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1. E-beam Platinum Bonding Induced Damage

A common method to solve thermal contact issues for suspended nanowire/fiber thermal 

measurements is to bond the ends of the nanowire or fiber to the heat reservoirs. Often this is 

accomplished using Pt-C contacts deposited by electron beam via SEM or FIB. This method, 

however, was found to adversely affect the measurement of the present nylon nanofibers studied. 

The measured thermal conductivity of fibers was found to decrease after bonding the nanofiber 

ends with e-beam-deposited Pt-C (Figure S1). This can be explained by way of structural 

damage induced by either the e-beam exposure or Pt-C deposition, thereby decreasing the fiber 

thermal conductivity as opposed to reducing the thermal resistance between the nanofiber and 

thermal reservoirs. Therefore, we elected to measure the nanofibers without the Pt-C deposition. 

As such, the measured thermal conductivity (κ) reported here represents the lower bound values. 

Nevertheless, as shown in the next section, the thermal contact resistance is expected to be small 

compared to the conduction resistance of the nanofibers. 
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Figure S1: Measured thermal conductivity of a ~400-nm diameter nanofiber before and after 

e-beam-deposited Pt-C bonding.

2. Estimation of Contact Resistance between Nanofibers and Suspended Pads

Due to the adverse effects of Pt-C deposition, no coating was used for thermal contacts. 

Therefore, the measured thermal conductivity values represent the lower bound values, which 

include the thermal contact resistance at the ends of the nanofibers. However, it is important to 

check the relative importance of this contact resistance in comparison to the overall thermal 

resistance of the nanofiber. If the fiber resistance is much greater, it would dominate the total 

thermal resistance, such that contact resistance would not significantly affect our conclusion 

regarding the diameter dependence of κ. 

The thermal contact resistance can be estimated from the constriction resistance of a line 

contact between the Nylon fiber and the SiNx pad.1 The contact width w between a wire and flat 

surface can be calculated as
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, (1)
𝑤 = 16𝐹𝑣𝑑𝑤𝐸𝑚𝐷

𝜋𝑙

where D is the fiber diameter, l is the length of fiber in contact with the flat surface, and the 

effective modulus Em is

, (2)
𝐸𝑚 = 1

2[1 ‒ 𝑣2
𝑠

𝐸𝑠
+

1 ‒ 𝑣2
𝑝

𝐸𝑝 ]
where vs, vp and Es, Ep are the Poisson’s ratio and Young’s modulus of the substrate (SiNx) and 

fiber (Nylon), respectively. Furthermore, the van der Waals attractive force Fvdw for this 

geometry is2

, (3)
𝐹𝑣𝑑𝑤 = 𝐴𝑙 𝐷

16ℎ5/2

where the distance between the substrate and wire is h, estimated to be the sum of the van der 

Waals radii of N, for the SiNx pad, and H, for the Nylon surface. The Hamaker constant A 

between SiNx and Nylon can be estimated to be3

, (4)𝐴 = 𝐴𝑝 ‒ 𝑝𝐴𝑆𝑖 ‒ 𝑆𝑖

using the Hamaker constants for Si-Si (ASi-Si) and Polystyrene-Polystyrene (Ap-p) contacts as a 

replacement for SiNx-SiNx and Nylon-Nylon contacts. The contact resistance between the Nylon 

fiber and SiNx pad can be found using

, (5)
𝑅𝑐𝑜𝑛𝑡 = 1

𝜋𝑙𝑘𝑝
ln (4𝐷

𝑤 ) ‒ 1
2𝑙𝑘𝑝

+ 1
𝜋𝑙𝑘𝑠

ln (2𝐷
𝜋𝑤)
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where the transverse thermal conductivity of the Nylon fiber kp is assumed to be the bulk Nylon 

value of ≈ 0.25 W/m-K; and the SiNx pad thermal conductivity ks is ≈ 4 W/m-K; while the total 

thermal contact resistance for the fiber suspended between two pads is 2Rcont. For fibers of 

diameter 400 nm and 70 nm, with l ≈ 1 µm, the contact widths are calculated to be 

approximately 79 nm and 21 nm, respectively; while the total thermal contact resistance 2Rcont is 

roughly 3.8×106 K/W and 2.7×106 K/W, respectively. This agrees well with experimental 

studies4 regarding the thermal contact resistance of carbon nanofibers with suspended devices, 

which found values of approximately 5×106 K/W and had lengths of ≈ 2-3 µm in contact with 

the suspended pads as opposed to the 20- to 30-µm contact lengths in this study. We can see that 

these thermal contact resistance values are much less than the thermal resistance due to our 

nanofiber samples , which is estimated to be between 5×108 K/W and 3×109 K/W, 𝑅𝑡ℎ = 𝐿 (𝜅𝐴)

where L and A are the fiber length and cross-sectional area, and κ is the thermal conductivity 

(assuming 0.3-1.6 W/m-K for fibers with diameters ranging from 70-400 nm). Since the 

nanofiber resistances are much larger than the contact resistance, they will dominate the 

measurement.

3. Effects of Heat Loss from Suspended Devices

Using suspended micro-devices to measure the thermal properties of individual nanowires 

and fibers is a common technique but requires knowledge of the heat currents involved. For 

devices suspended by long/wide beams, such as those used in this study, heat loss along the 

length via radiation or conduction by residual gas molecules may not be negligible, and needs to 

be examined.5 First, assuming the heat loss from a suspended beam to the ambient is 

characterized by h, the heat transfer coefficient along the beam, the differential temperature 

distribution along the suspended beam is
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, (6)
∆𝑇 =

𝜃𝐿sinh (𝑚𝑥) + 𝜃𝑏𝑠𝑖𝑛ℎ(𝑚(𝐿 ‒ 𝑥))
𝑠𝑖𝑛ℎ(𝑚𝐿)

and the heat current transferred through that beam from the suspending pad to the environment is

, (7)
𝑄 = ℎ𝑃𝑘𝐴

𝜃𝑏cosh (𝑚𝐿) ‒ 𝜃𝐿
𝑠𝑖𝑛ℎ(𝑚𝐿)

where P is the perimeter of surfaces undergoing heat loss along the beam, k is the thermal 

conductivity of the beam, A is the cross sectional area of the beam, L is the length of the beam, 

, and on the heating pad𝑚 = ℎ𝑃/(𝑘𝐴)

(8)
𝜃𝐿 = { 𝐼2

ℎ𝑅𝑏
ℎ𝑃𝐿,  &ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑏𝑒𝑎𝑚

0,  𝑛𝑜𝑛 ‒ ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑏𝑒𝑎𝑚�

(9)
𝜃𝑏 = {∆𝑇ℎ ‒

𝐼2
ℎ𝑅𝑏

ℎ𝑃𝐿,  &ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑏𝑒𝑎𝑚
∆𝑇ℎ,  𝑛𝑜𝑛 ‒ ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑏𝑒𝑎𝑚 �

while on the sensing pad

(10)𝜃𝐿 = 0

(11)𝜃𝑏 = ∆𝑇𝑠

where  is the temperature rise of the heating pad,  is the temperature rise of the sensing ∆𝑇ℎ ∆𝑇𝑠

pad,  is the DC heating current applied to the heating pad, and  is the resistance of one 𝐼ℎ 𝑅𝑏

suspending beam.
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Since the total power input to the heating pad ( ) is dissipated through the suspending 𝐼2
ℎ𝑅𝑐

beams (each with resistance ) of both the heating and sensing pads, an energy balance gives us𝑅𝑏

, (12)
𝐼2

ℎ𝑅𝑐 =‒ 4𝑘𝐴�∂𝑇
∂𝑥|𝑥 = 0,𝑛𝑜𝑛 ‒ ℎ𝑒𝑎𝑡𝑖𝑛𝑔,

ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑝𝑎𝑑
‒ 2𝑘𝐴�∂𝑇

∂𝑥|𝑥 = 0,ℎ𝑒𝑎𝑡𝑖𝑛𝑔,
ℎ𝑒𝑎𝑡𝑖𝑛𝑔 𝑝𝑎𝑑

‒ 6𝑘𝐴�∂𝑇
∂𝑥|𝑥 = 0,  𝑠𝑒𝑛𝑠𝑖𝑛𝑔 𝑝𝑎𝑑

which becomes

, (13)
𝐼2

ℎ𝑅𝑐 = 6 ℎ𝑃𝑘𝐴coth (𝑚𝐿)[∆𝑇ℎ + ∆𝑇𝑠] ‒ 2𝐼2
ℎ𝑅𝑏

cosh (𝑚𝐿) ‒ 1
𝑚𝐿sinh (𝑚𝐿)

and can be simplified to

, (14)𝐼2
ℎ𝑅𝑐 + 2𝑓𝐼2

ℎ𝑅𝑏 = 𝑃𝑡𝑜𝑡 = 𝐺𝐿(∆𝑇ℎ + ∆𝑇𝑠)

where  is the total heat loss conductance from the pad, including the 𝐺𝐿 = 6 ℎ𝑃𝑘𝐴coth (𝑚𝐿)

heat conduction along the beams and heat loss from the beams to the environment, and f is 

defined as the heat loss factor

. (15)
𝑓 = cosh (𝑚𝐿) ‒ 1

𝑚𝐿sinh (𝑚𝐿)

For simplicity,  has been defined as the multiplication factor γ multiplied by the power 𝑃𝑡𝑜𝑡

dissipated in the suspended pad ( ), namely,𝑃0 = 𝐼2
ℎ𝑅𝑐

, (16)𝑃𝑡𝑜𝑡 = 𝛾𝑃0 = 𝛾𝐼2
ℎ𝑅𝑐

and γ is a multiplication factor
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. (17)
𝛾 = 1 + 2𝑓

𝑅𝑏
𝑅𝑐

Importantly, f represents the fraction of heat generated in the supporting beam that conducts into 

the suspended pad. When heat loss is negligible, , the heat loss factor f approaches the value ℎ→0

0.5, representing half the heat dissipated in the suspending beams conducting into the heating 

membrane and the other half conducting to the substrate. In this case, the multiplication factor 

becomes

, (18)
𝛾 = 1 +

𝑅𝑏
𝑅𝑐

which is the definition used for previous analysis6 of suspended nanowire measurements with 

negligible heat loss assumed.

The sensing side measurement requires the use of a Wheatstone bridge circuit, which 

measures the change in resistance of the suspended pad coil and two of the supporting beams. 

This leads to a non-uniform temperature distribution, which requires a slight change in the TCR 

used.7 That definition, however, is based on the linear temperature distribution in the suspending 

beams on the sensing side and therefore must also be altered:

(19)
∆𝑅𝑠 = 2

𝑑𝑅𝑏
𝑑𝑇 ̅∆𝑇𝑏 +

𝑑𝑅𝑐
𝑑𝑇 ∆𝑇𝑝 = 2

𝑑𝑅𝑏
𝑑𝑇 𝑓∆𝑇𝑝 +

𝑑𝑅𝑐
𝑑𝑇 ∆𝑇𝑝

(20)
𝑇𝐶𝑅𝑠,𝑒𝑓𝑓 = (𝑑𝑅𝑠

𝑑𝑇 )𝑒𝑓𝑓 = (𝑑𝑅𝑠
𝑑𝑇 )2𝑓𝑅𝑏 + 𝑅𝑐

2𝑅𝑏 + 𝑅𝑐

where  is the change in resistance of the sensing side including coil and two beams,  is the ∆𝑅𝑠 𝑅𝑏

resistance of a single suspending beam, and  is the resistance of the coil on the suspended pad.𝑅𝑐
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It is shown from both eqs. (17) and (20) that the heat loss factor f is and important 

parameter which dictates the degree of heat loss. The heat transfer coefficient, h, has been 

experimentally measured and was found to be well predicted by radiation heat transfer 

, where σ is the Stefan-Boltzmann constant, ε is the emissivity of SiNx, and  is the ℎ = 4𝜎𝜀𝑇3 𝑇

absolute temperature of the ambient sample environment.8 Based on this, we can predict f as 

function of the ambient temperature according to eq. (15). As shown in Figure S2a, f varies from 

0.5 at low temperature to approximately 0.46 at room temperature. Furthermore, definitions of γ 

and TCRs,eff above can be used to see the effect of heat loss on the system. Heat loss reduces the 

amount of heat generated in the beam being conducted to the pad and has a larger effect at higher 

ambient temperatures (Figure S2b), but its overall impact on γ in the studied system is negligible, 

as shown by the small change in γ (< 1%) from the no heat loss case. The change in the 

calculated TCR from ideal (no heat loss) conditions is also small (<2% change) (Figure S2c). 

Since the nanowire sample conductance Gnw is calculated from the measured temperature rises of 

the heating (ΔTh) and sensing pads (ΔTs),6

, (21)

∆𝑇ℎ =
∆𝑅ℎ

(𝑑𝑅ℎ
𝑑𝑇 )

=
𝐺𝐿 + 𝐺𝑛𝑤

𝐺𝐿(𝐺𝐿 + 2𝐺𝑛𝑤)𝛾𝑃0

, (22)

∆𝑇𝑠 =
∆𝑅𝑠

(𝑑𝑅𝑠
𝑑𝑇 )𝑒𝑓𝑓

=
𝐺𝑛𝑤

𝐺𝐿(𝐺𝐿 + 2𝐺𝑛𝑤)𝛾𝑃0

the parameters affected by the heat loss factor each affect the calculated conductance. Since γ 

and TCRs,eff are not significantly altered, the cumulative effects on the nanowire conductance are 

themselves limited, as seen in Figure S2(d) (< 1%). Therefore, for the system geometry and 
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temperature range studied herein, the heat loss along the suspended beams has negligible effect 

compared to the other uncertainties in the measurement.

Figure S2: (a) Heat loss factor versus temperature. The upper limit of the heat loss factor is 0.5 

for no or negligible heat loss (blue dashed line). (b) Percent change in γ versus temperature. (c) 

Percent change in TCRs,eff versus temperature. (d) Percent change in calculated nanowire 

conductance versus temperature. All based on average measured values of device parameters 

such as beam and coil resistance.

4. Estimation of Heat Loss Along Nanofiber

Since the measured nanofiber samples are long (~20-30 µm) and thermally resistive, 

radiation or other sources of heat loss along their length could cause measurement errors. To 
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check if the heat loss has a large effect compared to the heat conducted through the sample, we 

can look at the ratios of the conduction/heat loss heat rates Qloss/Qcond:

, (23)
𝑄𝑙𝑜𝑠𝑠~ℎ𝜋𝐷𝐿∆𝑇

2

 , (24)
𝑄𝑐𝑜𝑛𝑑 = 𝜅𝜋𝐷2∆𝑇

4𝐿

 . (25)

𝑄𝑙𝑜𝑠𝑠
𝑄𝑐𝑜𝑛𝑑

= 2ℎ𝐿2

𝜅𝐷

Here, h is the heat transfer coefficient, calculated to be ~5 W/m2-K assuming black body 

behavior (worst case scenario), κ is the nanofiber thermal conductivity, while other constants 

include fiber diameter D, length L, and temperature difference between the heating and sensing 

pads ΔT. The heat rate ratios for the largest (413 nm) and smallest (73 nm) nanofibers measured, 

with lengths of ~20 µm, were ~2.7% and ~3.4%, respectively. This is within the measurement 

error, and therefore negligible.

5. Diameter Calculation for Beaded Fiber

The effective diameter of the beaded nylon nanofiber was calculated through image 

processing of the nanofiber profile taken by SEM. The image was treated such that the fiber 

profile pixels were tagged a specific color using photo-imaging software (ImageJ). Using the 

pixel scale size in nanometers (from SEM scale bar), the diameters at interval sections along the 

fiber image ( ) were calculated. The effective diameter was then found after taking the root of 𝐷𝑖

the sum of the squares of the incrementally calculated diameters:
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. (26)

𝐷𝑒𝑓𝑓 = 1
𝐿

𝐿

∫
0

𝐷2
𝑖  𝑑𝐿 

This calculated effective diameter was used to calculate the thermal conductivity of the fiber.

6. Electrospinning and hot-stretching of nanofiber bundles

Fig. S3: (a) Electrospinning setup. Highly aligned nanofibers are collected on two parallel 

electrodes. (b) Schematic of the X-ray compatible in situ hot-stretching vacuum chamber.
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Fig. S4 (a) and (b) are SEM images of aligned fiber bundles (from 10 wt% solution of Nylon-11 

in HFIP) before and after hot-stretching, respectively. 

7. Calculation and effect of the orientation of fiber alignment
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Fig. S5 (a) and (b) are modulus square of the fast Fourier transform of SEM image in Fig. S4. (c) 

Azimuthal line cuts corresponding to the integrated intensity in the concentric region and their 

best fit to the model described in the text. For line shape comparison, the data is normalized and 

shifted vertically.

The apparent values of the average inclination angle of crystalline domains measured in 

WAXS result from the convolution of the intrinsic inclination angle and the alignment of the 

fibers with respect to the collection axis. The later can be determined by analyzing SEM images 

of fiber bundles in the Fourier space. For example, Fig. S5 shows the modulus square of the fast 

Fourier transform (FFT) of the SEM image in Fig. S4. We use the modulus square because in X-

ray experiment the measured intensity is the modulus square of the exit wave field amplitude. 
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The azimuthal intensity line cuts were analyzed in a similar way as for WAXS data. It was found 

that the orientational order parameters due to the fiber alignment are =0.955 and 0.954, and 〈𝑃2〉𝑓

the average tilt angles are =1.71±0.17 deg and 1.76±0.08 deg for as-spun and hot-stretched 〈𝛽〉𝑓

fibers, respectively. The fiber alignment is, therefore, preserved during hot-stretching and the 

orientation improvement obtained from in the WAXS is purely due to the arrangement of the 

polymer molecules. 

For the best orientational distribution achieved in the present, i.e., =0.86 and  =4.7 〈𝑃2〉 〈𝛽〉

deg determined from WAXS data analysis on a thin hot-stretched fiber, the intrinsic order 

parameter is thus given by9 =0.90, and the =4.4 deg. 〈𝑃2〉𝑐 = 〈𝑃2〉 〈𝑃2〉𝑓 〈𝛽〉𝑐 = 〈𝛽〉2 ‒ 〈𝛽〉2
𝑓

Therefore, the effect due to fiber alignment on the WAXS analysis is very small in compared to 

that due to the intrinsic crystalline arrangement.

8. WAXS from bulk Nylon-11 sample

Fig. S6 WAXS patterns from bulk Nylon-11 pellet at (a) RT and (b) 120 C. The diffraction does 

not reveal significant orientational preference of the crystallites except that the peak width gets 

narrower indicating the crystallite size increases.
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9. WAXS analysis procedure

The 2D WAXS pattern first undergoes the detector’s flat field and solid angle corrections using 

GIXSGUI, a Sector 8ID/APS beamline data reduction software. The WAXS data analysis for 

internal structures (Figure 1d-1f) is then performed as follows.

(1) The linecut along the fiber axis, i.e., across (010) peak, is fi9rst performed, which is then 

modeled by three Lorentzians for the (010) and (020) Bragg diffractions as well as the 

amorphous scattering. All three peak positions and FWHM (and therefore coherent domain 

size) are obtained. See Fig. 1d

(2) Perform a narrow linecut along the fiber normal axis, i.e, across (200) peak. With amorphous 

peak position fixed but its FWHM and scattering weight (intensity) floating, fitting the (200) 

linecut gives the (200) Bragg peak position and FWHM.  See Fig. 1e.

(3) The azimuthal linecut is then performed with a finite q width smaller than the difference of 

the peak positions of the (200) peak (obtained from step 2) and amorphous peak (obtained 

from step 1). This minimizes the effect of the amorphous scattering in case of the possibility 

of preferred orientation of amorphous structures. The azimuthal linecut is then fitted for the 

crystalline orientational distribution function (ODF) following the procedure described in the 

paper. From ODF, the 2nd-order orientational order parameter and the average inclination 

angle of th crystalline domains can be calculated. See Fig. 1f and the paper for details.

10. Crystallinity of the nanofibers

The crystallinity of the fibers is estimated by using a quarter of the WAXS pattern (because of 

the symmetries of the scattering) and calculating the ratio of the integrated area under the 

crystalline peaks (200), (010) and (020) to the total integrated intensity. The total scattered angle 

of the current WAXS pattern is limited so that this analysis can only be viewed as a relative 
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estimation rather than a precise measurement of the crystallinity. Figure S7 shows the 

crystallinity of the as-spun fibers as a function of fiber diameter. The crystallinity analysis on the 

1.5x drawn fibers is much more challenging because many fibers have been broken towards the 

end of the drawing, leading to an overall scattering that is much weaker than required for reliable 

estimation (X-ray air scattering becomes important).

Fig. S7 Crystallinity of as-spun fibers.
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