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Frequency-resolved Raman spectroscopy (FR-Raman) is a new technique for nondestructive

thermal characterization. Here, we apply this new technique to measure the anisotropic thermal

conductivity of suspended nm-thick black phosphorus samples without the need of optical absorp-

tion and temperature coefficient. Four samples with thicknesses between 99.8 and 157.6 nm are

studied. Based on steady state laser heating and Raman measurement of samples with a specifically

designed thermal transport path, the thermal conductivity ratio (jZZ/jAC) is determined to be

1.86–3.06. Based on the FR-Raman measurements, the armchair thermal conductivity is measured

as 14–22 W m�1 K�1, while the zigzag thermal conductivity is 40–63 W m�1 K�1. FR-Raman has

great potential for studying the thermal properties of various nanomaterials. This study significantly

advances our understanding of thermal transport in black phosphorus and facilitates the application

of black phosphorus in novel devices. Published by AIP Publishing.
https://doi.org/10.1063/1.5023800

I. INTRODUCTION

In recent years, black phosphorus (BP) has attracted

worldwide research interest as a promising layered material

for electronic, optical and optoelectronic applications.

Compared with other two-dimensional materials, BP pos-

sesses many extraordinary properties, such as high carrier

mobility (�1000 cm2 V�1 s�1 in field-effect transistors) and

thickness-dependent direct bandgap, which varies from

0.3 eV (bulk) to 1.4 eV (monolayer).1–4 Most intriguingly,

with a honeycomb layered structure, BP has unique anisot-

ropy in its electrical,2–5 optical,6–8 mechanical,9–12 and ther-

mal13–18 properties. Such anisotropy is commonly described

by two high-symmetry lattice directions, the armchair direc-

tion and the zigzag direction. These properties make BP an

ideal platform for the fundamental study, as well as for

designing novel devices. For small-scale BP devices, their

performance is not only directly determined by BP’s elec-

tronic properties, but also relevant to BP’s thermal proper-

ties, especially the anisotropic thermal conductivity. The

study on the anisotropic thermal conductivity of BP is criti-

cal for the thermal management and the successful applica-

tion of BP-based devices.

Compared with extensive investigations on the elec-

tronic properties of BP, experimental studies of the aniso-

tropic thermal conductivity of BP are still limited. This is

mainly due to technical challenges in sample preparation and

experimental measurements. For example, BP is easily oxi-

dized in air by absorbing oxygen molecules and moisture.

Also, with a relatively small lateral size, thin BP is very diffi-

cult to handle. Despite these difficulties, Luo et al. pioneered

measurements of the anisotropic thermal conductivity of

few-layered BP samples at room temperature with micro-

Raman spectroscopy.13 The measured armchair and zigzag

thermal conductivities were about 20 and 40 W m�1 K�1,

respectively, for BP samples thicker than 15 nm, and they

decreased to 10 and 20 W m�1 K�1, respectively, as the BP

thickness is reduced to 9.5 nm. Meanwhile, similar results

were reported using the micro-bridge technique.17 Exfoliated

BP samples were fabricated into nanoribbons along the arm-

chair and zigzag directions with electron beam lithography

(EBL). By bridging BP nanoribbons between two suspended

pads, the thickness and temperature dependence of the aniso-

tropic thermal conductivity of BP were investigated. Jang

et al. measured 138–552 nm thick BP samples with the time-

domain thermoreflectance (TDTR) method.14 These BP sam-

ples were protected with a thin AlOx layer to prevent oxida-

tion. The measured thermal conductivities were 26–34 and

62–86 W m�1 K�1 in armchair and zigzag directions, respec-

tively, at room temperature. Sun et al. further improved

TDTR measurements by studying bulk BP. It was reported

that the armchair and zigzag thermal conductivities were

23–33 and 73–93 W m�1 K�1, respectively.16 There are other

techniques that can be used for studying the anisotropic ther-

mal conductivity of BP, such as the modified laser-flash tech-

nique,19 pulsed laser-assisted thermal relaxation technique,20

transient electro-thermal technique,21–24 etc.

As a nondestructive and noncontact technique, micro-

Raman spectroscopy offers many compelling advantages

over other techniques, such as high spatial resolution, a sim-

ple experimental setup, and an easy sample preparation
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method.25–27 Micro-Raman spectroscopy utilizes a continuous-

wave (CW) laser to induce the heating effect and excite

Raman scattering simultaneously. The temperature dependence

of Raman spectrum makes it possible to probe local tempera-

ture changes and determine the thermal properties of a studied

system. The successful employment of micro-Raman spectros-

copy requires calibrating Raman spectrum with temperature by

measuring the temperature coefficient v, and calculating the

absorbed laser power P0. However, v and P0 are two major

sources of measurement errors. To reduce or even eliminate

errors induced by v and P0, frequency-resolved Raman spec-

troscopy (FR-Raman) has been developed in our lab.28 This

new technique enables the measurement of thermal properties

even without the knowledge of v and P0. It has been success-

fully applied to measure the thermal diffusivity of a c-Si

micro-cantilever.28 In this work, the FR-Raman technique is

further developed so that the anisotropic thermal conductivity

of suspended BP samples can be measured.

II. PHYSICAL PRINCIPLES OF THE MEASUREMENT

The FR-Raman method utilizes a square-wave modu-

lated laser to induce the heating effect and excite Raman

scattering. In each period of a modulated laser, there are a

laser-on time sh and a laser-off time sc (sc is always equal to

sh). Under irradiation of a modulated laser, a sample experi-

ences alternate heating and cooling, and can reach a steady

periodic thermal state at last. At a steady periodic thermal

state, the temperature rise during sh is equal to the tempera-

ture drop during sc. The average temperature rise �h during sh

is modulation-frequency (f) dependent. In general, a modu-

lated laser has enhanced heating effect as f decreases. The

heating effect of a modulated laser at a very high and a very

low f is two extreme cases. At a very high f, temperature var-

iations during sh and sc are so small that temperature can be

regarded as a constant. This state is defined as the “quasi-

steady state” with an average temperature rise �hqs during sh.

At a very low f, temperature increases from the initial tem-

perature T0 and converges to its steady state temperature Ts

during sh, while it decreases from Ts and returns T0 during

the following sc. This state is defined as the “steady state”

with an average temperature rise �hs during sh (�hs is equal to

Ts–T0). In fact, the thermal response to a low-f modulated

laser during sh is identical to the thermal response to a

continuous-wave laser. From a high f to a low f, the thermal

response varies from the “quasi-steady state” to the “steady

state” gradually. The corresponding average temperature rise
�h increases from �hqs to �hs. Our previous work has rigorously

proved that �hqs ¼ �hs=2.28 In addition to the modulation fre-

quency f, �h is also a function of the absorbed laser power and

the thermal properties of the studied system. Once �h is nor-

malized by �hs, we have the normalized average temperature

rise �hnor, which is a dimensionless quantity representing the

relative temperature variation. �hnor varies from 1/2 to 1 when

f decreases. Such f-dependent variation in �hnor is only deter-

mined by the thermal properties of the studied system. In the

FR-Raman technique, the temperature dependence of Raman

spectrum enables it to monitor the variation of �hnor with f
and extract the thermal properties ultimately.

For the anisotropic thermal conductivity of BP, measure-

ments are achieved by suspending a BP sample on a square

dent [Fig. 1(a)] in a c-Si substrate. The armchair and zigzag

directions of BP are deliberately aligned along an edge of the

square dent. This suspending configuration can simplify the

thermal transport model for calculating the anisotropic thermal

conductivity. The initial suspended sample is called the “as

transferred” sample. First, we irradiate the “as transferred” sam-

ple with a modulated laser beam and measure its Raman spec-

tra over a wide modulation frequency range [Fig. 1(b)]. The

variation of wavenumber against modulation frequency can be

obtained from this measurement. Then, the “as transferred”

sample [Fig. 1(c)] is irradiated with a CW laser of varying

power P and Raman spectra are collected. The power

FIG. 1. (a) Schematic of a BP sample

suspended on a square dent (22� 22

� 3 lm3). The armchair/zigzag direc-

tion is along the edges of the square

dent. (b) Irradiation of an “as trans-

ferred” suspended BP sample by a

modulated laser beam. (c) Irradiation of

an “as transferred” suspended BP sam-

ple by a CW laser beam. (d). Irradiation

of a “laser modified” suspended BP

sample by a CW laser beam.
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differential of the wavenumber U1 is obtained as U1

¼ @x=@P. Note that U1 depends on the armchair thermal con-

ductivity jAC and the zigzag thermal conductivity jZZ. Then,

we cut two sample’s edges along the armchair direction [Fig.

1(d)] to separate them from the substrate. This is achieved by

using a high-power CW laser beam. The sample after laser

cutting is called the “laser modified” sample. The “laser mod-

ified” sample is irradiated with a CW laser of varying power

and the counterpart U2 can be obtained. The “laser modified”

sample enables the isolation of heat conduction along the

armchair direction. Therefore, for this sample, U2 is predomi-

nantly determined by jAC. The thermal conductivity ratio g
(jZZ/jAC) can be determined from U2/U1. The absolute values

of jAC and jZZ are extracted from the normalized averaged

temperature rise �hnor, which is converted from the wavenum-

ber. Detailed discussions are given in Secs. III–VIII.

III. EXPERIMENTAL SETUP OF FR-RAMAN

The FR-Raman system has an external 532-nm CW

laser (Excelsior-532-150-CDRH Spectra-Physics) as an

energy source. It is integrated into a confocal Raman system

by several mirrors. The CW laser is modulated with a square

waveform using an electro-optics modulator (EOM). Driven

by a function generator, the EOM can modulate the laser at

a frequency as high as 20 MHz. This modulation frequency

range is broad enough to induce thermal responses from the

“quasi-steady state” to the “steady state”. Turning on/off the

EOM allows an easy and rapid switching between a modu-

lated laser and a CW laser. During FR-Raman measure-

ments, BP samples are placed in an environmental cell

(Linkam Scientific), which can be filled with N2 gas to pre-

vent the degradation of BP in air.18 The environmental cell

has a circular glass window on its top lid allowing the

passing-through of a laser beam. The laser beam is focused

by a 20� objective. The spot size is 2 lm at 1/e2 of the cen-

ter intensity. By mounting the environmental cell on a 3D

piezo microstage, the laser beam can be focused on the mid-

dle of a suspended BP sample precisely. A half-wave plate

is applied to adjust laser polarization. A neutral density

(ND) filter is utilized to vary the laser power. All Raman

spectra are collected in the backscattering configuration.

The detailed experimental setup can be found in our previ-

ous work.18,29

IV. SUSPENDED BP SAMPLE FABRICATION AND
EXPERIMENTAL METHODS

Due to the weak van der Waals force between atomic

layers and strong covalent bonds in the layer, a few-layered

BP sample can be exfoliated from its bulk counterpart.30 In

this work, BP samples are exfoliated from a bulk BP crystal

(99.998%, Smart Element) using a modified mechanical

exfoliation method.31,32 For this modified method, the

employment of viscoelastic stamps (PF-20/1.5-X4 Gelfilm

from Gelpak) substantially increases the chance of obtaining

large and uniform BP samples and reduces sample contami-

nation at the same time. Exfoliated BP samples picked up by

viscoelastic stamps are then inspected under an optical

microscope. From their color contrast, thicknesses of these

exfoliated BP samples can be estimated roughly. Therefore,

candidate BP samples with a large lateral size and a uniform

thickness can be identified easily and rapidly. Candidate BP

samples on the surface of a viscoelastic stamp can be trans-

ferred onto other substrate by simply putting the stamp in

gentle contact with the substrate and peeling it slowly with

the aid of micro-manipulators. Here, candidate BP samples

are transferred and suspended onto square dents (22� 22� 3

lm3), which are fabricated on Si wafers with a focused ion

beam (FIB). In practice, the alignment of the armchair and

zigzag directions along the edges of a square dent is

achieved by aligning a naturally formed edge of an exfoli-

ated BP sample along one arbitrary edge of a square dent.

Previous research has adequately confirmed that a BP’s natu-

rally formed edge is always in the armchair or zigzag direc-

tion.29,33 Note that we only choose BP samples with at least

one naturally formed edge to prepare suspended BP samples.

The suspended BP sample is then loaded into the N2-

filled environmental cell. The oxidation effect on the sus-

pended BP sample is negligible since the total air-exposure

time during sample preparation is typically less than 3 min.

Before performing the FR-Raman experiment, we first iden-

tify the armchair and zigzag directions of a BP sample with

the OT-Raman technique.29 This technique utilizes the

anisotropic heating effect of a linearly polarized laser to

identify crystalline orientation. This step confirms that the

armchair/zigzag direction is in the direction of a BP’s natu-

rally formed edge. More importantly, the identification of

the armchair and zigzag directions is the prerequisite for fab-

ricating a “laser modified” sample from an “as transferred”

sample. Then, we can begin to do the FR-Raman experiment.

To keep the consistency of FR-Raman experiments con-

ducted on various BP samples, laser polarization is always

aligned along the armchair direction. After the FR-Raman

experiment, the sample thickness is determined accurately

with an atomic force microscope (AFM).

V. RAMAN MEASUREMENTS AND DATA PROCESSING

We take measurements performed on the 157.6-nm thick

BP sample as an example to demonstrate experimental pro-

cedures and data processing methods. Figures 2(a) and 2(b)

show the optical images of the “as transferred” 157.6-nm

thick sample and its “laser modified” counterpart. The uni-

form color of the suspended area suggests that it has a uni-

form thickness. The “as transferred” sample has a 22� 22

lm2 suspended area, and the “laser modified” one has an

18.12� 22 lm2 suspended area. The sample thickness is

determined directly from the supported area, which is closely

adjacent to the suspended area. Figure 2(c) shows the AFM

image of the area within yellow dashed lines [Fig. 2(b)]. The

height profile along the white line in the AFM image shows

that the BP sample is 157.6-nm thick [Fig. 2(d)]. The FR-

Raman experiment involves the measurement of two series

of data: the variation of the wavenumber with the modulation

frequency x(f); the variation of the wavenumber with the

CW laser power P. Sections V A and V B describe how these

data are measured.
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A. Measurement of x(f)

A square-wave modulated laser at frequencies in the

range of 1000 Hz to 20 MHz is used to irradiate the 157.6-nm

thick sample. This modulation frequency range is broad

enough to induce thermal responses from the “quasi-steady

state” to the “steady state”. We take great care on selecting an

appropriate laser power, so that the sample will not be dam-

aged while sufficiently strong Raman signals can be excited.

Here, we use Pm to represent the power of a modulated laser

during the laser-on time. Once an appropriate Pm is selected,

it is kept constant regardless of modulation frequency. The

acquired Raman spectral intensity is shown by the contour

map in Fig. 3(a). The most notable features of these Raman

spectra are three Raman peaks A1
g, B2g, and A2

g at 361, 438

and 466 cm�1, respectively.34,35 They demonstrate strong var-

iation in the wavenumber against f, but very weak variation in

the intensity and the linewidth. Apparently, the A2
g mode has

the largest variation in the wavenumber due to its high ther-

mal sensitivity.13 Therefore, we use the A2
g peak wavenumber

(x) to monitor local temperature rise and extract the aniso-

tropic thermal conductivity of BP. The A2
g peak wavenumber

(x) is plotted against the modulation frequency f in Fig. 3(b).

As we have expected, x increases with increased f, and it has

a total variation of �1.0 cm�1 (from �464 to �465 cm�1).

The convergence of x(f) at the high and low f is solid evi-

dence that the transition from the “quasi-steady state” to the

“steady state” does happen. x(f) is dependent on BP’s thermal

properties and the absorbed laser power. BP’s thermal proper-

ties determine how fast x can vary from the “quasi-steady

state” to the “steady state”. The absorbed laser power deter-

mines how large x can change from the “quasi-steady state”

to the “steady state”. To eliminate the influence of the

absorbed laser power, we need to convert x(f) into the

normalized average temperature rise �hnor. This conversion is

accomplished by using data obtained from the variation of the

wavenumber with the CW laser power x(P).

B. Measurement of x(P)

This measurement is conducted when the EOM is turned

off. Therefore, a CW laser becomes the energy source.

Various laser powers are applied to irradiate the “as trans-

ferred” sample. Here, we emphasize that no matter what laser

powers are used, the largest one Pmax must be equal to Pm.

Considering its significant importance for the normalization,

the thermal response to the CW laser with a power of Pmax is

defined as the “CW steady state”. This thermal state is indeed

equivalent to the “steady state” of the modulated laser with a

power of Pm. In the “CW steady state,” the wavenumber xs

and the total variation in the wavenumber Dx are crucial to

convert x(f) into �hnor. xs is directly obtained from experimen-

tal data, while Dx is calculated from U1�Pmax, where U1 is the

change in wavenumber per unit incident laser power.

The Raman spectral intensity excited by various laser

powers is shown by the contour in Fig. 3(c-1). Obviously,

Raman spectra have increased intensity, red-shifted wave-

number and broadening linewidth when laser power increases.

The A2
g mode wavenumber is plotted against laser power with

red dots in Fig. 3(d). The wavenumber shows a linear depen-

dence on laser power. The best fitting linear function to exper-

imental data has U1¼�0.528 6 0.009 cm�1/mW. The above

measurement is repeated on the “laser modified” sample with

the same series of laser powers. Its result suggests that Raman

spectra have increased intensity, red-shifted wavenumber and

broadening linewidth with increased laser power, as shown in

Fig. 3(c-2). Compared with the “as transferred” sample, the

“laser modified” one has a larger change in the wavenumber.

FIG. 2. (a) The optical image of the

“as transferred” 157.6-nm thick sam-

ple. The armchair/zigzag direction is

perpendicular/parallel to the naturally

formed edge of the BP sample. The

suspended area of the BP sample is

22� 22 lm2. The red dot marks the

center of the suspended area, which is

irradiated by a focused laser beam for

thermal characterization. (b) The opti-

cal image of the “laser modified”

157.6-nm thick sample. It suspended

area is 18.12 um� 22 lm. The red dot

marks the center of the suspended area,

which is irradiated by a focused laser

beam for thermal characterization. The

area within yellow dashed lines is thor-

oughly characterized by AFM. (c) The

AFM image of the BP area within yel-

low dashed lines. The thickness of the

BP sample is determined from the

height profile along the white line. (d)

The height profile along the white line

in the AFM image. The thickness is

determined as 157.6 nm.
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The A2
g mode wavenumber is plotted against laser power

with blue dots in Fig. 3(d). Experimental data are fitted by a

linear function, which gives U2¼�0.943 6 0.002 cm�1/mW.

In terms of the absolute value, U2 is much larger than U1. It

suggests that the average temperature rise in the “laser

modified” sample is much larger than that in the “as trans-

ferred” sample. This phenomenon results from the change

in thermal transport along the BP plane. For the “laser mod-

ified” sample, heat conduction to the substrate happens

only in the armchair direction. So, under the same power

laser heating, it will have a higher temperature rise. U1 and

U2 are essential to determine the anisotropy of BP’s thermal

conductivity.

VI. DETERMINATION OF ANISOTROPIC THERMAL
CONDUCTIVITY

The complete characterization of anisotropic thermal

conductivity of BP requires the determination of two param-

eters: the thermal conductivity ratio g (jZZ/jAC) and the arm-

chair thermal conductivity jAC. This section introduces how

to extract g and jAC from the above experimental data.

A. Determination of g

U1 and U2 are two key parameters to determining g. As

we have mentioned before, U1 and U2 are measured from the

“as transferred” sample and its “laser modified” counterpart.

The “as transferred” sample has four edges closely attached

to the Si wafer. The Si wafer acts as a heat sink for dissipat-

ing laser-induced heat from the center of the suspended area.

The heat sink temperature remains unchanged due to the

high thermal conductivity of crystal silicon.36 Because the

thermal conductivity of N2 gas is negligible, laser-induced

heat can only be dissipated along the BP plane.36 The inter-

facial thermal resistance between BP and Si has negligible

effect on the heat transfer, so we believe that the temperature

at the margin of the suspended BP area remains unchanged

despite the fact that the middle of the suspended BP area is

under direct laser irradiation. In the “laser modified” sample,

heat is forced to dissipate toward two paralleled edges along

the armchair direction predominantly. In other words, the

change in the configuration of a suspended BP sample alters

thermal transport in a way that heat dissipation in the zigzag

direction is suppressed significantly. This leads to a higher

temperature rise in the “laser modified” sample. For a simple

description, under irradiation of a unit incident laser power,

the average temperature rise in the heating region of the “as

transferred” sample and its “laser modified” counterpart are

defined as DT1 and DT2, respectively. U1¼ v�DT1 and

U2¼ v�DT2, where v is the temperature coefficient.37 Hence,

U2/U1 is equal to DT2/DT1. Despite U2 and U1 being depen-

dent on jAC and jZZ, their ratio U2/U1 is only dependent on

g. The variation of DT2/DT1 with g can be simulated with

the commercial software ANSYS. Then, by interpolating U2/

U1 to the simulated curve of DT2/DT1, g can be determined

at last.

FIG. 3. (a) Raman spectral intensity of

the “as transferred” 157.6-nm thick

sample excited by a modulated laser

with frequencies from 1000 Hz to

20 MHz. (b) The variation of the A2
g

mode wavenumber x with the modula-

tion frequency f. The total variation is

�1.0 cm�1. (c) Raman spectral inten-

sity of the “as transferred” 157.6-nm

thick sample (c-1) and the “laser mod-

ified” 157.6-nm thick sample (c-2)

excited by various laser powers. (d)

The variation of the A2
g mode wave-

number with laser power. The red

(blue) dots represent experimental data

obtained from the “as transferred” (“as

modified”) sample. The best fitting lin-

ear function to experimental data is

given by a line.
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Due to the fact that a suspended BP sample has a lateral

size much larger than its thickness, heat conduction in the

thickness direction is negligible. Thus, we can model heat

conduction in a suspended BP sample with the two-

dimensional heat conduction equation

@2T

@x2
þ g

@2T

@y2
¼ �

_Q

jAC
; (1)

where _Q is the absorbed laser power per unit time. Solving

of Eq. (1) gives the temperature rise DT. DT is a function of

three unknown parameters, g, jAC and _Q. Since Eq. (1) is a

linear function, we have DT / _QnðgÞ=jAC. So, DT1

¼ _Qf ðgÞ=jAC and DT2 ¼ _QgðgÞ=jAC. Then, DT2=DT1

¼ gðgÞ=f ðgÞ, and we have U2=U1 ¼ gðgÞ=f ðgÞ. As a result,

U2=U1 is a function of g, and it is only determined by g.

We use the commercial software ANSYS to simulate

DT2 and DT1 separately, and then calculate their ratio DT2/

DT1. In ANSYS simulations, since DT2/DT1 is not relevant to
_Q and jAC, DT2 and DT1 can be calculated under the arbi-

trary setting values of _Q and jAC. For the “as transferred”

sample, its boundaries are prescribed as constant tempera-

ture.38 For the “laser modified” one, boundaries along the

zigzag direction are prescribed as constant temperature,

while boundaries along the armchair direction are prescribed

as insulated.38 Our numerical model strictly mimics the

actual dimension of a sample. Figures 4(a) and 4(b) show

simulation results of the 157.6-nm thick sample, when g is

set as 3. The simulated temperature rise distribution has been

normalized. They have a same heating source, which is

located within a white circle. As shown in Fig. 4(a), there is

radial heat flow from the heating source to borders. The

shape of the heat front propagating through the BP plane is

elongated in the zigzag direction due to its higher thermal

conductivity. However, the normalized temperature rise dis-

tribution changed significantly in the “laser modified” sam-

ple. Due to the restricted heat conduction in the zigzag

direction, heat flows with a plane wavefront in two opposite

directions toward borders. Compared with the normalized

temperature rise distribution in Fig. 4(a), the heating source

has a much stronger heating effect. Also, the normalized

temperature rise distribution extends to a much larger area

outside the heating source. This phenomenon can probably

result in the measurement error of g, which will be discussed

in detail in Sec. VII. In these two cases of simulations, their

normalized average temperature rise within white circles are

DT1 and DT2, respectively. By repeating simulations with

different setting values of g, we eventually have the theoreti-

cal curve of DT2/DT1, as shown in Fig. 4(c). For the 157.6-

nm thick sample, U2/U1 is measured as 1.79. Then, g is

determined as 3.06 by interpolation. With known g, we can

continue to calculate jAC from x(f).

B. Determination of jAC

The determination of jAC requires comparisons between

the experimental normalized average temperature rise �hnor e

and its simulated counterpart �hnor s. Treated as a free param-

eter, jAC is determined by adjusting its value until the stan-

dard deviation between �hnor e and �hnor s is minimized. �hnor e

is calculated from x(f) using the following expression:

�hnor e ¼ 1þ xðf Þ � xs½ �=Dx; (2)

where Dx and xs are parameters obtained from the “CW

steady state”. In theory, �hnor e decreases from 1 (the “steady

state”) to 0.5 (the “quasi-steady state”) with increased f.
However, in actual cases, measurement errors of Dx and xs

lead to the deviation of �hnor e more or less. Here, we use a

factor C to correct �hnor e. The corrected �hnor e has an expres-

sion of

�hnor e ¼ 1þ C � xðf Þ � xs½ �=Dx: (3)

After the correction with parameter C, �hnor e is guaranteed to

vary from 0.5 to 1 with increased f. The correction leads to

an improved fitting result. The measurement error induced

by the correction will be discussed in Sec. VII. For the

157.6-nm thick sample, it is �hnor e after the correction is plot-

ted with black dots in Fig. 5(a). These experimental data are

the average of 10 measurements. Their error bars are the

standard deviation of 10 measurements. At high frequencies,

experimental data have a relatively larger standard deviation,

which is relevant to the deformation of the modulated laser

waveform.

The calculation of �hnor s requires simulations of thermal

responses to a modulated laser. However, such simulations

are complicated and very time-consuming even with the help

of ANSYS. Therefore, a semi-analytical method is devel-

oped to simplify and expedite simulations. This method takes

advantage of ANSYS to simulate the thermal response to a

step-laser first. Then, based on the temperature linear

response and the superposition law, the thermal response to a

FIG. 4. Simulated normalized temper-

ature rise distribution in the “as trans-

ferred” 157.6-nm thick sample (a) and

the “laser modified” 157.6-nm thick

sample (b). White circles give the

range of a heating source. (c) The theo-

retical curve of DT2/DT1 as a function

of g. By interpolating U2/U1¼1.79 to

the theoretical curve, g of the 157.6-

nm thick sample is determined as 3.06.
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modulated laser can be constructed from the thermal response

to a step-wave laser. Modeled with the two-dimensional ther-

mal transport in ANSYS, the thermal response to a step-laser

is represented by hsðtÞ. hsðtÞ represents the temperature rise as

a function of time. Therefore, the thermal response to a modu-

lated laser with a frequency f is given by

hmðtPÞ ¼
X1
n¼0

ð�1Þn � hsðtP þ n � shÞ; (4)

where sh (laser-on time) is equal to 1/(2f).28 hmðtPÞ gives the

evolution of temperature rise in a steady periodic thermal

state during sh. Its corresponding average temperature rise

during sh is given by

�hm ¼

ðsh

0

hmðtPÞdt

sh
: (5)

When sh is infinitely large, we have �h1, which is the average

temperature rise in the “steady state”. Normalizing �hm with
�h1, we have the simulated normalized average temperature

rise �hnor s which is equal to

�hnor s ¼

ðsh

0

hmðtPÞdt

sh � �h1
: (6)

�hnor s is a function of f and jAC. The variation of �hnor s with f
is only determined by jAC since we already know g. By cal-

culating the variation of �hnor s with f at various trial values

of jAC, we can obtain theoretical curves for fitting experi-

mental data.

Three theoretical curves of the 157.6-nm thick sample

are plotted in Fig. 5(a). The red one is the best fitting curve

to �hnor e with jAC equal to 21 W m�1 K�1. The green and

blue curves are calculated, when jAC are equal to 16 and

26 W m�1 K�1, respectively. The best fitting curve has the

smallest standard deviation d, which is identified from the

parabolic-like jAC–d curve [Fig. 5(b)]. The smallest d has

been marked with a red dot in Fig. 5(b).

VII. MEASUREMENT RESULTS AND DISCUSSION

In total, four samples with thicknesses of 99.8, 112.3,

145.9 and 157.6 nm are successfully prepared and studied.

Measurement results are listed in Table I. It can be found

that jAC¼ 14–22 and jZZ¼ 40–63 W m�1 K�1. They are

comparable to these results obtained by micro-Raman spec-

troscopy (jAC¼�20 and jZZ¼�40 W m�1 K�1),13 TDTR

technique (jAC¼ 26–34 and jZZ¼ 62–86 W m�1 K�1 by

Jang et al., and jAC¼ 23–33 and jZZ¼ 73–93 W m�1 K�1 by

Sun et al.),14,16 and micro-bridge technique (jAC decreases

from �15 to �5 W m�1 K�1, and jZZ decreases from �27

to �12 W m�1 K�1 as the thickness varies from �300 to

�50 nm).17 The discrepancy of these experimental measure-

ments is relevant to the methods used for sample preparation,

data processing and thermal transport modeling. Our mea-

sured results have demonstrated large measurement errors.

Two common effects, the thickness effect and the oxidation

effect, are not responsible for data deviation in our work.

Previous research has concluded that in-plane thermal con-

ductivity increases with increased thickness in BP due to

strong surface scattering.39 The thickness effect is excluded

by our observed irregular dependence of jAC and jZZ on the

thickness. Meanwhile, the oxidation effect is negligible since

our BP samples are protected well by dry N2 gas.40,41 So far,

we believe that measurement errors originate from factors,

such as the gravity-induced deformation, the existence of

micro-wrinkles/micro-bubbles, the temperature dependence

of BP’s physical properties, and the correction of normalized

data. Here, we study measurement errors by analyzing g and

jAC, which are two independent parameters (jZZ is calcu-

lated as jZZ¼ g�jAC).

In the ANSYS simulation model, we assume that the

supported area of BP contacts perfectly with the Si substrate

and the suspended area of BP is completely flat. However,

these assumptions are challenged by facts that micro-wrin-

kles/micro-bubbles exist between the supported area of BP

and the Si substrate, and the suspended area of BP is

deformed under the force of gravity.18,42–44 The existence

of micro-wrinkles/micro-bubbles makes it inaccurate to

FIG. 5. (a) The fitting of experimental

data by various theoretical curves.

Experimental data are plotted with

black dots. Their error bars represent

the standard deviation. The best fitting

curve is plotted with red color. Its jAC

is equal to 21 W m�1 K�1. The green

and blue curves are calculated with

jAC¼ 16 and jAC¼ 26 W m�1 K�1,

respectively. (b) The standard devia-

tion d of experimental data to theoreti-

cal curves as a function of jAC. The

red dot shows the smallest d. Its corre-

sponding jAC is 21 W m�1 K�1.

TABLE I. Experimental results of 99.8, 112.3, 145.9, and 157.6-nm thick

suspended BP samples. g and jAC are extracted from experimental data. jZZ

is calculated from g and jAC.

Thickness (nm) g jAC (W m�1 K�1) jZZ (W m�1 K�1)

99.8 2.64 21 55

112.3 1.86 22 41

145.9 2.95 14 40

157.6 3.06 21 63
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describe the boundaries of suspended area with constant tem-

perature in the thermal transport model. With a large sus-

pended area, the gravity-induced deformation is inevitable.

For an “as transferred” sample and its “laser modified” coun-

terpart, their suspended area is at different states of force bal-

ance. Typically, the suspended area of a “laser modified”

sample has larger deformation than that of an “as transferred”

sample. The deformation has two effects: the area under direct

irradiation of a laser beam is larger than the laser spot size

and the actual suspended area is relatively larger than it

should be. The micro-wrinkles/micro-bubbles and deforma-

tion are morphological features closely related to the charac-

teristic of each sample. As a result, measurement errors of g
and jAC are related to sample characteristics.

The temperature dependence of BP’s physical properties

also contributes to large measurement errors of g. As shown

in Figs. 4(a) and 4(b), compared with the “as transferred”

sample, the “laser modified” one has a higher normalized

temperature rise and a larger normalized temperature rise

distribution. The physical properties of these two samples

are under the influence of temperature. Apparently, the phys-

ical properties of the “laser modified” sample are under a

larger influence of temperature. However, in ANSYS simula-

tions, we do not consider the temperature dependence of

BP’s physical properties, and simply use their values at

300 K to conduct numerical calculations. Such mismatch in

the model and actual conditions leads to measurement errors

of g. The degree of influence of the mismatch on the determi-

nation of g is sample-dependent, since appropriate laser pow-

ers applied to conduct an experiment are sample-dependent.

Combined with the deformation and micro-winkles/micro-

bubbles, they lead to large measurement errors of g.

The correction of normalized data �hnor e plays another

important role in the measurement errors of jAC. Since a the-

oretical curve �hnor s is not very sensitive to the change in

jAC, even a minor correction of �hnor e can lead to large mea-

surement errors. The ideal �hnor e varies from 1 to 0.5 with

increased f. However, in actual cases, �hnor e without a correc-

tion varies from 1 to a value slightly larger or smaller than

0.5 due to the relatively larger standard deviation at high fre-

quencies, as shown in Fig. 5(a). Under the correction with

parameter C, the distribution of �hnor e is stretched down-

ward/upward to 0.5, which will give a lower/higher jAC.

Obviously, �hnor e requiring little or no correction can gener-

ate a more accurate jAC. So, the measurement accuracy is

fully determined by the quality of experimental data �hnor e.

For example, the 145.9-nm sample has jac¼ 14 W m�1 K�1,

which deviates from the rest severely. This large deviation in

jAC is indeed a result of the abnormal low quality of experi-

mental data. The data quality is a result of the interaction of

many factors, such as the gravity-induced deformation, the

existence of micro-winkles/micro-bubbles, the temperature

dependence of BP’s physical properties, as well as operation

skills of researchers. However, how these factors influence

the data quality is not yet fully understood, and more work is

required to figure it out in future.

Based on the above analysis, we have developed useful

strategies to optimize the FR-Raman technique by suppress-

ing measurement errors. For example, we can reduce the

gravity-induced deformation by suspending a BP sample on

a smaller square dent. Also, we can improve the modeling

accuracy by considering the variation of BP’s physical prop-

erties with temperature in our thermal transport model.

However, the modeling accuracy is improved at the expense

of the simulation efficiency. So, how to balance the modeling

accuracy and the simulation efficiency is a topic we should

consider seriously in future work. Moreover, we can choose

a laser with a longer wavelength as an energy source. A laser

with a longer wavelength, e.g., 633 nm, is good for providing

a clear and strong Raman spectrum but does not produce

local heating as much as our current 532 nm laser.45

Consequently, the signal-to-noise ratio of a Raman spectrum

can be improved, and the fitting error of �hnor e can be

reduced. We believe that these strategies can improve the

measurement accuracy of the FR-Raman technique and lay a

foundation for its wide application in the future.

VIII. CONCLUSION

In summary, we have successfully applied the FR-

Raman technique to measure the anisotropic thermal conduc-

tivities of BP. By using CW laser heating and Raman mea-

surement of BP samples of both armchair/zigzag and only

armchair heat conduction, the thermal conductivity ratio g
(jZZ/jAC) is found to be between 1.86 and 3.06. jAC is

�21 W m�1 K�1 except for the 145.9-nm thick sample. jZZ

is between 40 and 63 W m�1 K�1. By analyzing experimen-

tal procedures and data processing methods carefully, we

have identified several reasons responsible for the large mea-

surement uncertainties. This study significantly extends the

application of the FR-Raman technique to nm-thick sus-

pended two-dimensional atomic layer materials. This study

not only lays the foundation for the wide application of FR-

Raman technique for nondestructive thermal characteriza-

tion, but also advances our fundamental understanding of the

anisotropic phonon transport in BP.
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