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nature in optical, electrical, thermal, 
and mechanical properties, which has 
been proved experimentally and theoreti-
cally.[2,4,6–19] These anisotropic properties 
are attributed to the unique puckered 
honeycomb structure of BP single layer, 
in which each phosphorus atom is cova-
lently bonded to its three adjacent atoms. 
Commonly, the anisotropic nature of BP 
is described by its two inplane directions, 
armchair direction and zigzag direction. 
The novel properties of BP provide us 
opportunities for developing new elec-
tronic and optoelectronic devices.

Thermal properties, especially the 
thermal conductivity and interfacial 
thermal conductance, are of great impor-
tance in the design of nanodevices. 
Owning to the difficulties for fabricating 
large and thin samples, experimental 
investigations of thermal properties of 
BP, especially for few-layered ones, are 

still limited.[11–15] For the first time, using a micro-Raman 
spectroscopy, Luo et al. measured the anisotropic thermal 
conductivity of suspended few-layered BP.[11] The thinnest BP 
flake with a thickness of 9.5 nm has thermal conductivities 
of ≈10 and ≈20 W m−1 K−1 in armchair and zigzag directions 
respectively.[11] Later, Jang et al. reported the measurements of 
intrinsic thermal conductivities of BP flakes in a thickness of 
138–552 nm using conventional time-domain thermoreflec-
tance (TDTR) and beam-offset TDTR.[12] Moreover, to under-
stand the anisotropic thermal transport in BP deeply and 
completely, more work has been done using suspended-pad 
microdevices,[13] frequency-dependent TDTR measurement,[14] 
and four-probe thermal measurement.[15] Compared to these 
investigations on the anisotropic thermal conductivities, the 
experimental study of interfacial thermal conductance is still 
rare or even missing. Since most configuration for designing 
2D material-based devices utilizes Si substrate, it is worthwhile 
to study the interfacial thermal conductance between BP flake 
and Si substrate. Using molecular dynamics simulation, Zhang 
et al. showed the interfacial thermal conductance between 
phosphorene (monolayer BP) and Si substrate can be up to 
≈6.7 × 107 W m−2 K−1 at 300 K.[20] It suggested phosphorene is 
an attractive and promising thermal interface material for next-
generation nanodevices.

So far, to the best of our knowledge, the experimental study 
of interfacial thermal conductance between BP flake and 

Black phosphorus (BP) is one of new 2D materials that have attracted wide 
attention. This work reports the interfacial thermal conductance between BP 
flake and SiOx using Raman spectroscopy. From 293 K down to the 223 K, 
eight BP flakes in a thickness range of 16.6–113.7 nm are characterized. 
At 293 K, the largest interfacial thermal conductance is 1.14 × 108 W m−2 K−1 
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one-fold up to around four-fold increase with decreased temperature from 
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of different samples. As a new 2D material, BP shows great potential to be a 
thermal interface material for heat dissipation in electronics.
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Thermal Conductivity

1. Introduction

Black phosphorus (BP), the most stable allotrope of phos-
phorus, has been rediscovered as a new 2D material due to its 
remarkable electronic and optical properties. Like graphene 
and transition metal dichalcogenide (TMDC), few-layered BP 
can be mechanically exfoliated from its bulk crystals due to the 
weak van de Waals interaction.[1] Few-layered BP field effect 
transistors (FETs) demonstrate a high on/off ratio and a high 
carrier mobility.[2–5] Furthermore, BP has a tunable thickness-
dependent direct band gap from 1.5 eV (monolayer) to 0.3 eV 
(bulk), which bridges the semimetallic graphene and semicon-
ducting TMDC.[3,4] Most intriguingly, BP has an anisotropic 
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Si substrate is still missing. Here we report the first experi-
mental investigation using micro-Raman spectroscopy. Strictly 
speaking, considering the existence of a layer of native oxide on 
Si surface, the actual interface we study is the BP/SiOx inter-
face (SiOx represents the thin layer of native oxide on Si sur-
face). By studying BP flakes with thicknesses of 16.6–113.7 nm 
over a temperature range of 223–293 K, the influence of thick-
ness and temperature on interfacial thermal conductance are 
explored. The micro-Raman spectroscopy utilizes the variation 
in Raman spectrum to probe the local temperature rise of laser 
heating area, and extract interfacial thermal conductance. This 
technique has been successfully applied to characterize inter-
facial thermal conductance of graphene/4H-SiC, graphene/
Si, graphene/SiO2, and MoS2/c-Si.[21–23] It has been proved to 
be an effective and reliable method for characterizing interfa-
cial thermal conductance rapidly and nondestructively. Our 
investigation will advance our understanding of interfacial 
phonon transport mechanism across the BP/SiOx interface, 
contribute to the development of new nanodevices, as well as 
benefit future application of BP in electronic industries.

2. Experimental Results

Figure 1 shows atomic force microscope (AFM) images of three 
typical BP flakes we have measured. For each sample, the top 
figure (e.g., Figure 1a-1) shows the surface morphology, and 
the bottom one (e.g., Figure 1a-2) shows the height and rough-
ness profile along the white line in the morphology figure. 
The thickness of these BP flakes is 16.6, 26.4, and 82.1 nm. In 
contrast to the thick sample, the thin BP flake shows a larger 
surface roughness, probably caused by the microwrinkles and 

oxidation-induced bubbles.[24–26] The characterization of sur-
face morphology is of significant importance for explaining 
the temperature dependence of interfacial thermal conduct-
ance. Figure 2a shows the configuration of Raman system 
applied for performing measurements. Under the illumination 
of 532 nm laser, Raman peaks corresponding three vibrational 
modes, Ag

1, B2g, and Ag
2 (Figure 2b) can be observed. Owning to 

the linear polarization of excitation laser and anisotropic prop-
erties of BP, the intensity of Raman peaks will change as the 
laser polarization angle changes. Figure 2c gives the Raman 
spectra of 16.6 nm BP flake when the laser polarization is along 
the armchair and zigzag directions respectively. Three Raman 
peaks (Ag

1 , B2g, and Ag
2) are located at 360, 437, and 465 cm−1, 

respectively. It can be observed that the intensity of B2g and Ag
2 

decreases largely under the rotation of laser polarization from 
the armchair direction to zigzag direction, while the intensity 
of Ag

1 increases slightly in this process. When the laser polari-
zation is along the armchair direction, the Ag

2 peak has the 
highest relative intensity. Since the Ag

2  peak is utilized to extract 
thermal properties, its relative high intensity can suppress the 
peak fitting errors. Thus, all the Raman measurements are 
conducted when the laser polarization is along the armchair 
direction.

The excitation laser power is selected carefully to induce 
evident temperature rise but avoid any possible damage simul-
taneously. Since a thickness-dependent temperature rise per 
unit laser power is observed in the Raman measurements, a 
large (small) output laser power is employed to irradiate thin 
(thick) BP flake. For the 16.6 nm BP flake, the thinnest sample 
we have measured, the output laser power is 75 mW before 
any attenuation in the optical path. To obtain the variation of 
Raman peaks against laser power with a low measurement 
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Figure 1. The morphology of BP flakes characterized by AFM. The height and roughness profiles are characterized along the white lines in the figures. 
The thickness is given by the average height of BP surface with respect to the Si substrate. The BP flakes have thicknesses of a) 16.6 nm, b) 26.4 nm, 
and c) 82.1 nm.
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uncertainty, a series of laser power from low to high is used to 
irradiate and heat BP flake. Such adjustment of laser power is 
achieved through a neutral density (ND) filter with transmis-
sion of 0.17, 0.20, 0.25, 0.31, 0.42, 0.53, 0.62, 0.80, and 0.97. 
Considering the laser energy loss in the optical path and the 
attenuation of ND filter, the laser power reaching the surface 
of 16.6 nm BP flake is 9.61, 11.69, 14.57, 18.27, 24.42, 30.81, 
36.18, 46.58, and 56.15 mW. Note theoretically we only need to 
conduct two Raman experiments, one with a lower laser power 
and one with a higher laser power, to obtain the temperature 
rise induced by the laser heating. Here we use many different 
laser powers and linear fitting to significantly suppress the 
measurement uncertainty. Figure 3a shows Raman spectra of 
the 16.6 nm BP flake excited by above laser powers at 293 K. 
The accurate positions of Raman peaks are obtained through 
Gaussian-function fitting as plotted in Figure 3b. The varia-
tion of Raman peak position against laser power shows strong 
linearity. All three Raman peaks have a significant red-shift in 
their positions when the laser power increases. The calculated 
linear coefficients for the variation of Raman peak positions  

against laser power are Pω∂ ∂( / )Ag
1 = −0.0186 ± 0.0032 cm−1 mW−1, 

Pω∂ ∂( / )B2g = −0.0300 ± 0.001 cm−1 mW−1, and Pω∂ ∂( / )Ag
2 = 

−0.0323 ± 0.0013 cm−1 mW−1, respectively. After we obtain 
∂ω/∂P, the actual temperature rise is still unknown. Further 
calibration is needed to measure the temperature coefficient of 
Raman shift.

Same Raman measurements are repeated at 223, 233, 243, 
253, 263, 273, and 283 K to investigate the temperature depend-
ence of interfacial thermal conductance. From above meas-
urements, Raman spectra excited at the lowest laser power 
(9.61 mW) can also be used to calculate the temperature coef-
ficient of Raman shift, which is a process known as calibration 
(Figure 3c). Fitted by Gaussian-function, the accurate positions 
of Raman peaks are extracted and their variation with the tem-
perature change are depicted in Figure 3d. The temperature 
dependence of Raman peak positions can be described by 
ω = ω0 + χθ, where ω0 is the peak position at room temperature, 
θ is the temperature rise, and χ is the temperature coefficient. In 
the case of 16.6 nm BP flake, its temperature coefficient is χAg

1 =  
−0.0179 ± 0.0018 cm−1 K−1, χB2g = −0.0260 ± 0.0013 cm−1 K−1 
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Figure 2. a) Schematic of optical system for Raman measurements. The environment cell is mounted on a 3D macrostage. The filling of N2 gas to the 
cell chamber is achieved through the gas inlet/outlet. The liquid N2 inlet/outlet allows the cooling of cell chamber. b) Four phosphorus atoms consti-
tute a unit cell of black phosphorus. Three vibration modes of BP are shown in a unit cell. The armchair direction is along the x axis, and the zigzag 
direction is along the y axis. c) Raman spectra of 16.6 nm BP flake when the laser polarization is along the armchair and zigzag direction, respectively. 
These Raman spectra have been fitted by the Gaussian function.
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and χAg
2  = −0.0264 ± 0.0012 cm−1 K−1. The largest temperature 

coefficient of Ag
2  among the three Raman modes indicates its 

strongest temperature sensitivity.[11,27] Therefore, Ag
2 mode 

peak is chosen to do temperature-related Raman analysis and 
thermal properties calculation. Figure 3e shows the variation of 
Ag

2 mode Raman peak positions against laser power within a 
temperature range of 223–293 K. As we expect, the peak posi-
tion of Ag

2 vibrational mode moves to a low number region at 

the increase of excitation laser power, and it moves to large 
number region at the decrease of temperature. The position 
variation of Ag

2  mode against laser power at different tempera-
tures is fitted linearly to obtain ∂ω/∂P. Figure 3f clearly displays 
the decreasing tendency of ∂ω/∂P at the increase of tempera-
ture. Based on the value of ∂ω/∂P and χ, ∂θ/∂P can be calcu-
lated directly as ∂θ/∂P = ∂ω/∂Pχ− 1. ∂θ/∂P has the physical 
meaning of the temperature rise when a laser power of 1 mW 
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Figure 3. a) Gaussian-fitted Raman spectra of 16.6 nm BP flake excited by laser with a power range from 3.64 to 21.27 mW at 293 K. b) The position 
variation of Ag

1, B2g, and Ag
2 mode Raman peaks of the 16.6 nm BP flake against laser power at 293 K. Their values of ∂ω/∂P are labeled in the figure. 

c) Gaussian-fitted Raman spectra of 16.6 nm BP flake irradiated by a 9.61 mW laser within a temperature range of 223–293 K. d) The change of Ag
1, B2g, 

and Ag
2 mode Raman peaks as a function of temperature for the 16.6 nm BP flake when it is irradiated by a 9.61 mW laser. The temperature coefficients 

of these Raman modes are presented. e) The position variation of Ag
2 mode as a function of excitation laser power at a temperature range from 223 to 

293 K. f) The temperature dependence of ∂ω/∂P for the 16.6 nm BP flake. The error bars present the standard deviation of linear fitting.
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is irradiating on the BP surface. It is the parameter that the 
interfacial thermal conductance is extracted from. In this study, 
BP flakes with thickness range of 16.6–113.7 nm are investi-
gated thoroughly, which provides an opportunity for exploring 
the thickness dependence of interfacial thermal conductance.

3. Theoretical Model Development  
for Heat Conduction

Figure 4a demonstrates the optical absorption model in BP 
flake. When BP flake is irradiated by an incident laser beam, 
the transmitted laser beam will experience alternate reflections 
on the air/BP and BP/Si interface, in which process laser power 
is absorbed by BP flake. Figure 4b illustrates the thermal trans-
port model of absorbed laser power in the BP flake. The dissi-
pation of laser-induced heat in BP flake is achieved through the 
inplane and cross-interface thermal transport. Considering the 
large laser spot size and huge heat sink effect of Si substrate, 
the thermal transport along the plane of BP flake is small. In 
our modeling for data processing, the inplane heat conduction 
is fully considered. The anisotropic inplane thermal conduct-
ance of BP can be simplified to an isotropic one with an equiva-
lent thermal conductivity approximated as an averaged value of 
armchair and zigzag thermal conductivities. Moreover, the size 
of BP flakes can be regarded as infinitely large (see Figure S1 
in the Supporting Information) due to our large sample size. 
For the Si substrate, even it has contribution from both laser-
induced heating and BP-dissipated heat, its temperature rise is 
still very small compared to that of BP flake. As we have known, 
the interfacial thermal conductance is defined as the tempera-
ture difference across an interface per unit heat flux. Therefore, 
the known temperature distribution of BP flake is essential to 
the extraction of interfacial thermal conductance. In this model, 
the temperature distribution in a BP flake is obtained from heat 
diffusion equation in the cylindrical coordinate 
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where κ∥ is the inplane thermal conductivity of BP flake, and 
takes a value of 30 W m−1 K−1, estimated from results reported 
by Luo et al. (κarmchair = 20 W m−1 K−1, and κzigzag = 40 W m−1 K−1 

for BP flakes with a thickness larger than 15 nm).[11] κ⊥ is the 
thermal conductivity of BP flake in the thickness direction, and 
takes 4 W m−1 K−1 in this work.[12] Q  is the volumetric optical 
heating with the following expression 
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where r0 is the radius of laser spot, τ is the penetration depth 
in the armchair direction of BP, δ is the thickness of the BP 
flake, I1 and I2 are the incident and reflected laser beam inten-
sity (Figure 4a). The z coordinate and its origin are shown in 
Figure 4. Note that I1 and I2 are calculated considering the 
multiple reflection of laser and the interference effect using 
the transfer matrix method (TTM).[23] For instance, for this 
16.6 nm BP flake, when a 1 mW laser power irradiating the 
BP surface, 0.578 mW has passed in, and the reflected total 
energy is 0.0241 mW. Such calculation involves the refractive 
index and extinction coefficient of few-layered BP in armchair 
direction which is 3.02 and 1.39 under 532 nm laser illumina-
tion.[7] The heat conduction in the Si substrate takes the sim-
ilar treatment as for BP. The thermal conductivity of Si takes 
1.48 × 102 W m−1 K−1,[28] and its optical absorption depth takes 
882 nm.[29] 3D numerical modeling based on the finite differ-
ence volume method is conducted to solve the heat conduction 
in BP and Si, and across BP/Si interface.

The temperature rise obtained from the laser-induced 
Raman spectra in fact is an average in space weighted by the 
local Raman intensity. The measured temperature rise of BP 
can be expressed as 
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Note in the above equations, the coefficients γ1 and γ2 are the 
attenuation of the Raman signal that is generated at a location 
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Figure 4. a) Optical transmission and reflection model of incident laser beam in multilayer structure. b) Thermal transport model of laser-induced heat 
in the BP flake. Both inplane and crossplane heat conduction in the BP flake and Si substrate are considered rigorously.
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of r and z. This attenuation includes the reflection at the BP/Si 
interface and the secondary absorption in BP flake. All of these 
have been considered rigorously in the numerical modeling. In 
our numerical calculation, we apply 1 mW incident laser to cal-
culate the temperature rise of BP flake (∂θm/∂P)theo. The numer-
ical variation of (∂θm/∂P)theo as a function of thermal resistance 
R (interfacial thermal conductance G is given by G = 1/R) can 
be obtained by changing the setting value of R in the model. 
Finally, measured Rm can be extracted by linearly interpolating 
experimental ∂θ/∂P into the numerical variation of (∂θm/∂P)theo 
against G (see Figure S2 in the Supporting Information). In our 
theoretical model for heat conductance, we assume a pristine 
silicon without any native oxide. The error introduced by this 
assumption is analyzed in detail in later sections.

4. Results and Discussion

Figure 5a shows the numerical calculation result of the tem-
perature rise in the 16.6 nm BP flake and Si substrate at 293 K. 
The temperature rise of the bottom surface of 16.6 nm BP flake 
and the top surface of Si substrate is depicted in Figure 5a-1. 
It can be seen the temperature rise of Si surface indeed is 
very small compared to that of BP flake. What’s more, a con-
tour mapping is used to give a clear view of 2D temperature 
field of BP flake and Si substrate as shown in Figure 5a-2. 
The calculated Raman weighted temperature rise of Si is 
0.46 K mW−1, agreeing well with the experimental measured 
one which is 0.58 K mW−1. The contour mapping suggests 
the existence of large temperature difference across the BP/Si 
interface. This phenomenon confirms the idea that the interfa-
cial thermal conductance plays a key role for dissipating laser-
induced heat. The calculated interfacial thermal conductance 
(G) of all the BP flakes at different temperatures are plotted 
in Figure 5b. At 293 K, the largest thermal conductance Gmax 
is 1.14 × 108 W m−2 K−1 for the 82.1 nm thick BP flake, and 
the lowest thermal conductance Gmin is 2.17 × 107 W m−2 K−1 
for the 26.6 nm thick BP flake. MD simulation of SiOx and 
its interface with BP has not been reported yet and such work 

will require careful construction of the SiOx layer and SiOx–BP 
interaction. Here we use the reported BP–Si interaction as an 
instance to demonstrate the local energy coupling. Our results 
are close to the MD simulation, which showed that the inter-
facial thermal conductance between phosphorene (monolayer 
BP) and Si is ≈6.7 × 107 W m−2 K−1 at 300 K.[20] Additionally, 
MD simulations suggested that the BP and Si systems have 
strong phonon coupling due to the large overlap of phonon 
density of state (PDOS). In BP system, phonons in the arm-
chair, zigzag and out-of-plane directions are the main energy 
carriers for thermal transport. Their PDOS has a frequency 
range of 0–15 THz in which they also have the same peak fre-
quencies. It has been proved that the PDOS of BP system has 
large overlap with that of silicon system which has a frequency 
range of 0–18 THz.[30] The large PDOS overlap indicates that 
more phonons are involved in the interfacial thermal transport, 
and results in a large interfacial thermal conductance. MD sim-
ulations deepen our understanding about the high interfacial 
thermal conductance we have measured, despite BP flake inter-
acts with SiOx rather than Si in our experiment.

As we can see in Figure 5b, all BP flakes show an increasing 
interfacial thermal conductance with a decreased temperature. 
For example, the interfacial thermal conductance of 16.6 nm BP 
flake increases from 3.62 × 107 to 8.27 × 107 W m−2 K−1 when 
temperature decreases from 293 to 223 K. It has 129% increase 
compared to its initial value at 293 K. The largest variation hap-
pens on the 82.1 nm BP flake which has 376% increase, and the 
smallest one happens on the 26.4 nm BP flake which has 77% 
increase. Detailed information can be found in Table 1. The 
measured thermal conductance at BP/SiOx interface shows an 
anomalous temperature-dependent behavior which is contradic-
tory to previous MD simulations.[20] By assuming a perfect con-
tact condition, Zhang et al. showed that the interfacial thermal 
conductance between phosphorene and silicon increases from 
4.4 × 107 to 8.7 × 107 W m−2 K−1 when temperature increases 
from 150 to 400 K, due to the temperature-dependent behavior 
of PDOS overlap. However, according to literature review, we 
noted that Taube et al. reported an exactly same temperature-
dependent behavior of interfacial thermal conductance as our 
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Figure 5. a-1) Temperature field of the bottom surface of 16.6 nm BP flake and top surface of Si substrate along the horizontal plane at 293 K. a-2) 
Contour mapping of temperature field across the interface of a 16.6 nm BP flake and Si substrate at 293 K. b) The variation of interfacial thermal con-
ductance of BP flakes with different thickness against temperature. The error bars represent the measurement uncertainty in this work.
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observation.[31] They showed that the interfacial thermal con-
ductance between MoS2 single layer and SiO2/Si substrate has 
an increasing tendency with a decreased temperature. The coin-
cidence of our results with these of Taube et al. makes us to 
consider other factors that may lead to the anomalous temper-
ature-dependence of interfacial thermal conductance. Since the 
existence of micro/nanoscale wrinkles and ripples on BP flakes 
can result in the presence of voids or separation between BP 
flakes and Si substrate, the perfect contact condition cannot be 
applied to describe the real one. Therefore, our observed tem-
perature-dependence of interfacial thermal conductance is a 
result of morphological variation of supported BP at different 
temperature which can be further traced back to the thermal 
expansion mismatch between two adjacent materials.[32–34] The 
thermal expansion coefficient of BP in the armchair direction 
is 6.82 × 10−6 K−1 at 223 K and 7.09 × 10−6 K−1 at 293 K, while 
the one in the zigzag direction is 1.94 × 10−6 K−1 at 223 K and 
2.76 × 10−6 K−1 at 293 K.[17] They are always larger than the 
thermal expansion coefficient of Si which is 1.76 × 10−6 K−1 at 
223 K and 2.55 × 10−6 K−1 at 293 K.[35] With the temperature 
decreases, free-standing BP flakes will have larger contraction 
than Si. For BP flakes on Si, the strong van der Waals interac-
tion restrains the contraction of BP flake and leads to an inplane 
tensile strain at low temperatures. The accumulated tensile 
strain in BP along the armchair and zigzag directions are 
0.034% and 0.0014%, respectively when temperature decreases 
from 293 to 223 K. Under the tensile strain, these wrinkles on 
the BP flake will be flattened and a more uniform interface 
contact with reduced separation distance can be achieved. Our 
previous studies have strongly demonstrated that the interfacial 
thermal conductance increases rapidly (3 orders of magnitude) 
with a tiny separation reduction (from 0.7 to 0.4 nm).[22] In 
addition, Huang et al. suggested that an improved topological 
conformity can significantly enhance the interfacial thermal 
conductance.[36] Hence, we conclude that our observed temper-
ature-dependent behavior of interfacial thermal conductance is 
largely a result of morphological variation.

In this work, we also try to unveil the relationship between 
sample thickness and interfacial thermal conductance. The 
interfacial thermal conductance is intimately related to the 
characteristics of the interface properties, such as contact con-
dition, atomic bonding and phonon coupling.[37,38] Thus, any 
factors that can influence the interface properties directly or 

indirectly will result in the variation of interfacial thermal con-
ductance. Our previous studies have found that MoS2 has thick-
ness-dependent interfacial thermal conductance.[23] Generally 
speaking, thick MoS2 has a higher interfacial thermal conduct-
ance because the increased mechanical stiffness of thick sample 
and the resulting improved interface contact. For the interfa-
cial thermal conductance between BP and SiOx, we expect the 
existence of a similar relationship. As shown in Figure 5b, the 
interfacial thermal conductance of 82.1 and 26.4 nm BP devi-
ates from that of the other samples dramatically. The 82.1 nm 
BP has the largest interfacial thermal conductance, while the 
26.4 nm BP has the smallest one. Additionally, despite the 
thickness difference between 82.1 and 75.7 nm BP is small, 
they demonstrate a large variation in thermal conductance. The 
interfacial thermal conductance of 82.1 nm BP is several times 
larger than that of 75.6 nm BP. Currently, no clear relation-
ship between BP thickness and interfacial thermal conductance 
can be identified from our results. This phenomenon may be 
associated with sample preparation method, which introduces 
a large morphological variation at BP/SiOx interface. Conse-
quently, the intrinsic relationship between interfacial thermal 
conductance and BP thickness is overshadowed by sample-
related variation of interface contact.

4.1. Measurement Uncertainty

One of crucial factors that may influence the accuracy of 
G measurement is the nature oxidation of BP in air. In the 
experiments, despite our samples are made freshly from bulk 
phosphorus and transferred immediately into an environ-
ment cell filled with dry nitrogen gas, they will still be oxi-
dized slightly when candidate BP flake is transferred from 
viscoelastic stamp to Si substrate. The oxidation effect on the 
refractive index and extinction coefficient is neglected due to 
the extremely short air-exposure time (less than 2 min in most 
cases). However, when BP flakes are characterized by AFM 
in air after Raman measurements, their oxidation becomes 
inevitable. Studies have shown that oxidation bubbles form 
randomly on BP surface by absorbing moisture and oxygen 
(white bubbles in Figure 1b-1), which have a height larger than 
its surrounding areas. These bubbles can be recognized easily 
from AFM height profile. Therefore, the measurement error 
in thickness can be minimized by interpreting AFM height 
profile seriously. Although the thickness is determined with 
great carefulness, its measurement error is still not avoidable 
due to surface roughness. Here, we calculate the uncertainty 
of interfacial thermal conductance when the measurement 
uncertainty of thickness is 2 nm. Besides, ∂ω/∂P and χ are 
other two important parameters for introducing measurement 
uncertainty. From the standard deviation of ∂ω/∂P and χ, their 
corresponding uncertainty in interfacial thermal conductance 
can be calculated. Such uncertainty includes the effects like the 
laser spot drift along BP surface and the out of focus effect of 
laser spot. By combining the uncertainty introduced by thick-
ness, ∂ω/∂P, and χ together, the total uncertainty in interfacial 
thermal conductance can be obtained, as represented by the 
error bars in Figure 5b. As we can see in Figure 5b, G meas-
ured from different BP flakes shows a wide dispersion, which 
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Table 1. Interfacial thermal conductance (G) of BP flakes at 223 and 
293 K. Its increase from 293 to 223 K is also calculated.

Thickness 
[nm]

G1 [107 W m−2 K−1]  
293 K

G2 [107 W m−2 K−]  
223 K

Variation percentage  
of G2 over G1 [%]

16.6 3.62 8.27 128.5

26.4 2.17 3.84 76.9

33.1 3.52 12.26 248.3

39.4 4.11 8.54 107.8

48.4 5.14 12.19 137.2

75.7 5.73 10.23 78.8

82.1 11.41 54.29 375.8

113.7 3.50 9.42 169.1
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is much larger than the measurement uncertainty. Considering 
our mechanical method for preparing samples, this phenom-
enon can only be attributed the large variation in the physical 
contact of different BP flakes on Si substrate.

The influence of SiOx on Si surface on G is considered rig-
orously in this work. When a pure Si is exposed to air, a layer 
of oxide builds up on its surface rapidly. The stoichiometry 
and morphology of SiOx are not fully understood yet. Most 
studies suggested that SiOx is amorphous and its thickness 
is ≈2 nm.[39,40] When there is a layer of oxide on Si surface, 
the thermal resistance between BP and Si (RBP/Si) is given by 
RBP/Si = R1 + R2, where R1 is the thermal resistance between BP 
and SiOx, and R2 is the thermal resistance of SiOx. Also, R2 is 
equal to l/k, in which l is thickness of SiOx and k is the thermal 
conductivity of SiOx. As a transition between crystalline silicon 
and amorphous silicon dioxide, the thermal conductivity of 
SiOx is unknown. Here, we assume that the thermal conduc-
tivity of SiOx is same as that of amorphous silicon dioxide.[28] 
This assumption provides us the lower limit of thermal con-
ductivity of SiOx. R2 is estimated as 1.45 × 10−9 m2 K W−1 when 
l = 2 nm and k = 1.38 W m−1 K−1. Note, R2 = 1.45 × 10−9 m2 K W−1 
is the upper limit value. If R2 is much smaller than RBP/Si and R1,  
it becomes negligible. Our measured thermal resistances are 
much larger than R2 except the 82.1 nm thick BP (see Table S1  
in the Supporting information). In other words, R2 becomes 
negligible except the 82.1 nm thick BP case. As we can see 
in Figure 5b, the G of 82.1 nm thick BP deviates from that of 
other samples significantly. The reason of such large deviation 
is still unclear, but we speculate it may be caused by structure-
induced variation in the crossplane thermal conductivity. In 
our modeling, all the samples use the same crossplane thermal 
conductivity. If the 82.1 nm BP sample has better structure and 
a higher crossplane thermal conductivity than other samples, 
the data processing using a lower crossplane thermal conduc-
tivity will lead to a higher interface thermal conductance.

5. Conclusion

We investigated the interfacial thermal conductance between BP 
flakes (16.6–113.7 nm) and SiOx at environment temperatures 
from 223 to 293 K. The whole measurement was conducted in a 
N2 atmosphere to prevent oxidation. Our study uncovered a very 
high interfacial thermal conductance at the BP/SiOx interface. 
At 293 K, the lowest measured G is 2.17 × 107 W m−2 K−1 for the 
26.6 nm BP flake, and the highest one is 1.14 × 108 W m−2 K−1 
for the 82.1 nm BP flake. Our measurement results agree well 
with that of molecular dynamics modeling, which showed that 
the interfacial thermal conductance at phosphorene/Si inter-
face is ≈6.7 × 107 W m−2 K−1 at 300 K. All the samples show an 
increasing interfacial thermal conductance when the tempera-
ture decreases. Such increase varies from around one-fold up 
to four-fold. This is attributed to the morphological variation in 
mechanically exfoliated BP flake due to the thermal expansion 
mismatch of two adjacent materials. In our study, the interfa-
cial thermal conductance shows little dependence on the BP 
thickness. It is speculated the intrinsic dependence is weak and 
is overshadowed by the large variation in the interface contact 
of different samples. Our results provide the first experimental 

clue of the thermal conductance across the BP/SiOx interface, 
which will advance the understanding of phonon transport of 
this new 2D material and facilitate its application in the design 
of new electronics.

6. Experimental Section
BP flakes were exfoliated from commercially available bulk BP (99.998%, 
Smart Elements) using a modified mechanical exfoliation method.[1,41] 
The employment of viscoelastic stamp (PF-20/1.5-X4 Gelfilm from 
Gelpak) in this modified technique reduced the contamination of 
fabricated BP flakes. Once BP flakes were deposited on stamp, the 
surface of stamp was examined under an optical microscope to locate 
a thin BP flake with a large lateral size and uniform color contrast as 
a candidate for Raman measurements. Supported on the transparent 
Gelfilm, the thickness of BP flake could be estimated from its color-
contrast under normal illumination, which helped to identify the 
candidate BP flake visually before the determination of accurate 
thickness by AFM. Then, the candidate BP flake was transferred to a 
clean Si substrate (rinsed in deionized water and dried in nitrogen 
gas flow) using a micromanipulator under microscope. A cryogenic 
environment cell was used to house the BP flake due to its oxidation 
nature in air. It had N2 gas and liquid N2 inlet/outlet to allow the purge 
of air and the cooling of sample in its chamber.

A BWTEK Voyage confocal Raman system equipped with an external 
532 nm laser was used to perform the Raman experiments. The external 
laser beam was integrated into the Raman system by several optical 
mirrors, and focused on sample surface by a long working distance 
20× objective lens. The focused laser spot size was measured by the 
knife-edge method, which had a radius of 1.28 µm. The environment cell 
was mounted on a 3D microstage (5 nm positioning resolution) under 
the 20× objective lens. The laser beam reached the surface of candidate 
BP flake through a circular glass window on the top lid of environment 
cell with negligible energy loss. Collected by the objective lens, Raman 
signals were acquired by the Raman spectrometer. The integration 
time of Raman scattering was 1 s, which was a compromising result 
of minimizing mechanical-drift effect and obtaining strong Raman 
signals. The ND filter in the Raman system was used to adjust the laser 
power. Moreover, a half-wave plate was introduced into the optical path 
to change the laser polarization. After thorough characterization of 
Raman spectroscopy, AFM was applied to characterize the thickness 
and morphology of candidate BP flake. The accumulated air-exposure 
time of candidate BP flake during the mechanical exfoliation, sample 
preparation, and AFM characterization was less than 30 min, which 
ensured the oxidation of BP flake was minimal. (Detail settings of the 
system is depicted in Figure 2a.)
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