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Interface Energy Coupling between 
β-tungsten Nanofilm and Few-
layered Graphene
Meng Han1, Pengyu Yuan1, Jing Liu1, Shuyao Si2, Xiaolong Zhao2, Yanan Yue3, Xinwei Wang1 & 
Xiangheng Xiao  2

We report the thermal conductance induced by few-layered graphene (G) sandwiched between β-
phase tungsten (β-W) films of 15, 30 and 40 nm thickness. Our differential characterization is able 
to distinguish the thermal conductance of β-W film and β-W/G interface. The cross-plane thermal 
conductivity (k) of β-W films is determined at 1.69~2.41 Wm−1K−1 which is much smaller than that of 
α-phase tungsten (174 Wm−1K−1). This small value is consistent with the large electrical resistivity 
reported for β-W in literatures and in this work. The β-W/β-W and β-W/G interface thermal conductance 
(GW/W and GW/G) are characterized and compared using multilayered β-W films with and without 
sandwiched graphene layers. The average GW/W is found to be at 280 MW m−2K−1. GW/G features strong 
variation from sample to sample, and has a lower-limit of 84 MW m−2K−1, taking into consideration 
of the uncertainties. This is attributed to possible graphene structure damage and variation during 
graphene transfer and W sputtering. The difference between G2W/G and GW/W uncovers the finite thermal 
resistance induced by the graphene layer. Compared with up-to-date reported graphene interface 
thermal conductance, the β-W/G interface is at the high end in terms of local energy coupling.

Monolayered or few-layered graphene has attracted remarkable attention over the past several years due to 
its extremely high electron mobility and thermal conductivity1–4. Although there still remains challenges in 
wafer-scale deposition and controlling the electronic bandgap, graphene is widely seen as a strong candidate 
for future microelectronics5–7. In the applications of graphene, interface thermal resistance (R) or conductance 
(G) induced by graphene is the most common quantity used to characterize heat dissipation from graphene to 
its substrate. Early work by Freitage et al.8 characterized the heat dissipation from graphene to substrate for the 
first time, but didn’t explore graphene-substrate interface thermal resistance. Following work by Chen et al.9 
employed the differential 3ω method on the graphene/SiO2 interface and reported a R range from 5.6 × 10−9 to 
1.2 × 10−8 Km2W−1 at room temperature. Mak et al.10 employed the ultrafast pump-probe method and obtained 
a G of the single-layered and multilayered graphene/SiO2 interface varying from 2000 to 11000 Wcm−2K−1. Koh 
et al.11 performed the time-domain thermoreflectance (TDTR) measurement on the Au/Ti/graphene/SiO2 and 
Au/Ti/SiO2 sandwiches (graphene layers 1 ≤ n ≤ 10) and reported a G of ~25 MWm−2K−1 at room temperature 
for the Au/Ti/graphene/SiO2 interface. Similarly, Guzman et al.12 performed the TDTR measurements on the 
variable metals/single-layered graphene/SiO2 structures and gave a G range of 15-60 MWm−2K−1. Hopkins et al.13  
determined the thermal boundary conductance across the Al/single-layered graphene/Si interface from the 
TDTR measurement and found a two-fold increase with the oxygen functionalization of the graphene.

Despite the extensive studies of metal/graphene/SiO2 interfaces, the metal/graphene/metal interfaces with 
metal substrates like Cu, Pd and W are lack of attention until recent years14–16. Huang et al.16 performed the 
TDTR measurements on the Pd/transferred graphene (trG)/Pd interface and reported a G of 300 MWm−2K−1 
at room temperature for the sample with radiofrequency (rf) magnetron sputtering top Pd. This value is seven 
times larger than that with thermal evaporation top Pd (42 MWm−2K−1). The large enhancement of thermal 
conductance is attributed to the electronic heat conduction via atomic scale pinholes formed in the graphene 
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during the sputtering process. W, as an excellent radiation tolerance material17–19, is of great importance for the 
safety of nuclear reactors. Graphene, because of its impermeability to all standard gases (including He)20, has also 
been regarded as an effective material in retarding radiation damages during nuclear reaction21. These remark-
able properties of W and graphene motivate us to fabricate the W/graphene multilayered system and study the 
ability of its radiation tolerance and the resulting thermal transport capacity. As a special phase of W, β-W has 
been extensively investigated due to its high superconducting transition temperature22–25 since first prepared by 
Hartmann26 and Fink27. In recent years, investigations of β-W have mainly focused on the nanostructure, phase 
transformation conditions, residual stress, electrical resistivity and spin Hall effect28–33. No direct characterization 
of the thermal transport properties of this unique metastable structure has been reported.

In the present work, we systemically study the structure and thermal transport properties of the multilayered 
β-W films sandwiched with graphene layers by employing the photothermal (PT) technique34–36. In the PT tech-
nique, the sample is heated by an intensity-periodic laser and the thermal radiation signals from the sample sur-
face are detected by an infrared detector. By fitting the phase shift between the radiation signals and the incident 
laser beam, the cross-plane thermal conductivity (k) of β-W, β-W/β-W interface thermal resistance (RW/W) and 
β-W/G interface thermal resistance (RW/G) are determined. Furthermore four-probe electrical resistivity study is 
carried out on the measured samples and compared with the PT measurement results to interpret the experimen-
tal observations.

Results
Thermal Conductivity of single-layered β-W. The single-layered W films on 100-nm-SiO2/Si substrate 
[see Fig. 1(c)] are prepared by using the vacuum magnetron sputtering system. Also shown in Fig. 1 are the struc-
tures of multilayered W films without and with sandwiched graphene layers. Detailed sample structure and thick-
ness are listed in the Supplementary materials (see Table 1 in S1). W layer thicknesses are measured in the Digital 
Micrograph from the scanning electron microscopy (SEM) images that will be discussed later. Uncertainties may 
come from the aspects of SEM images and the measurement operation in the Digital Micrograph. Through x-ray 
diffraction (XRD) analysis [see Fig. 2(a,b,c)], the W films are determined to be β-W with the (200) plane parallel 
to the surface [see Fig. 2(d)]. Details of the sample preparation and structure characterization can be found in the 
Methods section.

In this work, the PT technique is used to characterize the thermal transport properties of the films. It irradiates 
the sample surface with an amplitude modulated laser beam, and measures the surface thermal radiation. The 
laser beam modulation frequency is scanned within a wide range, and the time delay (phase shift) between the 
thermal radiation and laser beam is measured and used for data fitting. The phase shift is related to the physical 
properties of the sample such as thermal conductivity, heat capacity and density of the β-W films as well as the 
thermal resistance induced by the SiO2 layer and the β-W/SiO2 interface. Given these physical properties, the 
theoretical phase shift can be calculated. The physical model of the PT technique and the experimental setup 
are detailed in the Supplementary materials (see S2). In the experimental measurement, we are interested in 
the phase shift between the thermal radiation and the modulated laser beam. However, the measurement will 
inevitably include time delay induced by the whole system. This time delay can be eliminated by measuring the 
phase shift between the reflected laser beam and the irradiating laser beam (noted as φcal). The experimental setup 
for the calibration process has no other difference except for detecting the reflected laser signals instead of the 
thermal radiation by removing the Ge window. Figure 3(a) shows the phase shift of the reflected laser beam. The 
system phase shift shows a straight line against the modulation frequency, indicating a constant time delay of the 
system within the experiment frequency range. This time delay is estimated to be around 1.0 × 10−6 s. The real 
experimental phase shift (noted as φnor) between the thermal radiation and the laser beam can be calculated as 
φnor = φraw − φcal, with φraw being the raw phase shift detected in this experiment.

The fitting process is operated by using a well-developed program by our lab. By using different trail values of 
unknown parameters, the theoretical phase shifts are calculated over the specified modulation frequency range. 
The value that gives the least square deviation between the theoretical phase shifts and the experimental ones is 
taken as the real property of materials. Here, the thermal resistance induced by the SiO2 layer and the β-W/SiO2 
interface (noted as RW SiO Si/ /2

) and the cross-plane k of β-W films are both unknown. However, one single meas-
urement of the sample cannot distinguish these two properties. What we can get from the fitting of one sample 
measurement is the total thermal resistance (Rtotal) of the sample, which includes both the thermal resistance 
induced by the β-W film and RW SiO Si/ /2

. Then we measure samples of different thickness that are synthesized 
under the exactly same conditions to vary the effect of thermal resistance of the β-W film. By studying how Rtotal 
varies with the W film thickness (L), k of β-W film and RW SiO Si/ /2

 can be distinguished and determined.

Figure 1. Schematic of the samples in our experiment. (a) Multilayered β-W sandwiched with graphene layers 
on 100-nm-SiO2/Si substrate (named A, B, D). (b) Multilayered β-W on 100-nm-SiO2/Si substrate (named a, b, 
d). (c) Single-layered β-W on 100-nm-SiO2/Si substrate (named Aa, Bb, Dd).
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Figure 3 (b) shows the fitting result for sample Aa2 to demonstrate the fitting agreement extension. This is a 
β-W film of 110 nm thickness. Excellent agreement is observed between the fitting (green line) and experimental 
data (black circles) at all the modulation frequencies with a fitting residue of 0.30 degree. Rtotal is determined to 
be 2.02 × 10−7 Km2W−1 for this sample. When Rtotal is taken as 1.93 × 10−7 Km2W−1 and 2.10 × 10−7 Km2W−1, the 
fitting residue is 0.53 and 0.51, respectively, which are much larger than the experimental uncertainty of the phase 
shift as shown in Fig. 3(b). The theoretical fitting curves of these values (blue line and the red one) also show obvi-
ous deviation from the best fitting curve (the green one) in Fig. 3(b). Therefore, the uncertainty of the measured 
thermal resistance is +0.08/−0.09 × 10−7 Km2W−1.

Rtotal of the samples can be expressed as the following equation:

= +R L k R/ , (1)total W SiO Si/ /2

Since all the β-W films are prepared using the same substrate and under the same conditions, k of β-W films 
and RW SiO Si/ /2

 are expected to have negligible variation among samples (despite the film size effect which will be 
discussed later). As a result, we expect a linear relation between Rtotal and L. Figure 3(c) shows the measured Rtotal 
versus L for the single-layered β-W films studied in this work. An obvious linear relation is observed. Based on 
l inear f itt ing,  k  of  β-W f i lms and RW SiO Si/ /2

 are determined at (1.98 ±  0.06) Wm−1K−1 and 
(1.43 ± 0.02) × 10−7 Km2W−1, respectively. In the range of the laser modulation frequency (600 Hz to 20 kHz), the 
thermal diffusion depth in one period ( α f/ ) varies from 35 μm to 6.1 μm, which is much larger than the sample 
thickness. However, thermal diffusion depth in one-degree phase ( α ⋅f/ 360 ) varies from 1.9 μm to 0.32 μm, 
which is comparable with the thickness of the sample. Figure 3(b) also shows that the phase shift method is sen-
sitive in our experiment. The k value is much smaller than that of bulk α-W (174 Wm−1K−1). As there is no record 

Figure 2. (a) XRD patterns. The black line is taken from one of our β-W films (sample Dd3: single-layered 
tungsten on 100-nm-SiO2/Si substrate with a thickness of 344 nm) and the blue line is from ref.61, which is α-W 
films coated on stainless steel. Due to the same sample preparation condition, the black line is a representative 
for all the samples in our experiment. This blue line serves as a comparison to show the differences of phase 
composition and crystal structure of tungsten films obtained under different conditions. (b) Sphere of fixed-
length scattering vector and stereographic projection in pole-figure XRD. (c) Definition of α and β in the pole-
figure measurement. (d) Pole-figure for β(200) plane (sample Dd3). The maximum pole lies in the center of the 
pole figure, which means that β(200) plane is parallel to the sample surface.
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for k of β-W, we will try to explain this low thermal conductivity of the metastable β-W from the 
Wiedemann-Franz (WF) law assuming that electrons still dominate in thermal conductance of this material.

Thermal conductivity is related to the electrical conductivity (σ) by the WF law at relatively not-very-low 
temperatures by the following equation:

σ
=L k

T
, (2)lorenz

where LLorenz is the Lorenz number and for tungsten LLorenz is 3.04 × 10−8 W·ΩK−2 at 300 K37. σ is calculated at 
2.17 × 105 Ω−1m−1 based on our measured k, corresponding to an electrical resistivity of 4.61 × 10−6 Ω·m (or 
461 µΩ·cm). This value is comparable with the reported electrical resistivity for this phase of W29–32,38,39. Early 
work by Petroff et al.38 reported an electrical resistivity of β-W ranges from 150–350 µΩ·cm. Following work by 
O’Keefe et al.30 reported an even higher electrical resistivity of as-deposited β-W (155–870 µΩ·cm) and found that 
even after rapid thermal annealing, it can still be as high as 478 µΩ·cm. Recent work by Hao et al.32 measured the 
electrical resistivity of β-W with different thicknesses and extracted a value of about 195 µΩ·cm. The relatively 
high electrical resistivity (compared with 5.33 µΩ·cm for the bulk pure α-W32) will be discussed in detail below.

Figure 3. (a) Phase shift of the reflection beam that serves as a calibration of the experimental system. (b) Phase 
shift fitting result of sample Aa2 (single-layered β-W with a thickness of 110 nm). The total thermal resistance 
(Rtotal) is determined at 2.02 × 10−7 Km2W−1 with the best fitting (green line) for this sample. The blue line and 
red line are theoretical curves when Rtotal takes the value of 1.93 × 10−7 Km2W−1 and 2.10 × 10−7 Km2W−1 to 
show the fitting sensitivity. (c) Linear fitting of Rtotal versus L from which the thermal conductivity k of β-W 
films and thermal resistance RW/Si between β-W film and Si substrate are determined at 1.98 Wm−1K−1 and 
1.43 × 10−7 Km2W−1, respectively.
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As the film is very thin, the cross-plane σ is not easy to measure directly. We have measured the in-plane σ of 
the films by using the four-probe method for comparison40,41. Details of the experiment setup of the four-probe 
method can be found in the Supplementary materials (see S3). A current I is fed through the two outer probes 
and the voltage V is measured between the two inner ones. The sheet resistivity of samples can be expressed as: 
Rs = F1F2F3V/I, where F1 is the finite shape correction factor, F2 the probe spacing correction factor and F3 the 
thickness correction factor. F1 can be derived from the existing standard table42. F2 can be calculated by the fol-
lowing equation42:

= + . ⋅




−


F S

S
1 1 082 1 ,

(3)2
2

where S2 is the spacing between the two inner probes and S the average probes spacing. In our experiment, with 
equal spacing between adjacent probes, F2 is taken as 1. F3 is also taken as 1 for all the samples, as in our case the 
thickness (t) of all these films is very small which means t/s << 0.4.

In-plane σ of β-W is calculated as σ = R t1/( )s  and the results can be found in the Supplementary materials 
(see Table 2 in S4). The measured in-plane electrical resistivity σ−1 varies from 258 to 316 µΩ·cm which is in the 
well accepted range (150–350 µΩ·cm) of β-W38. Typically, the relatively higher resistivity in thin metallic films is 
attributed to the carrier momentum loss along the current flow direction due to surface and grain boundary scat-
tering which is commonly explained by using the Fuchs-Sondhermer (FS) surface scattering model43,44 and the 
Mayadas-Shatzkes (MS) grain boundary model45,46, respectively. However, the finite-size effect and the grain 
boundary scattering are not sufficient to account for the large resistivity of β-W. According to Hao’s recent work, 
the electrical resistivity of bulk β-W is calculated at 195 ± 3 µΩ·cm with an effective mean free path (leff) of about 
only 0.45 nm at 300 K32. This means leff of β-W films may be ten to hundred times smaller than the averaged grain 
size and the film thickness [see Fig. 4] of our samples. Calculations using the FS model and the MS model show 
that when the thickness or grain size is much larger than leff, surface scattering or grain boundary scattering has 
negligible influence on the resistivity of thin metallic films44. Other scattering mechanism must exist and domi-
nate the electron transport property. One possible explanation is the charge carrier concentration. Recent work 
by Lee et al.39 obtained the charge carrier concentration of different phase of W by using Hall measurement and 
found a much low carrier concentration of the β-phase one. Another possible reason is the impurities, where a 
small amount of oxygen is believed to exist and induce the β-W formation without forming a WxO compound47. 
Such a dilute bulk of impurities may induce significant electron scattering. This also helps explain the large range 
of reported resistivity of β-W which may be due to the different concentration of oxygen induced impurities. The 
local structure may be another reason as β-W is believed to be a mixed phase consisting of ordered and stacking 
faulted W3W structures38. Considering the relatively larger grain size, local disorders or dislocations of atoms may 
also play an important role. So far, as there is no clear mechanism for the large resistivity, further work, particu-
larly theoretical study, is needed.

The discrepancy in the thermal conductivity determined by the PT technique and the four-probe method 
is mainly attributed to the anisotropy of the β-W films. The β-W films are produced in the vacuum magnetron 
sputtering system, where the deposited metal films typically show kind of columnar structure. For the tungsten 
films prepared in this work, the columnar structure can be clearly seen from the SEM images in Fig. 4. This means 
the crystal orientation and crystallite size in the in-plane and cross-plane directions are much different. Thus, 
the electrical and thermal transport properties which are closely related to the structure of materials also have 
much difference in the two directions. Despite this anisotropy in σ and k, the validation of WF law is also ques-
tionable. It has been widely studied that, for nanocrystalline films, the Lorenz numbers are very different from 
their corresponding bulk values. For example, Yoneoka et al.48 reported an average Lorenz number of 3.82 × 10−8, 
2.79 × 10−8, and 2.99 × 10−8 WΩK−2 for 7.3-, 9.8-, and 12.1-nm Pt films, respectively. Experimental results of 
Zhang and co-workers49,50 showed that the Lorenz number of 21–37 nm and 53 nm thick polycrystalline Au films 
are around 7.0 × 10−8 and 5.0 × 10−8 WΩK−2, respectively. Calculations by Ou et al.51 revealed that the Lorenz 
number of a 180-nm nickel nanowire is a little higher than the bulk value. Our previous experimental work52 on 
ultrathin iridium films (0.6–7 nm) shows that the Lorenz number ranges from 5.83 × 10−8 to 7.8 × 10−8 WΩK−2. 
As there is no literature data for the Lorenz number of β-W nanofilms and how it will deviate from the bulk value 
is not clear to our knowledge, the use of WF law based on the bulk’s Lorenz number is not suitable in this work. 
Therefore, considering the unclear anisotropy level of the β-W nanofilms and the deviation of the Lorenz number, 
we intend to extract cross-plane direction k directly by performing the PT measurements on this group of samples 
in this section.

Thermal conductance between β-W sublayers. Not like the samples in the first group, the samples 
in this group were grown for several times, that is, these samples consist of different number of sublayers [see 
Fig. 1(b)]. The SEM images also clearly show separated layers in these films [see Fig. 4]. The experiments are 
operated under the same conditions as those of the first group. Notice that, in the fitting process of the first group 
for a single-layered sample, the fitting itself cannot distinguish the thermal resistance of the β-W films from 
other resistances. This also holds true for the multilayered β-W samples. Figure 5(a) shows the fitting process, 
from which we can see the fitting curve matches the experimental data well. After the fitting process, Rtotal of each 
sample in this group is calculated. The inset in Fig. 5(b) shows Rtotal versus L of both the single-layered β-W films 
(black rectangles) and the multilayered β-W films (red circles). We can see that all these points show a linear rela-
tionship and that the differences of Rtotal between the single-layered β-W films and the multilayered ones are not 
significant. This points out that RW/W will be small. It is determined as below.

Rtotal of the multilayered β-W films can be expressed as the following equation:
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= + + .R L k R nR/ (4a)total W SiO Si W W/ / /2

So, we have

∆ = − = + .R R R L k nR/ (4b)total W SiO Si W W/ / /2

RW SiO Si/ /2
 determined in the above section can be used here for data processing since the film synthesis follows 

the exactly same condition. And then we have

∆
= + .

R
n

L
n k

R1
(4c)W W/

When plotting ΔR/n versus L/n, these points also show a linear relationship as shown in Fig. 5(b). From 
equation (4c) we can see that the slope of the linear relation is related to the reciprocal of k and the intercept is 
related to RW/W. k determined here (2.05 ± 0.36 Wm−1K−1) is a little higher than (but very close to) that of the 
single-layered β-W films in the first group (1.98 ± 0.06 Wm−1K−1). Considering the uncertainties of the experi-
ment and data processing, we conclude that the samples from the two groups have negligible structure difference 

Figure 4. SEM image of the multilayered β-W films from which we can see the clear interface between 
sublayers. The layer thickness is directly measured based on the SEM image.
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during sample preparation. From this linear fitting, RW/W is determined at (3.57 ± 2.67) × 10−9 Km2W−1. This 
RW/W investigation serves as a comparison base for the RW/G study that will be described in the next section. At 
this point, we can conclude that the β-W/β-W interface thermal conductance (GW/W) has an average of about 
280 MW m−2K−1.

The electrical conductivity and resistivity in the in-plane direction of these multilayered β-W films has also 
been measured by using the four-probe method. Although there are some variations in several samples, the elec-
trical conductivity and resistivity of the samples in this group have no significant difference with those of the first 
group. Considering the large thickness difference between the single-layered films and the multi-layered ones, 
the previous assumption that the size-effect or surface-scattering play a tiny role in the very high resistivity has 
also been proved. The electron thermal conductivity in the in-plane direction is also calculated using the WF law, 
which is larger but still comparable to that in the cross-plane direction. The calculation results are detailed in the 
Supplementary materials (see Table 3 in S4).

Thermal Conductance between W and Graphene. The samples in this group have the same thicknesses 
as those in the second group, respectively. Compared with samples in the second group, the difference is that we 
have graphene layers sandwiched between tungsten sublayers [see Fig. 1(a)]. Figure 6(a) shows the Raman spectra 
of the graphene layers in two of our samples, from which the G peak and 2D peak can be seen clearly. According 

Figure 5. (a) Phase shift fitting of sample a3 (8 layers of β-W films with a thickness of 120 nm in total). The total 
thermal resistance (Rtotal) is determined at 2.05 × 10−7 Km2W−1 for this sample. (b) Linear fitting of ΔR/n versus 
L/n, from which the thermal resistance RW/W between β-W sublayers is determined at 3.57 × 10−9 Km2W−1. The 
inset shows total thermal resistance versus sample thickness of both the single-layered (black rectangles) and 
the multilayered (red circles) β-W films.

Figure 6. (a) Raman spectra of the graphene on the surface of two of our samples (A2 and D2). The G peak at 
1583 cm−1 and 2D peak at 2690 cm−1 can be seen clearly. (b) Phase shift fitting for three of our samples (A2: 6 
layers β-W films one-by-one sandwiched with 5 graphene layers and have a total thickness of 90 nm; B2: 6 layers 
β-W films one-by-one sandwiched with 5 graphene layers and have a total thickness of 180 nm; D3: 8 layers of 
β-W one-by-one sandwiched with 7 graphene layers and have a total thickness of 320 nm).
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to Graf and Molitor’s recent work53, the graphene used here are 1~2 layers graphene. Details of the layer number 
characterization are shown in the Methods section. The experimental setup of the PT technique is the same as 
those of the first two groups. What we can get is Rtotal induced by the β-W films, RW/G, and RW SiO Si/ /2

. Figure 6(b) 
shows the fitting result of several samples from this group. We can see the theoretical phase shifts match the 
experimental data very well. For single-layered graphene, the graphene-induced thermal resistance is from the 
two β-W/G interfaces. For there are two-layered graphene, thermal resistance across the Graphene/Graphene 
interface (RG/G) can be estimated as RG/G = l/kG with l the distance between graphene layers (0.335 nm) and kG the 
cross-plane thermal conductivity of graphene (5.7 Wm−1K−1)54. Accordingly, RG/G is about 5.9 × 10−11 Km2W−1 
which is much smaller than Rtotal. Thus, the intrinsic thermal resistance of the graphene layers can be neglected  
in this experiment. With k of β-W films taken as 1.69~2.41 Wm−1K−1 and RW SiO Si/ /2

 taken as (1.43 ± 0.2) ×  
10−7 Km2W−1, RW/G of all the samples in this group can be calculated by using the following equation:

= + +R L k R nR/ 2 (5)total W SiO Si W G/ / /2

The calculation results are shown in Table 1, from which we can see RW/G varies from sample to sample and has 
a maximum value of 9.67×10−9 Km2W−1. The lower and upper limit uncertainties are also given in Table 1. These 
uncertainties show the maximum possible variations of the calculated RW/G of each sample. We can see the uncer-
tainties also vary from sample to sample and has a maximum value of 2.43 × 10−9 Km2W−1. These uncertainties 
are mainly attributed to the uncertainty of k of β-W films, which varies from 1.69 to 2.41 Wm−1K−1.

Note that, for each graphene layer, it has two W/G interfaces (next to the top and bottom β-W layers). In 
Table 1, R2W/G represents thermal resistance of two W/G interfaces induced by each graphene layer. Also 
shown in Table 1 is the total thermal resistance (named as RTW/G) induced by all β-W/G interfaces in one sam-
ple. Most of the RTW/G values are much larger than the experimental uncertainty (8~9 × 10−9 Km2W−1). This 
means the thermal resistance induced by the graphene layers is detectable in our experiment. It is clear that 
most R2W/G is larger than the derived RW/W in the last section, indicating the introduction of graphene lay-
ers indeed gives rise to a finite interface thermal resistance. Taking into consideration of the uncertainties, 
RW/G is no larger than 11.9×10−9 Km2W−1. This value is comparable to the graphene/SiO2 interface resist-
ance (5.6~12 × 10−9 Km2W−1) reported by Chen9 while is much smaller than that of the epitaxial graphene 
and SiC interface (5.3 × 10−5 Km2W−1) reported by Yue55. The corresponding thermal conductance (GW/G) is 
84 MWm−2K−1 which is also at the high end of the graphene/SiO2 interface (20~110 MWm−2K−1) reported 
by Mak and Liu10 and that of the Au/Ti/graphene/SiO2 interface (about 25 MWm−2K−1) reported by Koh and 
Bae11. This GW/G value is much larger than 4~5 MWm−2K−1 reported by Jagannadham on characterizing thermal 
transport properties of W/graphene/Cu structure14. However, in his measurement, the structure was annealed 
at high temperature where reaction took place between W and graphene which reduces the interface thermal 
conductance significantly. Recent work by Huang et al.15 reported measurements on thermal conductance of 
Al/transferred graphene (trG)/Cu and Al/grown graphene (grG)/Cu interfaces, which is a good representative 
of the metal/graphene/metal interfaces. The reported G of Al/trG/Cu interfaces is about 20 MWm−2K−1, 35% 
lower than that of the Al/grG/Cu interfaces (about 31 MWm−2K−1). This lower G of the Al/trG/Cu interfaces 
is attributed to the lower conformity of trG to Cu substrate, which is further confirmed by the increase of G 
after the annealing treatment. The different degree of conformity could also be a reason for the variations of our 
measurement results. Despite the variations, our calculated G2W/G is no smaller than 42 MWm−2K−1, still larger 
than 31 MWm−2K−1 of the intrinsic value of their Al/G/Cu interface. The relatively large interface conductance 
of our β-W/G/β-W interfaces is due to the unique structure of the samples. One possible reason is that the 
graphene transfer and processing will inevitably introduce functional groups or defects to the graphene surface. 
These functional groups or defects may enhance the energy coupling between β-W films and graphene. Another 
reason may be the damage of graphene during the β-W sputtering progress, where additional channels of direct 
heat transport between the β-W films form and significantly enhance the thermal conductance of the interfaces. 
This damage enhanced phenomenon has been studied in the most recent work by Huang et al.16. In this work, 
they reported measurements of thermal conductance of Pd/trG/Pd interface with the top Pd prepared by either 
thermal evaporation or rf magnetron sputtering. The results shown that, G of the sample with the rf magnetron 
sputtering Pd is 300 MWm−2K−1 at room temperature, seven times larger than that with the thermal evaporation 
Pd (42 MWm−2K−1). This enhancement is attributed to the electronic heat transport via atomic scale pinholes 
formed in the graphene during sputtering process, which has also been proved by the AFM characterization. This 
can also help explain the variations and even negative value of RW/G in Table 1 as the graphene transfer process is 
manual and the damage level from metal sputtering cannot be predicted.

The four-probe measurement is also performed on the samples in this group and the results are summarized 
in the Supplementary materials (see Table 4 in S4). The electrical resistivity varies from 270 to 351 µΩ·cm, a little 

Sample A1 A2 A3 B1 B2 B3 D1 D2 D3

RW/G . − .
+ .1 05 0 95

0 97 . − .
+ .5 08 0 8

0 82 . − .
+ .3 82 0 76

0 78 − . − .
+ .0 05 1 78

1 8 . − .
+ .8 12 1 62

1 64 . − .
+ .8 7 1 56

1 59 . − .
+ .5 67 2 35

2 43 . − .
+ .9 67 2 19

2 21 . − .
+ .6 23 1 86

2 14

R2W/G . − .
+ .2 10 1 9

1 93 . − .
+ .11 6 1 6

1 64 . − .
+ .7 64 1 53

1 56 − . − .
+ .0 1 3 57

3 6 . − .
+ .16 2 3 24

3 28 . − .
+ .17 4 3 13

3 17 . − .
+ .11 3 4 7

4 87 . − .
+ .19 3 4 38

4 42 . − .
+ .12 5 3 71

4 29

RTW/G 6.30 58.0 53.5 −0.30 81.2 122 34.0 96.7 87.2

Table 1. Thermal resistance (10−9 Km2W−1) of β-W/G interfaces. Subscript “G” represents graphene layers. 
“R2W/G” represents thermal resistance induced by a single graphene layer while “RTW/G” represents thermal 
resistance induced by all graphene layers in the sample.
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larger than those of the first two groups due to the inserted graphene layers but still in the well-accepted range 
(150–350 µΩ·cm)38. σ and correspondingly in-plane electron-induced k are also calculated (see Table 4 in S4). k 
varies around 3 Wm−1K−1 which is also comparable to those of the single-layered and multilayered β-W samples 
detailed in Supplementary materials (see Tables 2 and 3 in S4).

Conclusion
In this work, we have conducted systematic studies of the thermal resistance and conductance at the β-W/G 
interfaces. Single-layered, multilayered β-W films and multilayered β-W films sandwiched with graphene lay-
ers were deposited on the 100-nm-SiO2/Si substrate using the magnetron sputtering method. Using our dif-
ferential technology, we are able to distinguish the thermal conductivity and the interface thermal resistance. 
The crystallite size was determined to be 11 nm from the (200) peak of β−W. The pole-figure XRD shows that 
the β(200) plane is along the in-plane direction of the films. Based on the G and 2D peaks from the Raman 
spectra, the graphene samples were determined to be 1~2 layers. The thermal conductivity of β-W films is 
very low (1.69~2.41 Wm−1K−1) compared with that of the bulk α-phase tungsten (174 Wm−1K−1). This low k is 
mainly due to strong electron scattering of defects. The β-W/β-W interface thermal resistance was determined 
at (3.57 ± 2.67) × 10−9 Km2W−1, indicating excellent bonding and energy coupling at the W/W interface. The 
β-W/G interface thermal resistance was also determined. For each β-W/G interface, RW/G did vary from sample 
to sample, largely due to the inconsistency in sample preparation and unknown graphene structure damage and 
alternation. Taking into consideration of the uncertainties, the largest RW/G is 11.9 × 10−9 Km2W−1, corresponding 
to a lower bound of thermal conductance of 84 MWm−2K−1. Compared with the up-to-date reported graphene 
interface thermal conductance, the β-W/G interface thermal conductance is at the high end. The cross-plane 
thermal conductivity of β-W is smaller but still comparable to that of in the in-plane direction derived from the 
four-probe measurements and Wiedemann-Franz law.

Methods
Sample Preparation. The β-W/G multilayered film is synthesized by depositing tungsten film and trans-
ferring monolayered graphene to the tungsten film. Monolayered graphene films are grown on 25-μm thick Cu 
foils (Alfa Aesar, item No. 46365) by chemical vapor deposition (CVD). The transferring process of graphene 
is as follows. First, a PMMA (polymethyl methacrylate) layer is spin-coated on one side of the Cu foils and the 
graphene on the other side of Cu is cleaned by oxygen plasma. Then, the Cu foil is etched by FeCl3 solution. The 
remained graphene/PMMA is floated on the surface of FeCl3 solution, and is then cleaned by DI-water. The 
cleaned graphene/PMMA is transferred onto the surface of the tungsten film which is produced in an ultra-high 
vacuum magnetron sputtering system (ULVAC, ACS-4000-C4) at room temperature. Finally, the PMMA layer 
is dissolved by acetone to form the contact between tungsten and graphene. Through repeating the above pro-
cess, the tungsten-graphene multilayered film can be obtained. It is worth noting that in one tungsten-graphene 
cyclic multilayered film, the thickness of each layer of tungsten film is kept the same. For convenience, in the 
following discussion, at the present of graphene, we name the thickness of each layer of tungsten film (which 
is 15, 30, 40 nm) as ‘A’, ‘B’, ‘D’, respectively [see Fig. 1(a)]. For comparison study, we also prepare multilayered 
tungsten samples where each layer shares the thickness as that of the tungsten-graphene structure. While there 
is no graphene, each tungsten layer (which is also 15, 30, 40 nm thick) is named as ‘a‘, ‘b‘, ‘d‘, respectively [see 
Fig. 1(b)]. In addition, Aa, Bb and Dd is corresponding to those single-layered tungsten samples [see Fig. 1(c)]. 
In this work, A1, A2, A3 mean that the number of the cycles of tungsten-graphene system is 3, 5, 7. The lateral 
dimensions of all the samples are about 1 cm × 1 cm and the detailed information of thickness can be found in 
Supplementary materials (see S1). To mention that, during the sample preparation, the samples are kept in the 
chamber all through the several sputtering processes, which makes sure that no tungsten oxide forms between 
the tungsten sublayers. Even for the multi-layered tungsten/graphene films, where the samples are taken out for 
graphene transfer, tungsten oxide is not likely to form. As we know, tungsten belongs to inert metal which is very 
stable in normal environment. Anna Warren et al.56 had ever placed a 1-mm-thick tungsten film in an oxygenated 
environment and investigated the oxidation behavior of tungsten under different temperature. It is found that 
the tungsten oxide was less than 1 nm even though the sample was exposed to air and heated to 100 °C for hours. 
While during our sample preparation process, the samples are immediately sent back to the vacuum chamber for 
sputtering the next tungsten layer after the graphene transfer process. The XRD patterns [see Fig. 2(a)] also show 
that there is no tungsten oxide formed.

Structure characterization. The structure of the tungsten films is explored through XRD to inves-
tigate phase, crystallite orientation and grain size. In bulk tungsten, stable structure of tungsten is mainly 
body-centered-cubic (bcc) α-W. However, a metastable form of β-W can also appear in thin films30,47,57,58. The 
black line in Fig. 2(a) shows the XRD patterns of the investigated tungsten films in a 2θ range. We can see the 
strongest β(200) diffraction peaks of tungsten, which means the sample is mostly β-W with no other crystalline 
or amorphous and the preferred crystalline orientation is the β(200) direction39,59. The columnar structure shown 
in Fig. 4 also proves this based on the relations of microstructure and phase composition of W detailed in Shen’s 
work60. The β(210), β(312) and β(400) peaks can also be found in the black line but are much weaker than β(200). 
The blue line in Fig. 2(a) shows the XRD patterns of W films coated on a stainless steel substrate by gas tunnel 
type plasma spraying which is used for comparison purpose61. We can see that the (110) diffraction peaks of α-W 
is the strongest, followed by the α(211) peaks and then the α(200) peaks. The large difference of these two XRD 
patterns reveals different phase of W. The crystallites or grain size of the tungsten films is also estimated using the 
Scherrer equation62 from the β(200) peak in the diffractogram, which is determined at 11 nm. Figure 2(b) shows 
the schematic of the pole figure XRD measurement. This characterization is intended to determine the crystal-
line orientation in our samples. During this measurement, the diffraction angle (2θ) is fixed and the diffracted 
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intensity is collected by varying two geometrical parameters, the α angle (tilt angle from sample surface normal 
direction) and the β angle (rotation angle around the sample surface normal direction). Figure 2(c) shows the 
schematic of the definition of α and β angle. Figure 2(d) is the pole-figure of the (200) plane of this tungsten film, 
from which we can conclude that the (200) plane is parallel to the surface of the sample as the maximum pole is 
located in the center of the pole figure where α = 0°.

AFM characterization is performed on the transferred graphene and the image shows kind of wrinkles in the 
graphene sheet while PMMA residues hardly appear. The AFM image is detailed in the Supplementary materials 
(see Fig. 3 in S5). The structure of graphene layers is also characterized by using Raman spectroscopy. In this 
experiment, the Raman spectra are collected by a confocal Raman spectrometer with a spectral resolution of 
1.05~1.99 cm−1. A 20× objective lens is used, with an integration time of 10 s and a laser spot size of 2.01 μm. The 
laser energy reaching the surface of the samples is 44.7 mW. Figure 6(a) shows the Raman spectra of graphene 
on two of our samples. The G peak and 2D peak can be seen clearly. Based on the work of Graf and Molitor53, the 
ratio of the integrated intensities of the G and 2D peaks (named IG/2D) can be used as a parameter to determine the 
number of layers of the graphene flake. From Fig. 6(a), the G and 2D peaks for the two samples are fitted and the 
integrated intensities are calculated separately. The ratio of integrated intensities of the G and 2D peaks (IG/2D) of 
the two samples are calculated at 0.38 and 0.42, respectively which means the graphene used in our experiment 
is 1~2 layered graphene53.
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