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Additional Results & Discussion 

XPS 

Element analysis was performed on the samples to ensure that the film did not oxidize 

during treatment. XPS data shows that oxidation (TeO2) is only present on the film surface 

and decreases with film depth for both sintered and unsintered films, shown in Supplementary 

Fig. S1. Although there is a difference in the oxidation percentage between sintered and 

unsintered samples, the oxide levels remain well below 10% (molar basis) for both samples. 

The levels are documented in Supplementary Tables S1 and S2. 
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Supplementary Figure S1. XPS results. XPS data on (a) the surface of CdTe film and (b) 
100 nm below the surface of the same film. XPS process performed by Dmitry Zemlyanov. 
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Per mol of film 
material: 

    depth [nm] Te [mol] Cd [mol] Oxide [mol] O from Water or Hydrazine Hydrate [mol] 
0 0.272 0.194 0.066 0.467 

0.6 0.268 0.214 0.071 0.447 
30.6 0.170 0.172 0.028 0.629 
90.6 0.084 0.134 0.013 0.770 

     
 

  Per 1 gram of 
film material: 

    depth [nm] Te mass [g] Cd [g] Oxide [g] O from Water or Hydrazine Hydrate [g] 
0 0.534 0.335 0.016 0.115 

0.6 0.514 0.361 0.017 0.108 
30.6 0.421 0.375 0.009 0.195 
90.6 0.279 0.394 0.005 0.322 

     
 

    
Supplementary Table S1. Untreated CdTe NW film compound content. The top table 
shows the element amount per mol of film material. The bottom table shows the element 

amount per 1 g of film material. 
 

 
 
 
Per mol of film material: 

     depth [nm] Te [mol] Cd [mol] Oxide [mol] O from Water or Hydrazine Hydrate [mol] 
0 0.275 0.271 0.131 0.323 

0.6 0.320 0.287 0.119 0.274 
30.6 0.415 0.426 0.069 0.090 
90.6 0.301 0.650 0.047 0.002 

     Per 1 gram of 
film material: 

    depth [nm] Te mass [g] Cd [g] Oxide [g] O from Water or Hydrazine Hydrate [g] 
0 0.482 0.419 0.029 0.071 

0.6 0.515 0.406 0.024 0.055 
30.6 0.513 0.463 0.011 0.014 
90.6 0.342 0.651 0.007 0.0003 

     
 

  Supplementary Table S2. Treated (LPS’d) CdTe NW film compound content. The top 
table shows the element amount per mol of film material. The bottom table shows the element 

amount per 1 g of film material.  
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Electrical Resistivity Details 
 

Electrical resistivity characterizations 

Once each sample was treated at various conditions and imaged via SEM, aluminum 

electrodes were deposited via thermal evaporation to aid in electrical conductivity 

measurements. Thin bands of CdTe were left uncoated so that the conductivity could be 

measured across the channels. Silver paste was dropped onto the electrodes at either side of 

each channel so that the probes of the electrical measurement system would not scratch the 

electrode surfaces. 

The in-plane conductivities at several different parts of each sample were measured 

using a 2-probe configuration. On the untreated samples, resistances were found to linearly 

increase with channel length, indicating low contact resistance between film and electrodes 

and thus little contribution from it to the overall, measured resistance. The high film 

resistance was confirmed using Van der Pauw measurements, where the film resistance across 

the configuration was too high to be discerned. Thus, any improvements in conduction after 

treatments were due to changes across the film itself rather than lower contact resistance. The 

testing voltage ranged from -2 V to +2 V, and dark currents were recorded. Average 

resistivities for each sample were calculated using the dark current data, average film 

thicknesses, and channel lengths.   

To some degree, measured resistivity values (ρ) depend on the film quality and testing 

location. The film is a porous mesh of randomly distributed nanowires, and nanowires may be 

better connected in some areas than others, even after treatment. For this reason, multiple 

areas of each sample were tested, and their dark currents averaged over comparatively large 

channel dimensions. The film thickness of each sample was also averaged. The ρ error 

incorporates such differences from one location to another on a given film. It is large at 

5090%; however, it remains within the appropriate order of magnitude that illustrates a vast 
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ρ reduction. Furthermore, some samples were fabricated at different times; however, both 

were made in the same manner from NW batches synthesized using the exact same processes, 

and so have similar structures. Finally, the spacing between electrodes is large enough to 

cover a large number of nanowires. Therefore, we believe our sample is statistically uniform 

in the microstructure. 

 

 

Percolation Theory-Based Calculations & Estimates  

To understand the electrical resistivity data, we performed calculations based on the 

classical percolation theory. In this theory, “sticks” (nanotubes & nanowires) randomly 

distributed throughout an insulating medium adhere to the following relation1-2: 

𝜎  ∝    (𝑁 − 𝑁𝑐)𝑡                                                                                             (1) 

where σ is film conductivity, Nc is the minimum wire density (per area for a 2-D film; per 

volume for a 3-D film) required to achieve conductivity from one side to the other, and N is 

the actual wire density within the film1-3. Often, this wire density is expressed as a volume 

fraction—i.e., the fraction of total volume taken up by nanowires.  Furthermore, the effect of 

wire aspect ratio a = L/d must be considered4: 

ρ (φ,𝑎) = �φ − φc(𝑎)�−𝑡
(𝑎)

σ0
                                            (2) 

where ρ is the film resistivity (=1/σ), φ is the actual nanowire volume fraction within the 

structure; φc is the minimum nanowire volume fraction required to achieve conduction from 

one electrode to the other, and t(a) is the critical exponent, which accounts for the structure’s 

dimension and percolation model type1,5. It is also dependent on the aspect ratio a. For hard-

core, randomly distributed nanowires of aspect ratio a = 17, this value ~ 1.84. The 

conductivity constant σo depends on both the resistivity ρnt of the individual nanowire material 
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(in our case, CdTe) and the average conductivity between wires at intersection sites6. It can be 

estimated from the following equation4: 

σo  ≈  1
𝜌𝑛𝑡  𝑎2−𝑡

                                                                   (3) 

where t = 1.8 and a = 17 for our network. Assuming that the contact resistance between CdTe 

objects averages ~107 Ω-cm6–12, equation (3) results in a theoretical value of 5.7 × 10-8 S/cm.  

According to numerical simulations previously performed by Xue, as well as Foygel et 

al, φc is ~0.1 for “soft-core” wires of finite width (i.e., L/d < 100) and aspect ratio = 174,13. A 

soft-core wire intersects another by physically passing through it at the crossing site. However, 

our wires are “hard-core” wires. This represents the realistic situation where wires overlap 

each other at intersection points.  To our knowledge, no extensive volume fraction studies 

specific to randomly distributed, hard-core wires exist. However, it is known that perfectly 

aligned, hard-core shapes require φc to be no larger than 0.16, regardless of aspect ratio3,4. 

Given that aligned wires typically require higher φc than randomly oriented wires3,4,14, we can 

contend that our wires do not require φc to be larger than 0.16. Indeed, Foygel et al have been 

able to obtain good estimates for hard-core wires with a >> 1. In such cases, φc equals the 

following4:  

φc ≈ 0.6
𝑎

                                                           (4) 

With an average aspect ratio of a = 17, our φc value is ~ 0.035.   In general, fewer 

wires per volume are required for electrode-to-electrode conduction if they are randomly 

oriented, have large a, and have a hard-core structure3,4,13,14. 

This information can explain our resistivity results. To find φ for our samples, we used 

ImageJ software15 to analyze the top and cross-sectional views of the untreated section and 

estimated the average nanowire density per area.  We considered the fact that such images are 

only 2-D, and from this, estimated the starting volume fraction to be ~ 0.1. From this, we 

calculated the volume fraction of treated sections by looking at those film thicknesses and 
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comparing them to the untreated thickness. Although these φ values are just estimates, it is 

obvious that each value is much greater than the required volume fraction of φc ~ 0.035 

needed for electrode-to-electrode conduction. This explains how we are able to achieve 

conduction through the channel even before any treatments.  

In order to compare our results to theory, we first looked at films that were solely 

compressed and unsintered. The φ value increases from 0.1 up to ~0.4 for a film treated at 800 

MPa.  These values, along with t = 1.8, a = 17, φc = 0.035, and σ0 = 5.7 x 10-8 S/cm were 

plugged into equation (2) to obtain the theoretical ρ values for compressed but unsintered 

films, shown in Fig. 8 (blue circles, dotted). We then plotted them alongside the actual ρ 

results (blue circles, solid) for comparison. Each result is within an order of magnitude of the 

theoretical value, and thus our compression results reasonably reflect percolation theory 

applied with the known constants. 

Equation (2) also explains why the resistivity decreases so dramatically with 

treatment: φ increases with compression. Meanwhile, φc remains at ~ 0.035. The increasing 

difference, Δφ,  between the two values is then taken to a power of -t, which remains 

unchanged at ~ -1.8 4. Thus, ρ decreases exponentially as Δφ increases, and Δφ increases with 

progressive treatments. The theoretical values of the 14 mJ/cm2-sintered samples were also 

estimated. This time, we used a different value for σ0. Once the wires are heated and their 

surfaces begin melding together, the wires can no longer be considered “hard-core.” Rather, 

they are something in between hard and soft wires. In this case, σ0  should take on a smaller 

value because the contact resistance between wires is smaller. We understand that the wires 

are not completely melting together to form bulk CdTe.  However, at the points of intersection, 

where the wires are fused together, we approximate no contact resistance. Thus, an estimation 

of bulk CdTe resistivity at these junctions is used. The bulk value used was on the order of 

104 Ω-cm, the lowest resistivity we could find for polycrystalline bulk CdTe thin films10. This 
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lowered the ρnt value from 107 in the unsintered cases to 104 for the sintered cases. Thus, the 

σ0 value increased from   5.7 x 10-8 S/cm to 5.7 x 10-5 S/cm. Furthermore, because the wires 

are somewhat soft and do not completely overlap each other anymore, we decreased the 

required volume fraction φc from 0.0353 to 0.001, based on Foygel et al’s assessments4. 

These changes in constants led to a decrease in the overall theoretical ρ values given by 

equation (2), which are mapped in Fig. 8 (orange diamonds, dotted).  

Resistivities for most of these samples compare well with theoretical numbers, 

differing by less than an order of magnitude. The 800 MPa, 14 mJ/cm2 sample, however, 

exhibits a much higher ρ than what theory predicts. This is likely because of cracks that 

formed in the sample (inset), which theory does not account for.  

Overall, our results match well with percolation theory, and we feel it is an appropriate 

way to predict the resistivities of our films. There is certainly error involved in some of the 

constants chosen; nevertheless, the theory qualitatively explains our results.  
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XRD graphs for CdTe Nanowires 

The XRD data for our nanowire films, shown in Supplementary Fig. S2, is similar to 

JCPDS card No. 75 – 2083, indicating cubic CdTe16-18. 

 

 

Supplementary Figure S2. XRD data for CdTe nanowire film.  
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