ions,

is reported in the inset of Fig. 3(a). In this case, only one nar-

row peak is observed. Its width actually corresponds to the

time response of the detector, which is added to the graph for

comparison [dashed blue line, Fig. 3(a)]. This indicates that

the temporal evolution of the temperature is at least as fast as

the time resolution of the instrument.

In order to increase the time-scale of the heating and

cooling processes, a second experiment was performed,

where this time the laser was focused on the shank of the dia-

mond NW at a distance of (2.70 6 0.06) lm from the tip

apex. The exact position of the spot along the NW is con-

trolled thanks to a piezoelectric stage (see Fig. 2).

The detected number of evaporated C2þ ions per pulse

now shows the presence of two peaks; the second one is

delayed of about 6 ns, as shown in the inset of Fig. 3(b). The

width of the first peak is again limited by the temporal

response of the detector and reflectron systems, as for the

previous illumination condition. This peak is related to a fast

emission process, thermally assisted by the heating of the

sample’s apex. This is possible because even if the laser is

focused 2.7 lm away from the apex, the tail of the Gaussian

beam still illuminates the apex of the NW. Here, the static

electric field is huge (F¼V/bR, with b a dimensionless fac-

tor that varies with the exact geometry of the tip, which is

found in the range of 1.5–2;8 hence, F ranges between 50

and 66 V/nm) and can induce an increase in the optical

absorption of the diamond NW by a band-gap narrowing, as

already reported by authors for MgO or Si nanoneedles

under an intense electric field11 and recently proved by

Mukherjee et al.21 for diamond. Therefore, the laser energy

is absorbed in a small volume at the apex of the NW, induc-

ing its fast heating and cooling and leading to the narrow

emission peak of Fig. 3(b).

The second peak is 100 times wider than the first one,

and therefore, the temporal accuracy of the detector can be

neglected, and one can consider the width of this second peak

as related only to the temperature evolution at the apex of the

NW. This second peak corresponds to a second slower rise of

the apex temperature, caused by laser absorption far from the

specimen’s end and subsequent heat diffusion. A schematic

representation of this process is presented in Fig. 2.

In order to calculate the temperature evolution at the

apex induced by these two heated regions, we solve Eq. (2),

with an initial lattice temperature distribution [T(0, z)]

described by two Gaussian functions, corresponding to the

two heated zones, with amplitudes Trise and ATrise (with A
being a dimensionless constant) and full widths, 2w1 and

2w2, respectively. The first Gaussian function is centered on

the tip apex and the second on a distance equal to z0, as sche-

matically shown in Fig. 2. Hence, T(0, z) becomes

Tð0; zÞ ¼ Trise exp � z2

2w2
1

 !
þ ATrise exp �ðz� z0Þ2

2w2
2

 !
:

(5)

Solving analytically Eq. (2), the temperature evolution

at the tip apex can be written as22

TsðtÞ ¼ T0 þ Trise
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ tD

w2
1

s
2
66664

þ 2Affiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tD

w2
2

s exp � z2
0

2w2
2 1þ tD

w2
2

� �
0
B@

1
CA

3
77775: (6)

The value of w1¼ 50 6 8 nm is fixed considering that at

z¼ 0, the absorption is higher where the field is the strongest

and hence in the hemi-spherical region of R¼ 50 6 8 nm.

The electric field penetration-depth inside the sample is

equal to 2 nm,13,21 which is below the uncertainty on R and

can hence be neglected. The value of w2¼ 0.53 6 0.01 lm is

fixed by the focused spot size of the laser. The distance of

the second heated zone is equal to z0¼ (2.70 6 0.06) lm.

Only the uncertainty on the value of the distance z0 affects

the behaviour of the temperature, as discussed in detail in the

supplementary material. Hence, in the following discussion,

the values of w1¼ 50 nm and w2¼ 0.53 lm are fixed.

This temperature evolution Ts(t) convoluted with the

detector-time-response function (a normalized Gaussian func-

tion of the FWHM of 0.6 ns) is introduced in Eq. (1) to calcu-

late the number of atoms evaporated for each laser pulse. The

comparison between the experimental TOF spectrum and

FIG. 3. Time-of-flight spectrum of a diamond NW, analyzed at 50 K, using

a 355 nm laser at P¼ 250 pJ focused on the NW’s apex (a) or at 2.7 lm from

the apex (b). The two insets show the magnified views of the time-of-flight

spectra centered on the C2þ peak.
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the theoretical prediction of Nion(t) is reported in Fig. 4(a).

A good qualitative agreement between the experimental

TOF spectra and the prediction of the Nions evolution by the

thermal model is obtained using, as adjustable parameters,

diffusivity D, ratio Q/(kBTrise), and value A. As shown in

Fig. 4(b), the value of the ratio Q/(kBTrise) mainly affects

the slope of the tail of the second peak and only slightly its

height, but it has no influence on the temporal delay of the

second peak. Similarly, the variation of value A has an

effect on the height of the second peak but not on its delay

[see Fig. 4(c)]. Hence, the value of A and Q/(kBTrise) can be

adjusted independently from the value of D. Then, in order

to take into account the uncertainty on the value of z0, the

value of z0 is set to 2.64, 2.7, and 2.76 lm, and for each

value, the best fit is determined by varying the value of D
and A [see Fig. 4(a)].

These numerical simulations demonstrate the robustness

of our method to determine the value of the thermal diffusiv-

ity of the single NW at D¼ (11.0 6 0.5) cm2/s.

Considering the values of the thermal conductivity numer-

ically calculated for the diamond NW of different diameters by

Li et al.5 and the variation of the heat capacity of bulk dia-

mond with the temperature,23 we calculate the value of the

thermal diffusivity for three diameters of the NW: d¼ (50,

100, and 200) nm, as reported in Table I, together with the val-

ues obtained for bulk diamond from Ref. 24. The diameter

of the NW analyzed in the La-TAP is d¼ 130 6 40 nm, as

measured from the SEM images of Fig. 1. Considering the

absorption coefficient of CVD diamond at 355 nm and

a¼ 900 cm�1,25 the maximum temperature rise after the inter-

action of the laser can roughly be calculated as Tmax
rise

¼ ðaIlaserÞ=Cp ¼ 120 K, where Cp¼ 0.027 J/(cm3 K) is the

heat capacity from Ref. 23 at T¼ 50 K and Ilaser ¼ E=ðpw2
2Þ

¼ 3:6� 10�3 J=cm�2 is the laser fluence for E¼ 250 pJ.

This maximal temperature rise is lower than 200 K. This

result is in good agreement with the temperature obtained in

similar analysis conditions by Mukherjee et al.21 on diamond

nanotips.

Considering the value of diffusivity reported in Table I

for a temperature lower than 200 K, we note that the mea-

sured diffusivity is one to two orders of magnitude lower

than the diffusivity measured in bulk samples. It is however

similar to the values calculated numerically for diamond

NWs. For a NW diameter between 100 and 170 nm, as in our

case, the measured value of D¼ (11.0 6 0.5) cm2/s matches

theoretical predictions for a temperature ranging between

100 and 150 K.

Hence, the measured diffusivity indicates that the NW is

heated to a mean temperature lower than 150 K by the laser

illumination and that its diffusivity is lower than the bulk dif-

fusivity at least one order of magnitude.

The thermal diffusivity of the diamond NW could also

be significantly affected by a high pressure or by the pres-

ence of impurities. Concerning the pressure, it was recently

measured that the stress acting on the sample analyzed by

the La-TAP, due to the intense electric field, is of about

3 GPa for diamond needles with an end radius of 70 nm.13

Such a stress is too small to have any significant effect on

thermal diffusivity, as reported in Ref. 26. Concerning the

impurities, the density of NV and SiV color-centers, mea-

sured by photoluminescence,27 is in a range of 0.24 to

3.3� 1015 cm�3. As reported in Ref. 28, this low concentra-

tion of impurities should induce a change in the thermal

properties of less than a few %.

FIG. 4. Black line: Time-of-flight spectrum of C2þ ions field evaporated

from the diamond NW, analyzed at 50 K, using a 355 nm laser focused on

the shank of the NW 2.7 lm away from the apex, with P¼ 250 pJ; (a)

dashed lines: numerical simulations of Nions for three values z0, for Q/

(kBTrise)¼ 8; (b) dashed lines: numerical simulations for different values of

Q/(kBTrise) with z0¼ 2.7 lm, D¼ 11 cm2/s, and A¼ 1.9; (c) dashed lines:

numerical simulations of Nions for different values of A with z0¼ 2.7 lm,

D¼ 11 cm2/s, and Q/(kBTrise)¼ 8.

TABLE I. Values of the thermal diffusivity in cm2/s for NWs and for bulk

diamond calculated using the value of thermal conductivity k given in Refs.

5 and 24, respectively, and heat capacity Cp given in Ref. 23 and using a

molar volume of 3.416 cm3/mol in the equation D¼ k/Cp.

Temperature (K) d¼ 50 nm d¼ 100 nm d¼ 200 nm Bulk

100 5.2 10.5 15.5 2300

150 3 4.6 11 368

200 2 4.1 8.2 110

250 1.6 3.0 5.5 35.5

300 1.5 2.7 4.5 18.1
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As a conclusion, we evaporated a single NW by the La-

TAP using nonstandard illumination conditions, and by com-

paring the obtained time-of-flight spectra with a simple 1D

model, we extract the specimen’s thermal diffusivity.

These results show the ability of the La-TAP to perform

a measurement of the thermal properties of single nanostruc-

tures, simply by considering the physical mechanism at the

origin of the field assisted evaporation of the surface ions.

The experimental measurement shows that the thermal

diffusivity of diamond NWs is lower than that of bulk dia-

mond, which confirms the theoretical predictions.5

This technique was also applied to diamond nanonee-

dles. However, because of their conical shape, different heat

diffusion models need to be developed to fit the experimental

data. Using the present model on a sample that has a cone

angle larger than 2� can induce errors in the measurement of

the thermal diffusivity that can be larger than 10%.

See supplementary material for details on the measure-

ment of the laser spot size, the numerical simulations of

absorption maps, and the influence of the uncertainty of the

value of w1 and w2 on the temperature evolution at the NW

apex.
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