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Abstract 

 Photovoltaic devices consisting of highly periodic, ultradense, silicon nanowire 

arrays and nanohole arrays have been fabricated with nominal nanowire widths of 20 nm, 

nanohole sizes of 12 nm, and lattice pitches of 32 nm, deep in the subwavelength regime 

for visible light. We have developed a set of surface passivation protocols that provide 

the extremely low surface recombination velocities typical of thick, high-quality, furnace-

grown thermal silicon dioxide, but within an ultrathin layer on the order of 5 – 10 nm 

thick. With this high quality oxide passivation, these devices exhibit good photovoltaic 

performance that rivals or exceeds all comparable devices reported in the literature. 

Using a collection of characterization techniques, including optical microscopy, scanning 

electron microscopy, cross-sectional transmission electron microscopy, and spectroscopic 

ellipsometry, we characterize the structure and morphology of these nanostructure arrays. 

The high perfection of the arrays enables absorptance calculations to be performed using 

rigorous coupled-wave analysis, which solves Maxwell’s equations for periodic 

structures. The calculations show that these deep subwavelength nanostructures behave 

as homogeneous optical materials with effective refractive indices determined by the 

structural parameters. We solve approximate models to estimate their refractive indices. 

When the spectral responses of these devices were measured, their external quantum 

efficiencies track the calculated absorptances, except for a small multiplicative offset at 

shorter wavelengths due to a greater than unity internal quantum efficiency, which we 

estimate by dividing the absorptance into the external quantum efficiency.  
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Chapter 1:  Introduction 

 

1.1 Limiting Efficiency of Solar Cells 

Our Sun is a clean, almost unlimited source of energy that can provide entirely for 

the energy requirements of the entire planet, if only solar power can be made competitive 

with competing energy sources. The first-generation crystalline silicon photovoltaic (c-Si 

PV) cell is the predominant technology in the solar cell market; for this type of cell, 

material costs comprise the bulk of the price per kilowatt-hour generated. Therefore, 

research in solar power has traditionally focused on reducing the cost of power 

generation by maximizing the solar conversion efficiency in c-Si PV cells. While decades 

of optimization have produced cells with demonstrated efficiencies of ~24%,1, 2 

conventional approaches to improve c-Si PV cells will not produce performance beyond 

the limiting efficiency of silicon (~30% under unconcentrated sunlight). 

There are two main reasons for the low limiting efficiency of c-Si PV cells. First, 

silicon can only absorb solar photons with energies exceeding the band gap energy of 

1.12 eV, corresponding to approximately half of the Sun’s total energy output over all 

photon energies. Second, of the photons that are absorbed, any excess photon energy 

above the band gap energy is wasted as heat when photoexcited carriers collide with the 

crystal lattice in carrier-phonon scattering events. The latter “thermalization loss” alone 

limits the efficiency of the optimum band gap solar cell to 44%.3 
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Figure 1-1. Loss mechanisms in a p-n junction solar cell showing energy losses due to (1) carrier 
thermalization, (2) junction, (3) contacts, and (4) recombination. 

 

Thermalization occurs as follows. When a photon with energy greater than the 

band gap is absorbed, an energetic (“hot”) electron-hole pair is created. The hot carriers 

possess excess kinetic energy that is readily dissipated into the lattice (figure 1-1, 

pathway 1). Once the excess kinetic energy is dissipated, the carrier population is said to 

be “thermalized” and is well represented by two quasi-Fermi distributions for each of the 

electron and hole populations, with characteristic carrier temperatures determined by the 

kinetic balance of generation and recombination. If thermalization losses can be reduced, 

the Shockley-Queisser detailed balance limiting efficiency4 can be exceeded. 
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1.2 Tandem Cells to Reduce Thermalization Loss 

 Smaller band gap materials can be used in a single junction cell to absorb the 

longer wavelength components of solar radiation, but as the band gap energy moves away 

from the optimal ~1.3 eV for the standard solar spectrum,4 the limiting efficiency drops 

rapidly due to spectral mismatch as well as increased thermalization losses. By extension, 

one can stack several solar cells with different band gaps in multijunction tandem solar 

cells, so that the top layer has the largest band gap optimized for the highest energy 

photons but is transparent to lower energy light. Lower energy photons are transmitted to 

and absorbed in lower layers that have smaller band gap energies. In this way, one can 

optimize each cell for a specific part of the solar spectrum so that thermalization losses 

are reduced in aggregate compared to the single junction solar cell. For a multijunction 

tandem solar cell with an infinite number of layers, the conversion efficiency approaches 

~68% for unconcentrated solar irradiation and ~86% at maximum solar concentration.5 In 

practice, cost and material restrictions prevent the fabrication of tandem cells with more 

than two or three junctions, but this is not problematic as just two or three layers already 

realize most of the performance gain of the infinite layer stack. Tandem cells with 

conversion efficiencies above 30% in unconcentrated sunlight are widely available. 

 An alternative approach is to identify photovoltaic materials for which the 

thermalization process is sufficiently slow, so that the carriers retain their kinetic energy 

on a timescale comparable to or longer than the carrier collection time. The additional 

carrier energy may be utilized in hot carrier solar cells,6-8 which use energy selective 

contacts9, 10 to collect only the higher-energy carriers and produce a higher terminal 

voltage. Alternatively, these hot carriers may impact ionize11 and create additional 
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carriers to produce more current. Indeed, quantum efficiencies above unity have been 

been observed in bulk Si and Six-Ge1-x photovoltaics and attributed to carrier 

multiplication from impact ionization.12, 13 Here, we shall limit the following discussion 

to solar cells of the latter type. 

 

1.3 Nanostructures to Reduce Thermalization Loss 

Green has examined potential low-dimensional systems to circumvent 

thermalization losses in photovoltaics.3 Nanostructured, low-dimensional photovoltaic 

materials have been proposed to increase the thermalization time beyond the range of a 

few picoseconds that is typical for bulk materials. In bulk materials illuminated at high 

intensities, thermalization times increase because the initial high-energy (optical) 

phonons carrying the excess carrier energy cannot decay quickly enough into lower-

energy (acoustic) phonons that can be readily propagated away. The so-called phonon 

bottleneck effect is believed to occur more readily in low-dimensional structures because 

of the restricted density of states that high-energy phonons can decay into. This has 

motivated explorative studies on various quantum well and quantum dot nanostructures 

as candidate low thermalization photovoltaic materials. Alternatively, with phononic 

band gap engineered materials, Brillouin zone folding of the band structure results in a 

phonon dispersion that exhibits small gaps and a slower speed of sound. Either of these 

effects can result in enhanced thermalization times: the first restricts the final states that 

the initial optical phonons can decay into, while the latter slows the propagation of the 

resulting acoustic phonons away from the local region.14 
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In studies of silicon nanowire15 and nanohole arrays,16 we found that these 

materials exhibited extremely low thermal conductivities, about 2 orders of magnitude 

lower than the bulk. These results indicate that phonon propagation is significantly 

slowed in these materials, suggesting the possibility of decreased thermalization losses 

for photovoltaic devices incorporating silicon nanowire or nanohole arrays. The question 

is whether nanostructural modifications to silicon reduce the thermalization loss 

sufficiently that noticeable improvements in carrier multiplication can be observed 

compared to the unstructured material. 

 

1.4 Summary 

In the following chapters we will describe the experimental protocols we used to 

fabricate our devices (chapter 2), the characterization techniques that were employed 

(chapter 3), and the modeling that was performed to understand their optical absorption 

(chapter 4). We move to actual photovoltaic measurements (chapter 5) and show that our 

devices perform comparably or better than similar devices reported in the literature. 

Finally, we attempt to answer whether quantum yields can be improved by 

nanostructuring. 
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Chapter 2:  Device Fabrication and 

Surface Passivation 

 

 In this chapter, we provide detailed device fabrication protocols as well as surface 

passivation procedures. The surface recombination velocity was measured using 

microwave reflection photoconductivity decay, and the results are summarized below for 

each type of surface treatment. Parts of this and subsequent chapters are based on the 

author’s published material.1 

 

2.1 Device Fabrication 

 We utilized the superlattice nanowire pattern transfer (SNAP) technique2-4 for the 

fabrication of nanowire (NWA) and nanohole array (NHA) devices. SNAP translates the 

film spacings within a molecular beam epitaxy-grown GaAs/AlxGa(1-x)As superlattice 

structure into the width and pitch of nanowires of virtually any material that can be 

prepared in thin film form. Micrometer-scale contacts to the NWA (NHA) were patterned 

from the same single crystal material as the NWA (NHA) itself. Since SNAP is a 

nanowire patterning (rather than nanowire growth) approach, the starting thin film 

material may be precisely doped prior to NWA (NHA) formation, and side-by-side 

measurements of identically doped and treated NWAs (NHAs) and thin films are 

possible. 



 9

 

Figure 2-1. Schematic of fabrication steps for NWA devices.  
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2.1.1 Ion Implantation 

The starting thin films were silicon-on-insulator (SOI) substrates (Soitec USA, 

Peabody, MA) comprised of 120 Å <100>-oriented single crystal Si epilayer atop 2000 Å 

buried SiO2 (figure 2-1a). For the pn-junctions, two cycles of photolithographic masking 

and ion implantation (CORE Systems, Sunnyvale, CA) were performed to create heavily-

doped p-type (dose of 3.8 × 1014 cm−2 B+ at 2.5 keV) and n-type (dose of 3.2 × 1014 cm−2 

P+ at 6.5 keV) contact regions in the top silicon layer to promote the formation of ohmic 

contacts (figure 2-1b). A final low- or high-dose p-type implant without photoresist mask 

(dose of 3.8 × 1010 cm−2 B+ or 3.8 × 1013 cm−2 B+ at 2.5 keV) was performed to dope the 

device regions between the contacts. All implants were performed at an off-normal angle 

of 7° to mitigate implant profile broadening due to ion channeling. 

 

2.1.2 Pre-activation Clean 

The implanted SOI substrate was then subjected to a preactivation clean, modified 

from the standard RCA cleaning regimen. Our “modified RCA” recipe consists of a 

three-step procedure in solutions of H2SO4:H2O2 (3:1 v/v, 90 °C, 10 min), HF:H2O 

(1:50 v/v, 15 s in dark), and H2O:HCl:H2O2 (6:1:1 v/v, 80 °C, 10 min). The first step 

(piranha solution) removes surface organic contaminants, the second step (oxide strip) 

strips any native oxide off the silicon surface, while the final step (SC-2) removes 

metallic contaminants and regrows a chemical oxide. This recipe omits the standard 

organic clean (SC-1) based on solutions of H2O:NH4OH:H2O2, as we have found 

difficulty in controlling unintended etching of the ultrathin SOI during SC-1. Instead, we 
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have replaced the SC-1 step with the functionally similar piranha solution. After each 

step, the substrate was rinsed thoroughly with deionized water and dried with dry N2. 

 

2.1.3 Dopant Activation 

After cleaning, the substrate was placed in a rapid thermal processor (RTP) and 

annealed under dry N2 (900 °C for 10 s, ramp rate 35 K s−1). After the anneal, the 

electrically active dopant concentration in the contact regions ranged between 0.6 and 

2 × 1019 cm−3, as determined from Hall probe measurements on test structures adjacent to 

the regions used for NWA and NHA patterning. 

 

2.1.4 Superlattice Nanowire Pattern Transfer 

Multiple devices were fabricated, and for each device, an array of silicon 

nanowires or nanoholes, aligned with the pn-junction, was formed using the SNAP 

technique.2-4 To perform SNAP, superlattice wafers (IQE, Cardiff, U.K.) of alternating 

layers of GaAs/AlxGa(1-x)As were cleaved into small pieces, and GaAs selectively etched 

away in NH4OH:H2O2:H2O (1:20:300 v/v) to expose a comb of parallel AlGaAs ridges 

running along the cleaved edge. Pt (100 Å) was evaporated at a 45° angle to coat just the 

tips of the ridges, forming an array of parallel Pt nanowires running along the edge. The 

superlattice chip was then placed array-side down onto the doped SOI substrate with a 

home-built aligner system (figure 2-1c), and held in place by a thin layer of thermally 

cured epoxy that had been previously spun onto the substrate. After curing, the entire 

assembly was placed gently in a H2O2:H3PO4:H2O (1:5:50 v/v) solution to dissolve the 

GaAs/AlGaAs superlattice chip, leaving the array of Pt nanowires immobilized on the 
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substrate (figure 2-1d). A single round of SNAP patterning is sufficient for NWA 

devices; to produce NHA devices a second SNAP imprint is laid orthogonally across the 

first imprint and exactly aligned over the pn-junction. The second imprint is much more 

difficult to perform than the first, requiring angular and positional alignment accuracies 

on the order of ~0.1° and ~1 μm. Nevertheless, we routinely achieve this in our home-

built aligner system. 

 

2.1.5 Monolithic Contacts 

Using a previously reported approach,5 micrometer-size contacts to the 

nanostructures were established, using photolithographic patterning, from the same single 

crystal Si epilayer from which the nanostructures themselves were formed; thus, ohmic 

contacts can be made to the lightly doped NWA (NHA) via the heavily doped contacts. 

Thin film reference devices were also patterned adjacent to each NWA (NHA) device 

(figure 2-1e). A reactive-ion etch (RIE) step produced the NWA (NHA) and thin film 

devices and the associated contacts from the Si epilayer (figure 2-1f). Sectioning and 

isolation of the resulting devices was performed using standard photolithographic 

techniques (figure 2-1g). 

 

2.1.6 Pre-oxidation Clean and Oxidation 

The sectioned devices were cleaned once more with a preoxidation clean, and 

oxidized in a rapid thermal processor (RTP) under dry O2 (1000 °C for 15 s, ramp rate 

35 K s−1) to grow a ~5 nm oxide surface layer. In early devices, the preoxidation clean 

was identical to the preactivation clean described above (the “modified RCA” recipe). In 
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later devices, it was found that better surface passivation could be obtained with a “HF-

last RCA” recipe, where the order of the oxide strip and SC-2 steps was reversed (see 

following section for passivation quality results). Rapid thermal oxidation (RTO) has 

been similarly used to grow thin gate dielectrics;6 here it is used to passivate the surfaces 

of photovoltaic devices. RTO provides higher quality surface passivation than can be 

achieved with native or chemical oxides7 and is crucial for good photovoltaic 

performance.8 With later devices, we also experimented with postoxidation annealing 

(POA) under Ar (1000 °C for 3 min, ramp rate 35 K s−1). POA serves to densify the RTO 

oxide and reduce oxide fixed charge,9, 10 resulting in improved surface passivation. 

Further improvement of the oxide quality was achieved with a subsequent forming gas 

anneal (FGA, 5% H2 in N2) with the RTP (475 °C for 5 min).11-14 We were able to 

achieve good device performance by following this passivation protocol; otherwise, our 

devices rarely exhibited photovoltaic behavior. Nonetheless, we believe that our best 

devices are still limited by surface recombination and that their performance can be 

further improved by optimizing the surface passivation layer. 

 

2.1.7 Contact Metallization 

Finally, standard photolithographic and metal deposition techniques were used to 

define metal contacts to the devices (figure 2-1h). In early devices using the modified 

RCA preoxidation clean, a short dip in dilute BOE:H2O (1:25 v/v, 10 s in dark) was 

sufficient to remove oxides over the contact regions; later devices using the HF-last 

recipe had denser, higher-quality oxide passivation and required a longer etch time in 

more concentrated BOE:H2O (1:10 v/v, ~30 s in dark). After oxide removal over the 
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contact regions, Ti/Pt/Au (100/100/1200 Å) contacts were evaporated onto the devices in 

an e-beam evaporator (CHA Industries, Fremont, CA). The final metal liftoff procedure 

was performed just before measurement to minimize device degradation from extended 

exposure to ambient air. After liftoff, further improvements in performance could be 

obtained from a postmetallization anneal (PMA) under forming gas (5% H2 in N2) in the 

RTP (350 °C for 30 min) to reduce e-beam metallization-induced defects.11, 12, 15-18 The 

Ti/Pt/Au contacts appear to be stable as long as the annealing temperature does not 

exceed the Au-Si eutectic temperature of 363 °C,19 and samples which have undergone 

even four cycles of PMA have not shown appreciable degradation. 

 

2.2 Surface Recombination Velocity Measurements 

2.2.1 Oxidation Protocol 

To quantify the surface passivation quality obtainable from our oxidation 

treatments, we performed surface recombination velocity (SRV) measurements on test 

wafers subjected to various permutations of our passivation protocol. Double-side 

polished, 4” diameter, 412 ± 1 μm thick, intrinsic float-zone silicon wafers (Virginia 

Semiconductor) were diced into approximately 1” square pieces, taking care not to 

scratch or mar the polished surfaces. Each of the wafer pieces was dipped in dilute 

HF:H2O (1:50 v/v, ~10 s) to strip off the native oxide, rinsed with deionized water and 

dried, and then subjected to either the modified RCA clean or the HF-last recipe. 

Following the preoxidation clean, the pieces were then loaded into the RTP for RTO 

processing in dry O2, using a specially prepared carrier wafer with a 1” diameter hole cut 

out in its center. Loading the wafer piece over the hole allows both sides of the sample to 
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be oxidized equally and simultaneously. After oxidation, some pieces also underwent 

additional POA in inert Ar gas. Finally, all pieces were FGA treated before the SRV was 

measured. 

 

2.2.2 Surface Recombination Velocity Measurement 

 SRV measurements were performed in a microwave reflection photoconductance 

decay (MW-PCD) apparatus (see figure 2-2). Samples were placed in a covered Petri dish 

and an infrared pulse from a diode laser shone on the sample. During the duration of the 

laser pulse, light is absorbed within the sample bulk and creates a large number )0(nΔ  of 

electron-hole pairs, which changes the sample conductivity )( pnq pn μμσ +=  and is 

monitored using its microwave reflectivity as a function of time. As the electron-hole 

pairs recombine, the conductivity is restored to a low value typical of the intrinsic silicon 

and the microwave reflectivity decays. The reflected microwave signal is therefore a 

direct probe of the number of free carriers )(tnΔ  within the sample, and its decay time is 

a measure of the carrier recombination rate. Microwave reflectivity decay curves were 

collected on a digital oscilloscope synchronized with the infrared laser pulses, and 

hundreds of individual curves were averaged together during the course of each ~1 min 

acquisition. The intensity of the laser pulses was set such that all samples were in low 

injection during the measurements. 
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Figure 2-2. Schematic of microwave reflection photoconductance decay (MW-PCD) apparatus.  

 

2.2.3 Data Analysis 

We found that all the decay curves could be fitted with a single exponential 

)/exp()0()( efftntn τ−Δ=Δ  if the initial transient of the decay was ignored, yielding an 

effective minority carrier lifetime effτ  for each type of surface treatment that was 

investigated (Figure 2-3). Following Schroder,20 the effective recombination rate at low 

injection SBeff τττ /1/1/1 +=  has contributions from the bulk recombination rate Bτ/1  (a 

function of the quality of the bulk material) as well as the surface recombination rate 

2/1 βτ DS = . By assuming that all the recombination is occurring at the sample surfaces 

and ignoring bulk recombination ( 0/1 =Bτ ), one can obtain an upper estimate for the 

SRV. Here we have written the surface recombination term as a product of the minority 

carrier diffusion constant at low injection D, and the square of a parameter β determined 

by the transcendental equation Dsd r ββ /)2/tan( =  where d is the wafer thickness and sr 

is the SRV. 
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Figure 2-3. A typical decay curve and its exponential fit. 

 

There are two important limiting cases for this transcendental equation. When the 

SRV is small, rrS sds 2/)0( =→τ  and the SRV can be estimated directly from the 

effective lifetime with effr ds τ2/≤ . When the SRV is large, DdsrS
22 /)( πτ =∞→  and 

surface recombination is so fast that the effective surface recombination rate Sτ/1  is 

limited by minority carrier diffusion to the surfaces. For our wafer pieces, assuming a 

typical value for silicon of D ≈ 20 – 30 cm2 s-1, we obtain )( ∞→rS sτ  ≈ 6 – 9 μs. Once 

the measured effective lifetime approaches this value, the estimated SRV is “large” and 

should now be considered a lower estimate of surface recombination in a diffusion-

limited regime. Our SRV estimates, averaged from multiple locations on each sample, are 

summarized in table 2-1. Where noted, oxide thicknesses were measured immediately 

after the oxidation with a single wavelength ellipsometer at 632.8 nm (Gaertner), using 

an optical model consisting of a layer of silicon dioxide atop a silicon substrate. 



 18

2.2.4 Results 

 Effective lifetimes from the as-received native oxide and the acid passivated 

samples are limiting examples of respectively poor and excellent passivation. All of our 

passivation protocols result in SRVs that lie in between these bounds. Without any 

oxidation treatment, a chemical oxide formed after modified RCA cleaning has 

unremarkable passivation performance with SRV = 1300 cm s-1. Even after a short 15 s 

RTO treatment followed by 5 min of FGA, the oxide is not improved significantly, and a 

3 min POA is required to densify the oxide before SRVs of 80 cm s-1 can be achieved.  

Table 2-1. Effective minority carrier lifetimes and surface recombination velocities for various 
surface passivation treatments on silicon wafers.   

Protocol τeff (μs) sr (cm s-1) Notes 

As-received native oxide 9.9 >2100 Diffusion-limited. 

Piranha + HF etch, under H2SO4 3900 5.3 No oxide. Acid passivated. 

Modified RCA followed by:    

      No further treatment 16 1300 20 Å. Chemical oxide. 

      15” RTO + FGA 19 1100 28 Å. NWAs, early NHAs. 

      15” RTO + POA + FGA 250 80 31 Å. 

      HF etch + 2’ RTO + POA + FGA 1200 

1700 

1700 

17 

12 

12 

77 Å. 

100 Å. 

131 Å. 

      HF etch + 45” RTO + POA + FGA 1500 14 64 Å. 

HF-last RCA followed by:    

      2’ RTO + POA + FGA 1200 

1600 

17 

13 

 

 

      45” RTO + POA + FGA  2500 8.3 65 Å. Similar to late NHAs. 
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In the abovementioned samples, the chemical oxide remains on the sample before 

RTO, potentially introducing contaminants from the cleaning reagents during high-

temperature annealing. Therefore, we decided to try removing the chemical oxide formed 

after RCA cleaning with a brief etch in dilute HF:H2O (1:50 v/v, 15 s in dark) before 

submitting the sample to RTO. The resulting samples have greatly improved SRVs 

between 12 and 17 cm s−1, with no apparent dependence on oxide thickness. These 

samples have seen two separate dilute HF etches: the first during the modified RCA 

clean, and the second during the chemical oxide removal step. We wanted to know if the 

first HF etch was crucial for obtaining low SRV passivation, and thus excluded this step 

during the processing of the remaining wafers. These are the “HF-last RCA” samples and 

we do not observe any perceptible difference in the passivation quality. 

As can be seen, a HF etch performed just before RTO yields a greatly increased 

minority carrier lifetime, with SRV of <10 cm s−1 possible although values around 10 – 

20 cm s−1 are more routinely achieved. These are among the best SRVs ever achieved for 

silicon,21-26 and indicate that the surface passivation we can obtain from our ultrathin 

oxides can rival traditional thermal oxides prepared by slow furnace oxidation. 

 

2.3 Summary 

 We have described the fabrication procedures we use to produce our nanowire 

and nanohole array devices. Using microwave reflection photoconductance decay 

measurements, we evaluated the passivation performance of a variety of oxidation 

protocols. The best performance is obtained when a dilute hydrofluoric acid etch is used 

to remove the chemical oxide grown during preoxidation cleaning, before the sample is 
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introduced into the oxide growth chamber. Furthermore, the use of postoxidation anneals 

under inert atmosphere followed by forming gas annealing serves to densify the oxide, 

removes oxide charge and reduces surface recombination. The best performance was 

obtained by combining these ideas and produced ultrathin passivating oxides that 

exhibited surface recombination velocities routinely below 20 cm s−1. 
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Chapter 3:  Device Characterization 

Techniques 

 

 In this chapter, we describe various techniques used to characterize the device 

structure and morphology. Using optical and electron microscopy and ellipsometry, we 

determine the structural parameters for an optical model of our devices that is used in 

chapter 4. Minority carrier diffusion lengths were also measured using scanning 

photocurrent imaging, enabling a direct estimate of the active area of the device.  

 

3.1 Optical Microscopy 

When fabricated devices were imaged optically, high quality samples always 

appeared homogeneous under bright- and dark-field microscopy, exhibiting a uniform 

coloration over the extent of the device. Devices with poor periodicity or defects often 

appeared mottled, with streaks of slightly different shades running through the device. As 

shown in figure 3-1, both nanowire arrays (NWA) and nanohole arrays (NHA) appear 

dark pink under optical microscopy, with distinct coloration differences from the 

surrounding contacts (bright pink) and the underlying oxide (olive green). 
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Figure 3-1. Optical micrographs of nanowire array device and nanohole array device.  

 

3.2 Scanning Electron Microscopy 

We characterized the morphology of our nanostructure arrays using scanning 

electron microscopy (SEM). Plan-view images of the arrays were obtained at 30 kV in a 

XL30 FEG SEM. Samples that appeared most homogeneous from light microscopy 

always exhibited high structural perfection, with the array periodicity extending over the 

entire device area. The SEM micrographs confirm that the best arrays are of high quality 

and well ordered. In the NWA device shown here (figure 3-2a), nanowires are 
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continuous, straight and well delineated with clean sidewalls over their entire lengths. In 

this device, individual nanowires are nominally 10 µm long, 10 nm thick, 20 nm wide, 

and separated by 14 nm from adjacent nanowires. The NHA device shown in figure 3-2b 

has regularly spaced, nearly identically sized holes over the entire device, with occasional 

local defects such as missing or merged holes. Individual nanoholes are nominally 12 nm 

wide, separated by 20 nm from each other, and are arranged on a 32 nm pitch square 

lattice over the entire extent of the 10×10 µm2 device. 

 

 

Figure 3-2. Scanning electron micrographs of nanowire array and nanohole array devices.  
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Figure 3-3. Convergent beam electron diffraction patterns of bulk film and nanowire devices, taken 
along the B = [011] zone (parallel to the nanowire axis).  

 

3.3 Cross-sectional Transmission Electron Microscopy 

To image the sidewall profiles of the arrays, we turned to cross-sectional 

transmission electron microscopy. Cross sections of the nanowire arrays were prepared 

using the focused-ion beam (FIB) lift-out technique1, 2 in a Nova 600 DualBeam 

FIB/SEM (FEI Company, Hillsboro, OR) equipped with an Autoprobe 200 

micromanipulator system (Omniprobe, Dallas, TX). Initial cuts were made at a higher ion 

energy of 30 kV and high beam currents of >1000 pA for increased speed. Final thinning 

to electron transparency was performed with ions at 10 kV at glancing incidence and 

lower beam currents of <100 pA to minimize sample damage. 
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After the cross section was prepared, it was loaded into a Tecnai TF20ST TEM 

(FEI Company, Hillsboro, OR) for imaging at 200 kV. Sometimes, the cross-sectional 

sample was too thick, and contained contrast contributions from inelastically scattered 

transmitted electrons. In that case, a Gatan Imaging Filter (Gatan, Pleasanton, CA) was 

used to image the zero-loss electrons and provided improved contrast. Convergent beam 

electron diffraction (CBED) was performed by focusing the beam to crossover over the 

device regions and capturing the diffraction patterns on a charge-coupled device at the 

camera plane (figure 3-3a,b). With sufficiently thin sample regions, high-resolution 

transmission electron micrographs were acquired along the [011] zone of the sample and 

confirm that the high crystallinity of the devices are retained after processing (figure 

3-3c). By placing an objective aperture about the (1̄11̄)  spot, tilted-beam dark-field 

micrographs also show that the NWA devices remain crystalline (figure 3-3d). 

Cross-sectional TEM indicates that both the NWA and thin film devices retain the 

crystallinity of the starting SOI wafer after processing. For the film device (figure 3-4a), 

TEM measurements suggest an optical model of 5.4 nm SiO2 / 9.5 nm Si / 200 nm of 

SiO2, which agrees well with the spectroscopic ellipsometry estimates of 5.41 nm SiO2 / 

9.22 nm Si / 201.72 nm SiO2 (see following section). The ellipsometry measurements 

were used to model the film device in RCWA. TEM micrographs of the NWA device 

(figure 3-4b) show a corrugated ridgelike texture: 20 nm wide, 9 nm tall nanowires, 

spaced 12 nm apart, with 10 nm deep overetch pits in the underlying oxide. Each 

nanowire is surrounded by a 5 nm oxide sheath, and nanowire sidewalls are rounded due 

to high-temperature oxidation. 
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Figure 3-4. Cross-sectional transmission electron micrographs of thin  film device and nanowire 
array device.  

 

3.4 Spectroscopic Ellipsometry 

To characterize the optical properties of the film devices, spectroscopic 

ellipsometry (SE) was performed on 2×2 mm2 areas of bulk film regions of the chip using 

a SE850 UV/Vis spectroscopic ellipsometer equipped with microspot focusing objectives 

(Sentech Instruments GmbH, Berlin, Germany). These objectives enable measurement of 

the ellipsometric angles Δ and Ψ from regions only a few hundred microns in size. The 

ellipsometric constants were measured between 300 and 820 nm at an incidence of 70° 

and fitted for layer thicknesses with a model where incident light passes through air onto 

a three-layer thin film SiO2/Si/SiO2 atop a Si substrate. We used literature values for the 

refractive indices of silicon3, 4 and silicon dioxide.5, 6 

 

3.5 Spectroscopic Imaging Ellipsometry 

 Because the large bulk film regions of the chip are far from the actual device 

regions, the thickness estimates obtained from conventional spectroscopic ellipsometry 

can be significantly different from the actual layer thicknesses. To determine the layer 
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thicknesses more accurately, spectroscopic imaging ellipsometry (SIE) was performed on 

the film devices that were fabricated adjacent to the nanostructured devices. These 

measurements were made on 4×4 μm2 regions in the middle of each film device between 

366 and 1002 nm at incidence angles of 40°, 50°, and 60°, using a Nanofilm EP3 

spectroscopic imaging ellipsometer (Accurion GmbH, Goettingen, Germany). The layer 

thicknesses were once again fitted using the three-layer thin film model described above, 

using literature values for the refractive indices. 

 The resulting SE and SIE data fits are summarized for representative samples in 

table 3-1 below. 

 

Table 3-1. Fitted layer thicknesses for spectroscopic ellipsometry and spectroscopic imaging 
ellipsometry data for several samples. 

 

Sample 

SE fits (nm) 

SiO2 / Si / SiO2 

SIE fits (nm) 

SiO2 / Si / SiO2 

 

Notes 

NWA1 5.41 / 9.22 / 201.72 - Nanowire array. 

NHA1 4.05 / 9.14 / 202.42 - Disordered nanohole array. 

NHA2 4.07 / 9.31 / 202.53 5.93 / 9.28 / 200.24 Disordered nanohole array. 

NHA3 5.72 / 8.67 / 200.25 9.04 / 7.83 / 200.84 Ordered nanohole array. 

 

 

3.6 Minority Carrier Diffusion Length 

3.6.1 Scanning Photocurrent Imaging 

Minority carrier diffusion lengths were measured using a WITec AlphaSNOM 

(WITec Wissenschaftliche Instrumente und Technologie GmbH, Ulm, Germany) 

scanning near-field optical microscope (SNOM). Light from laser diodes at 405 nm 
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(blue) or 650 nm (red) was chopped at 83 Hz and fiber-coupled into the microscope. An 

objective lens was used to focus the laser light onto the device (far-field illumination), or 

onto the 100 nm aperture of a SNOM tip (near-field illumination). The device was 

mounted on a computer controlled stage under the objective lens, connected to a SR570 

current-to-voltage preamplifier and the preamplifier output voltage measured with a 

SR830 lock-in amplifier (Stanford Research Systems, Sunnyvale, CA). To acquire the 

scanning photocurrent images, the laser probe beam was rastered across the device while 

recording the lock-in output as a function of probe position. During the measurement, the 

devices were weakly illuminated using the microscope lamp to remove artifacts arising 

from light absorption in the substrate wafer. The minimum illumination level was used to 

remove capacitance transients from the output photocurrent so as to obtain a square wave 

output.  

Scanning photocurrent images acquired with far-field illumination were resolution 

limited by the quality of the focusing objective or by focusing errors. In figure 3-5, we 

have overlaid the scanning photocurrent images obtained at red and blue wavelengths in 

their respective colors on the grayscale optical micrograph. The excellent overlap 

between the red and blue photocurrent images indicates that there is no wavelength 

dependence for the minority carrier diffusion length. There is some spurious intensity in 

both blue and red photocurrent images even in regions far away from the junction due to 

beam reflections and a poorly focused probe beam. 
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Figure 3-5. Optical micrograph of bulk film and nanowire array devices, overlaid with far-field 
scanning photocurrent images.  

 

3.6.2 Scanning Near-Field Optical Microscopy 

On the other hand, near-field illumination using the SNOM tip in contact-mode 

enabled high-resolution measurements of the diffusion length limited only by the tip 

aperture size (figure 3-6). Unfortunately, because the tip is dragged across the surface, the 

sample undergoes damage during the measurement and can typically only tolerate a few 

repeat measurements. After the measurement, line profiles were taken along the device 

axis and fitted to an exponential function to determine the diffusion lengths on either side 

of the junction. An exponential fit on the left (right) side of the peak yields the minority 

carrier diffusion length Le (Lh), with measurement resolution determined by the finite size 

of the SNOM tip aperture (100 nm). This yields upper estimates for the total diffusion 

length Lmax ~ 400 and 300 nm respectively for the bulk film and nanowire array devices. 

Accounting for the broadening due to the tip aperture, the respective lower estimates are 

Lmin ~ 200 and 100 nm. 
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Figure 3-6. Line profiles through near-field scanning photocurrent images obtained with a scanning 
near-field optical microscope in contact mode, taken along the dashed lines in Figure 3-5.  

 

3.7 Summary 

 We have described the techniques we use to characterize the structural and 

parameters of our nanostructure arrays. Direct imaging of the fabricated structures using 

optical microscopy and scanning electron microscopy shows that the best structures are 

highly periodic and exhibit a high degree of structural perfection throughout the extent of 

the device. Cross-sectional transmission electron microscopy enables direct visualization 

of the vertical profiles and morphology of the device, which will be used to develop an 

optical model of these materials in chapter 4. Indirect characterization techniques such as 

spectroscopic ellipsometry and spectroscopic imaging ellipsometry provide similar 

estimates for layer thicknesses as direct cross-sectional imaging. This provides 

confidence in their accuracy and allows us to rely on the faster indirect approaches to 

obtain layer thickness information. Scanning photocurrent imaging confirms that these 

devices are well-behaved diodes with their photoactive regions exactly in the designed 

location. With a scanning near-field optical microscope, high-resolution scanning 
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photocurrent imaging was used to obtain direct estimates of the minority carrier diffusion 

lengths, which is used in chapter 5 to analyze the photovoltaic performance of these 

materials. 
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Chapter 4:  Optical Modeling of 

Devices 

 

 In this chapter, we describe the optical models that are used to calculate the 

absorptance of the nanowire and nanohole array devices. We begin with the rigorous 

coupled-wave analysis (RCWA) that solves exactly Maxwell’s equations for periodic 

structures. These calculations were performed for nanowire and nanohole array devices, 

by entering the optical models gleaned from the structural studies in chapter 3 into readily 

available one- and two-dimensional RCWA codes. The results indicate that these deep 

subwavelength nanowire and nanohole arrays behave as homogeneous optical materials, 

motivating a search for a computationally inexpensive effective medium approximation 

for our devices. 

 

4.1 Rigorous Coupled-Wave Analysis Calculations 

The rigorous coupled-wave analysis (RCWA) represents periodic surface features 

as a Fourier series and propagates the incident wave through the optical model by solving 

Maxwell’s equations exactly. Essentially, a three-dimensional grid is overlaid over a unit 

cell of the periodic structure, and the optical model is built up layer by layer by assigning 

appropriate optical constants to each volume element. In each layer, the periodic pattern 

of optical constants is assumed to be constant throughout the entire layer thickness and is 

approximated as a truncated Fourier series. The illumination conditions are then defined 
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and the differential equations solved layer by layer as the incident wave enters the 

structure from the superstrate and exits via the substrate. Special care is taken to match 

the electromagnetic boundary conditions at each interface. In this way, the reflected and 

transmitted diffraction amplitudes are obtained for the entire multilayer structure, from 

which the reflectance and transmittance can be calculated for any given diffracted order. 

The reflectance is evaluated at the upper interface between the superstrate and the 

topmost layer, while the transmittance is evaluated at the lower interface between the 

bottommost layer and the substrate. 

 

4.2 Absorptance Calculations for Nanowire Arrays 

We calculated the optical properties of the film and NWA devices using an open-

source implementation1 of Moharam’s formulation2 of the rigorous coupled wave 

analysis (RCWA). RCWA is ideally suited for periodic structures and is commonly 

utilized for calculations of reflectance R and transmittance T.3-5 We used it to calculate 

the absorptance A = 1 – R – T – S, assuming no light scattering (S = 0). This assumption 

is valid for materials that are homogeneous on the length scale of the incident radiation. 

The NWA device features are well-ordered and deep in the subwavelength regime and so 

this approximation is excellent, as we shall demonstrate later. 

To generate an optical model for the nanowire array, we overlaid a square mesh 

over the TEM image (figure 3-4b) and assigned phases (air, Si or SiO2) to each 1×1 nm2 

grid square. A single period of the resulting model is illustrated in figure 3-4b, with the 

total thickness of the underlying oxide set to 202 nm. In our limited experience, the 

RCWA results are only weakly affected by changes in shape, and more strongly impacted 
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by changes in periodicity. The exact choice of the model morphology and mesh 

resolution is relatively unimportant, so long as the array period and nanowire size is well 

characterized. 

There is no general restriction on the grid resolution, uniformity or geometry, so 

we have used a somewhat coarse (1 nm × 1 nm) uniform square grid to discretize the 

nanowire array for speed and simplicity. The superstrate (air or vacuum) and substrate 

(680 µm thick silicon handle wafer) media are assumed to be continuous, isotropic and 

infinite. For a grating structure like our nanowire arrays (NWAs) with features dependent 

on the x,y,z-space coordinates, the Fourier series is one-dimensional in x (normal to the 

nanowires). In the y-direction (parallel to the nanowire axis) the features are assumed to 

be infinite in extent, which is a reasonable approximation given that our arrays are 

≥10 µm long, more than 10 times longer than the wavelengths of interest. In the z-

direction, we used 3 layers to represent the bulk film device (see figure 3-4a) and 17 

layers to represent the nanowire array structure (figure 3-4b). A total of 65 Fourier modes 

were included in the calculation assuming normal incidence plane-wave illumination. To 

calculate the absorptance A = 1 – R – T – S, we used the zero-order (specular) reflectance 

R0 and transmittance T0 and assume no scattering (S = 0). We have verified that the 

reflectance and transmittance are identically zero for nonzero diffraction orders; this 

implies complete absorption and therefore evanescent diffracted waves for higher orders. 

The calculation was performed on the optical model described in the inset of 

figure 4-1, between 200 and 825 nm, using normal incidence illumination. As is common 

in the field of grating physics, we have defined the plane of incidence to be perpendicular 

to the nanowire axis, so that TE- (TM-) polarized waves have electric field components 
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parallel (perpendicular) to the nanowires. Each calculation took several minutes on a 

standard personal computer, yielding results with accuracy on the order of 10-4, typical 

for RCWA.6 Finally, the RCWA results were convolved with the measured 

monochromator slit function. To obtain the absorptance of the NWA for any arbitrary 

polarization, we assume that the illumination is incoherent, and calculated the weighted 

average of the absorptances for TE- and TM-polarizations. We did not correct for the 

polarization bias as the effect is small in our system and does not affect the results 

appreciably. 

 

 

Figure 4-1. Calculated absorptances for nanowire array.  

 

 Figure 4-1 shows the absorptance for the film and NWAs, calculated using 

RCWA for collimated illumination at normal incidence (see inset for the illumination 

geometry). The spectra show strong oscillatory features due to thin-film interference 

effects. RCWA predicts no polarization dependence for the film absorptance, as expected 

for an optically isotropic material like silicon. On the other hand, the NWA devices are 

predicted to exhibit pronounced polarization effects in the absorptance for TE- (electric 
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field parallel to nanowires) and TM-polarized (magnetic field parallel to nanowires) light. 

Absorption of TE-polarized light is enhanced substantially over that of the film over most 

wavelengths, while TM-polarized light is hardly absorbed except for the shortest 

wavelengths. As the individual nanowires are 20 nm in width and far smaller than the 

illumination wavelengths, all diffracted waves are evanescent except for the specular 

zero-order reflection. We have examined the calculation results and find no far-field 

reflected or transmitted diffraction intensity at all higher orders. Therefore, the NWA 

behaves like a homogeneous bulk material with anisotropic refractive indices down to the 

shortest wavelengths. That is, it exhibits birefringence. This is distinctly different than 

isolated NWs7 or larger-pitch NWAs,8, 9 which scatter or diffract light into off-specular 

directions. Hence, control over light scattering is obtained by patterning in the 

subwavelength regime, which has not been previously demonstrated for NWA 

photovoltaics. In addition, most of the incident light is predicted to reflect at wavelengths 

below 450 nm (not shown), suggesting that an antireflective coating will further increase 

absorption. 

 

4.3 Absorptance Calculations for Nanohole Arrays 

To calculate the absorptance for the nanohole arrays (NHAs), we perform similar 

RCWA calculations on a two-dimensional periodic model.10 To reduce the computational 

load and obtain results within a reasonable time, we simplify the optical model so that 

only 3 layers are required, and use 49 Fourier modes in the calculation. The top SiO2 

layer has vacuum-filled square nanoholes, sits atop a Si layer with square nanoholes 

infilled with SiO2, and that in turn covers an underlying SiO2 layer with no overetch pits. 
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Here the holes are 12 nm in size and the pitch is again 32 nm as before, and layer 

thicknesses are derived from the ellipsometry measurements. This optical model is 

suggested by the cross-sectional transmission electron microscopy images in the previous 

chapter, where the oxide sheath around the silicon has almost completely infilled the gaps 

between the silicon bars. Using this optical model, the calculated absorptance of the 

square lattice NHAs is shown in figure 4-2 along with that of the film. The NHA 

absorptance lies above that of the film for much of the wavelength range shown. Here, 

we observe no polarization dependence, and all the TE and TM curves lie atop each 

other. This is to be expected from the 4-fold symmetry of the square nanohole lattice, and 

because all phases in this system are optically isotropic. 

 

 

Figure 4-2. Calculated absorptances of square lattice nanohole array and film.  

 

As we have noted previously, the exact choice of the sidewall profile does not 

impact the calculated results strongly, as long as the period and size of the nanoholes are 

captured correctly. In our experience, this model adequately captures the essential 
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characteristics of the material, and minor model modifications do not have a strong effect 

on the calculated absorptance. In figure 4-3 we show the effect of changing the infill 

material from SiO2 to void and that of rounding the SiO2-filled holes, compared to the 

original square SiO2-filled nanohole array. Either modification results in a minor, 

practically negligible effect on the calculated absorptance. Therefore, we conclude that 

hole shape and infilling inhomogeneities in the sample have merely a minor impact on 

the absorptance behavior. 

 

 

Figure 4-3. Calculated absorptances for square lattice nanohole arrays with small model 
modifications.  

 

In figure 4-4 we plot the absorptance calculations for SiO2-filled NHAs with 

rectangular lattices, which are only 2-fold symmetric. For sufficiently anisotropic lattices, 

the polarization dependence reappears, and we find that ratio of more than about 4:1 

between the x- and y-periods is required to see strong birefringence. For this example 

shown, the x-period is 4.88 times that of the y-period. Here the illumination geometry is 

such that the plane of incidence is perpendicular to the long period, so that TE- (electric 
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field parallel to long period) and TM-polarized light (magnetic field parallel to long 

period) continue to have similar meaning as before. As the ratio of pitches increases, the 

splitting of the TE and TM curves becomes more evident, indicating that the material 

becomes more birefringent with an increase in anisotropy. It is clear that clumping of 

holes or bars can strongly impact the absorptance if the average periodicity of the 

material changes, even when clumping occurs preferentially in just one direction. 

 

 

Figure 4-4. Calculated absorptances for a rectangular lattice nanohole array with SiO2-filled 
rectangular holes.  

 

4.4 Effective medium approximations 

 Our nanostructure features are deep in the subwavelength regime, and because the 

light wavelengths (400 – 700 nm) are much larger than the nanostructure pitch (32 nm), 

one expects the material to behave like a homogeneous optical material. Hence, the 

material can be approximated with effective optical constants. Given that we have 

already performed full RCWA calculations and asserted that these nanostructures behave 
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as homogeneous optical materials, we now turn to examine the accuracy of the effective 

medium approximation for our material. 

 

4.4.1 Rytov’s Approximation 

A number of effective medium approximations (EMAs) such as the Bruggeman 

or Maxwell-Garnett EMAs are commonly employed for random homogeneous materials, 

but are not strictly suitable for periodic structures. For structures containing two phases A 

and B with periodicity in a single dimension, Rytov11 has produced well-known 

analytical forms for the effective indices for each polarization: BA
TE
eff nffnn )1( −+=  and 

1))1(( −−+= BA
TM
eff nfnfn , where TE- and TM-polarizations are defined according to 

the grating physics convention as before. These are suitable when the light wavelength is 

much larger than the structural pitch. When the light wavelength becomes comparable to 

the pitch, Rytov’s approximations become inaccurate and the wave equation must be 

solved directly. Here we search for an approximation that approaches the accuracy we 

obtain from RCWA, yet is computationally inexpensive. 

 

4.4.2 Lifante’s Effective Medium for 1-D Gratings 

Consider an ideal nanowire array (NWA) consisting of a periodic grating of 

silicon nanowires with the gaps filled by silicon dioxide. Following Lifante,12 we can 

write the electric and magnetic fields of a plane electromagnetic wave propagating along 

z at normal incidence to the surface as )exp()(),( ztixt βω −= ErE  and 

)exp()(),( ztixt βω −= HrH . Here E and H are the electric and magnetic field vectors, ω 
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is the angular frequency of the light, and the propagation constant λπβ /20 effeff nnk ==  

with wavevector k0, effective refractive index neff and the free space light wavelength λ. 

We wish to solve the wave equation for light 0])/1([ 2222 =∂∂−∇ Etc  or 

0])/1([ 2222 =∂∂−∇ Htc  so as to obtain the effective refractive index.  

There are two independent polarizations that we will consider. The first is the case 

of transverse electric (TE) polarization when the electric field is polarized perpendicular 

to the grating vector (and parallel to the nanowires). The wave equation becomes 

0])([ 222
0

22 =−+ yy ExnkdxEd β  where Ey and dxdEy  are continuous. The second 

case of transverse magnetic (TM) polarization, when the electric field is polarized along 

the grating vector (and perpendicular to the nanowires) yields an analogous equation for 

the magnetic field 0])([ 222
0

22 =−+ yy HxnkdxHd β  with Hy and dxdHn y)/1( 2   

continuous. Both of these differential equations can be solved as boundary value 

problems by imposing periodic boundary conditions and continuity requirements. We 

find that even for the shortest wavelengths, the calculated solutions for the field 

amplitudes remains nearly constant over the entire grating period with variation of <15% 

over the entire period (not shown). This indicates that the irradiation wavefront remains 

nearly planar at the surface, as it should for homogeneous materials and suggests that the 

Rytov approximation should be quite close. Repeating this for a range of wavelengths, 

we calculate the effective index for our nanowires and compare it to the analytical Rytov 

estimates in figure 4-5. As can be seen, departures from Rytov’s model are relatively 

modest for TE-polarization but more severe for TM-polarized light especially at shorter 

wavelengths. 
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Figure 4-5. Effective refractive indices for SiO2-filled nanowire array devices under (a) TE- and (b) 
TM-polarized light. 

 

4.4.3 Lifante’s Effective Medium for 2-D Gratings 

For biperiodic samples the problem is more involved, since the wave equation is 

now two-dimensional:  

0),(]),([),(),( 222
0

2222 =−++ yxEyxnkdyyxEddxyxEd β . 

Lifante has shown that for long wavelengths compared to the structure periodicity, the 

biperiodic structure can be considered as a crossed superposition of one-dimensional 

periodic structures. We follow Lifante’s approximate factorization of the wave equation 

)(),(),( yyxyxE ΦΘ= , and assume that the function ),( yxΘ  has a slow variation in y (so 

that its derivatives in y vanish). We obtain two decoupled differential equations: 

0),()](),([),( 22
0

22
0

22 =Θ−+Θ yxyNkyxnkdxyxd , 

0)(])([)( 222
0

22 =Φ−+Φ yyNkdyyd β , 

which look like one-dimensional wave equations. The first equation is solved to obtain an 

effective refractive index N(y), assuming TE polarization and applying the right boundary 
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conditions and continuity relations. This value is then inserted in the second equation to 

solve for β, being careful to note that the polarization is now TM and applying the right 

boundary conditions and continuity relations. In solving these boundary value problems, 

we take advantage of the speed and simplicity of Rytov’s formulas, using them to seed an 

initial guess for the calculation so as to accelerate convergence to a solution. We find that 

even for the shortest wavelengths, sequential application of Rytov’s approximate 

formulas (TE-followed by TM-polarization) produces a very good estimate of the 

effective index as obtained using Lifante’s method. The resulting effective indices are 

plotted in figure 4-6. 

 

 

Figure 4-6. Effective refractive index for square-holed, SiO2-filled, square lattice nanohole array 
devices under unpolarized light. 

 

4.5 Summary 

 We apply the rigorous-coupled wave analysis to compute absorptance curves for 

the nanowire and nanohole array devices, using the structural parameters gleaned from 
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the characterization studies in chapter 3. These calculations show that the nanowire and 

nanohole arrays behave like homogeneous materials due to the lack of higher order 

diffracted intensity in the calculated results. The nanowire arrays are birefringent, while 

square lattice nanohole arrays are isotropic with no polarization dependence in their 

absorptance. The absorptances for modified nanohole arrays were also calculated, and 

changing the nanohole shape or the infill material did not significantly change the 

absorptance. Hence we conclude that local heterogeneities in the nanohole shape do not 

affect the absorptance strongly. However, when the periodicity of the nanoholes was 

changed, the resulting absorptances were affected even when the changes were restricted 

to a single dimension. Below about period ratios of 2:1 the rectangular nanohole arrays 

remain close to isotropic, but strongly birefringent behavior appears in rectangular 

nanohole arrays when the ratio exceeds about 4:1. This indicates that changes in 

periodicity, such as by clumping of holes or bars, can quickly change the absorptance 

behavior of nanohole arrays. 

 The RCWA calculations are computationally intensive, especially for structurally 

complicated or detailed structures, so we sought to obtain an effective medium 

description of these nanowire and nanohole arrays. Because these nanostructures are 

patterned in the deep subwavelength regime, we were able to obtain estimates of the 

effective refractive indices using Rytov’s analytical approximations and compared them 

to Lifante’s approximate solution of the wave equation. Both of these approximations are 

accurate in the long wavelength limit, but Lifante’s formulation enables a good estimate 

of the effective index at shorter wavelengths where Rytov’s approximation is inaccurate. 
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The results also confirm that the physical picture of these nanostructures as homogeneous 

optical materials is appropriate. 
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Chapter 5:  Photovoltaic Device 

Measurements 

 

 In this chapter we describe the photovoltaic measurements performed on the 

nanowire and nanohole array devices. We compare their performance to the control film 

devices as well as to other devices reported in the literature. Spectral response 

measurements reveal that these devices can be modeled with bulk optical constants to 

accurately predict their absorptance. We conclude by estimating the internal quantum 

yield of the most well-ordered devices. 

 

5.1 Illumination System 

Our illumination system consists of an Oriel 150 W Xe arc lamp source coupled 

at f/4 through a home-built cut-on filter changer to an Oriel MS257 monochromator 

(Newport Corp., Stratford, CT). The divergent output from the monochromator was 

collimated into a ~1 cm diameter spot at the sample plane using a plano-convex f = 75 

mm lens (Thorlabs, Newton, NJ). We selected “UV-grade” fused silica for all optical 

elements to maximize transmission of the ultraviolet wavelengths. 

 

5.1.1 Irradiance Calibrations 

The irradiance calibration reference is a Hamamatsu S1337-1010BQ silicon 

photodiode (Hamamatsu, Bridgewater, NJ), calibrated between 250 and 1100 nm to 
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NIST-traceable standards (Opto-Cal, Lakeside, CA) and mounted behind a 500 µm 

diameter precision pinhole (Edmund Optics, Barrington, NJ). The wavelength-dependent 

irradiance was measured in the center of the collimated beam at the sample plane using a 

10 nm bandpass in steps of 1 nm. We have also measured the irradiance spectrum with an 

uncoated Glan-Thompson linear polarizer (Thorlabs, Newton, NJ) mounted just before 

the detector and find that there is only a slight polarization introduced by the illumination 

system, which we shall ignore in the following analysis. 

 

5.1.2 Wavelength Calibrations 

Wavelength calibrations were regularly performed, often before each set of 

measurements, using the sharp emission lines from a Hg(Ar) pen-style lamp (Newport, 

Stratford, CT) at the input of the monochromator and the reference photodiode at the 

sample plane. For each of the gratings used, the monochromator was scanned in 0.1 nm 

steps in the vicinity of a strong emission line. The position of the peak was used to 

calibrate the monochromator wavelength readout, and was typically reproducible to ~0.1 

nm. At the end of each wavelength calibration, monochromator slit functions were also 

measured at 10 nm bandpass in steps of 0.1 nm to characterize the instrumental 

broadening of the illumination system. The slit functions were nearly perfectly triangular 

and identically wide for all gratings used, indicative of a well-aligned optical system. 

 

5.2 Photovoltaic Measurements 

For optical characterization, the principal device was mounted on and wire-

bonded to a chip carrier before loading into the cold finger of an optical cryostat 
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equipped with 1” diameter windows for sample illumination. After wavelength and 

irradiance calibrations, spectral response measurements were performed at 300 K under 

vacuum (~10-5 torr), using the collimated output from a monochromated Xe arc lamp. A 

monochromator bandpass of 10 nm was used and the illumination wavelength was 

scanned between 250 and 800 nm in 1 nm steps while the spectral response data were 

collected. Polarization-resolved spectral response measurements were also performed by 

illuminating the devices through an uncoated Glan-Thompson linear polarizer and 

measuring the photocurrent at several polarizer settings. The data consist of photocurrent 

I measurements made with a Model 6430 sourcemeter at zero applied bias (Keithley 

Instruments, Cleveland, OH), which yield the spectral responsivity R via the relation 

R(λ) = I(λ) / [Y × E(λ)], where E is the calibrated irradiance of the incident illumination. 

The active light-collecting area is Y = L × W, determined by the physical width of the 

device W and the minority carrier diffusion length L. The spectral responsivity is 

transformed into the external quantum efficiency (EQE) using the equation 

EQE(λ) = (1240 W nm A−1) × R(λ) / λ. Additionally, current-voltage scans were 

performed in the dark and under standard AM1.5G illumination to characterize the 

photovoltaic properties of the NWA or NHA and film diodes. Complete photovoltaic 

characterization of selected devices were performed to extract short-circuit currents, 

open-circuit voltages, and fill factors, while an abbreviated measurement protocol was 

followed for other devices (no fill factor). 
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5.3 Nanowire Array Devices 

A few sets of thin film and NWA devices were fabricated.  The devices described 

below were chosen for optical characterization because they appeared, by light 

microscopy inspection, to be the most homogeneous. The devices chosen were selected 

for the absence of irregularities due to fabrication variability, so as to avoid artifacts in 

the measured optical data. 

 

Figure 5-1. Dark and lit I-V curves for a representative pair of NWA devices. 

 

5.3.1 Broadband Photovoltaic Measurements 

Figure 5-1 shows clear diode responses from a set of devices with high-dose 

doping (3.8×1013 cm−2 B+) in the device regions. These higher-doped nanowire array 

devices generate Isc = 17 pA and Voc = 0.26 V with FF = 0.50, while the higher-doped 

film devices develop Isc = 28 pA and Voc = 0.37 V with FF = 0.62. However, the higher-

doped nanowire arrays were of poorer structural quality and were less amenable to 

optical modeling. In the following discussion we focus on the lower-doped (3.8×1010 

cm−2 B+) principal device.  



 54
Table 5-1. Measured photovoltaic parameters of nanowire array devices, compared to reported 
values for similar devices.  

Sample Isc (pA) Jsc  (mA cm-2) Voc (V) FF nlit ndark Description 

3.8×1013 cm-2 B+ dose 

NWA 17 - 0.26 0.50 2.2 2.7 10 μm long 

NWA 17 - 0.34 0.60 1.8 1.8 10 μm long 

NWA 17 - 0.34 0.55 2.2 1.9 25 μm long 

Thin Film 28 - 0.37 0.62 1.5 1.9 10 μm long 

Thin Film 27 - 0.36 0.60 1.6 1.8 10 μm long 

Thin Film 27 - 0.37 0.62 1.8 1.7 25 μm long 

NWA 18 - 0.26 - - - 25 μm long 

NWA 19 - 0.38 - - - 50 μm long 

NWA 19 - 0.35 - - - 100 μm long 

Thin Film 29 - 0.40 - - - 25 μm long 

Thin Film 30 - 0.40 - - - 25 μm long 

Thin Film 29 - 0.39 - - - 100 μm long 

3.8×1010 cm-2 B+ dose 

NWAa 26 2.6 0.37 - - - 10 μm long 

Filma 60 3.0 0.46 - - - 10 μm long 

Literature values 

Kelzenberg1 - 5.0 0.19 0.40 - 3.6 Axial Schottky 

Kempa2 3.5 - 0.12 - 1.78 - Axial p-n 

Kempa2 14.0 - 0.24 - - - Axial p-i-n, i=2 μm 

Kempa2 31.1 3.5 0.29 0.51 1.28 - Axial p-i-n, i=4 μm 

Garnett3 - 4.28 0.29 0.33 - 2.1 Radial p-n 

Tian4 503 23.9 0.26 0.55 1.86 1.96 Radial p-i-n 

a) NWA and film devices in Figure 5-2. 

 



 55
For a device that appeared the most perfect under optical and SEM imaging, full 

optical characterization, as well as cross-sectioning and TEM imaging to establish the 

structural details of the device for the optical model, were carried out. These results were 

discussed in Chapter 3 and were the basis for the optical models developed in chapter 4. 

This was the principal device studied here (NWA: Jsc = 2.6 mA cm−2, Voc = 0.37 V; film: 

Jsc = 3.0 mA cm−2, Voc = 0.46 V). For other devices, the photovoltaic device 

characteristics (with and without illumination) were fully or partially measured. Table 5-1 

is a summary of our nanowire array and film devices, compared to similar devices in the 

literature. 

Both NWA and film devices perform as good rectifying diodes in the dark and 

exhibit clear photovoltaic response under 1 Sun AM1.5G irradiation (see figure 5-1). The 

NWA devices show more variability in their properties, while the film devices are 

practically identical to each other. Our devices are comparable in performance to other 

examples2-5 of silicon nanowire photovoltaic devices reported in the literature (table 5-1). 

Where possible, we have calculated the short-circuit current density Jsc using the 

projected active area Y = L × W of the device. Ideality factors nlit and ndark were obtained 

by fitting lit and dark I-V measurements to the diode equation I = I0 [exp(qV/nkBT) – 1] in 

the low forward bias region (up to ~0.4 V). Additionally, measured photovoltaic 

characteristics do not vary with device length as the measured minority carrier diffusion 

lengths (discussed below) are shorter than the geometrical lengths of the devices. 
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Figure 5-2. (a, b) External quantum efficiencies and  (c, d) Polarization-resolved external quantum 
efficiencies of nanowire array and film devices on linear and semilogarithmic plots.  

 

5.3.2 Spectral Response Measurements 

The external quantum efficiencies of film and NWA devices for unpolarized 

illumination (symbols) are plotted in figure 5-2a, and are strikingly similar to the 

calculated absorptances (lines) from rigorous coupled-wave analysis (RCWA). The 

agreement is even more impressive when plotted logarithmically (figure 5-2b), given the 

simplicity of the optical models. Polarization-resolved external quantum efficiencies (see 

figure 5-2c,d) further support our interpretation of the NWA devices as uniaxial 

birefringent materials. The external quantum efficiency of the NWA devices changes by 

an order of magnitude between the TE- and TM-polarizations around 360 nm (colored 
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hollow symbols), as predicted by RCWA calculations (colored lines). On the other hand, 

the film devices do not exhibit large variations in their spectral response as the 

polarization is changed (black solid symbols), as predicted for an isotropic medium 

(black line). Scanning photocurrent measurements with a scanning near-field optical 

microscope (see chapter 3) give lower estimates for the minority carrier diffusion length 

L. For the bulk film devices, Lfilm ≥ 200 nm, while for the NWA devices, LNWA ≥ 100 nm. 

As a check, we note that energy conservation also imposes a lower limit on L, since the 

internal quantum efficiency IQE = EQE ÷ A cannot exceed unity at hυ < 2Eg. These lower 

limits correspond exactly to the estimates obtained from the scanning photocurrent 

measurements. To produce figure 5-2, we have applied the lower limiting values for Lfilm 

= 200 nm and LNWA = 100 nm; the reader should divide the EQE values by 2 (bulk film) 

or 3 (NWA) to apply the upper limits on L. 

 

 

Figure 5-3. Dark and lit I-V curves for a representative pair of NHA devices. 
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5.4 Nanohole Array Devices 

5.4.1 Broadband Measurements 

 Similar measurements were performed for the NHA devices. In early devices 

using the same passivation protocol as the nanowires, we observed similar performance 

for the dark and lit I-V characteristics. In later devices using our best passivation protocol 

(see chapter 2), we were able to drastically improve the photovoltaic performance of both 

the NHA and film diodes. 

 

Table 5-2. Measured photovoltaic parameters of nanohole array devices. 

Sample Isc (pA) Jsc  (mA cm-2) Voc (V) FF nlit ndark Description 

3.8×1010 cm-2 B+ dose, RCA+RTO+FGA passivation 

NHA1 37 - 0.29 0.42 - - 10 μm long 

NHA2 45 - 0.30 0.43 - - 10 μm long 

Film1 66 2.6 0.49 0.54 - - 10 μm long 

Film2 70 2.5 0.49 0.53 - - 10 μm long 

3.8×1010 cm-2 B+ dose, HF-last RCA+RTO+POA+FGA passivation 

NHA3b 68 2.3 0.53 0.70 1.8 1.7 10 μm long 

Film3b 88 2.3 0.57 0.71 1.6 1.5 10 μm long 

Literature values 

Peng5 - 32.2 0.5666 0.522 - - Bulk device 

b) NHA and film devices in Figure 5-3. 
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In figure 5-3 we show one such set of improved devices measured in the dark and 

under standard 1 Sun AM1.5G illumination (NHA: Jsc = 2.3 mA cm-2, Voc = 0.53 V, FF = 

0.70; film: Jsc = 2.3 mA cm-2, Voc = 0.57 V, FF = 0.71). The NHA performance is almost 

on par with the film device, both having comparable short-circuit current densities, open-

circuit voltages and fill factors. These devices are less than 10 nm thick, and hence have 

low current densities due to the low spectrum-integrated absorptance, yet the high fill 

factors and open-circuit voltages resulting from the improved passivation are comparable 

to or exceed those from a comparable bulk device. In table 5-2 we summarize the results 

from these devices. 

 

 

Figure 5-4. (a, b) External quantum efficiencies and absorptances of well-ordered nanohole array 
(NHA3) and film (Film3) devices for unpolarized collimated illumination plotted on linear and 
semilogarithmic scales, showing a good fit spanning several orders of magnitude. 

 

5.4.2 Spectral Response Measurements 

 Spectral response measurements were also performed for these NHA devices and 

those from a highly homogeneous sample (NHA3) are shown in figure 5-4a,b. Here the 

agreement between the external quantum efficiencies and the calculated absorptances are 
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excellent. On the other hand, similar plots for the other two samples (NHA1 and NHA2) 

did not produce good matches. In chapter 4, we noted that perturbations in the hole 

periodicity due to clumping changed the computed nanohole array absorptance. The 

nanohole arrays are particularly sensitive to this type of defect, and we show below that 

these defects can account for the discrepancies observed with the disordered samples. 
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Figure 5-5. (a) Scanning electron micrograph of disordered nanohole array (NHA2). (b) Fourier 
transforms of boxed region in the horizontal and vertical directions. (c) Calculated absorptances for 
component nanohole lattices. (d, e) Weighted sum of component absorptances plotted on linear and 
semilogarithmic scales. 
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During scanning electron microscopy experiments on these disordered samples 

we observed significant clumping of the bars and holes (Figure 5-5a). Taking the two-

dimensional Fourier transform of the boxed region, sharp peaks were isolated in the 

horizontal direction corresponding exactly to the design period of 32 nm (black line in 

figure 5-5b). On the other hand, a diffuse spectrum was obtained for the vertical 

direction, indicating disorder in the nanohole array along this axis (red line in figure 

5-5b). Using RCWA (chapter 4), we calculated the unpolarized absorptances for 

component rectangular nanohole lattices with vertical-to-horizontal period ratios ranging 

between 0.7 to 10. The absorptances of selected rectangular NHAs (colored points) are 

plotted in figure 5-5c along with that predicted for the square NHA (black line). The 

rectangular NHAs have strong absorptance peaks between 350 to 500 nm that are absent 

in the square NHA, suggesting that the enhanced EQE at these wavelengths arises from 

increased absorptance in rectangular NHA domains created by nanohole lattice disorder.  

One can imagine that given a mix of nanohole regions with varying periodicities, 

the overall absorptance is an average of the constituent domains, as long as the domains 

are well mixed on the wavelength scale of the incident light. Indeed, when all of the 

component absorptances are summed according to their relative weights in the vertical 

Fourier transform, the resulting calculated absorptance approaches the measured 

experimental EQE (Figure 5-5d,e). To obtain these weights, we first calculate the spatial 

frequency (in nm−1) corresponding to each period ratio. We then split the Fourier 

spectrum into bins, with bin edges defined at the midpoints between each component 

spatial frequency, and calculated the average spectrum value in each bin. Since each unit 
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of spatial frequency corresponds to a wider swath of real space at lower frequencies, we 

correct for this disproportionate weighting factor by dividing the average spectrum value 

in each bin by the spatial frequency at the center of the bin. 

 

5.5 Design Rules for Enhanced Absorption 

We have shown earlier that spatial disorder in NHA1 and NHA2 is responsible for 

the enhanced absorptance and external quantum efficiency in these samples. This result 

suggests several approaches for absorptance engineering in NHAs. For example, if an 

increase in broadband absorptance is desired for increased photovoltaic performance, one 

could introduce disorder into square NHAs along a single axis, just as we have done here, 

so that the component rectangular NHAs created by disorder increase absorptance in the 

wavelength range of interest. Alternatively, the NHA could incorporate discrete domains 

of rectangular NHAs, each of which are designed for a specific absorptance profile, and 

which are well mixed on the wavelength scale of interest. On the other hand, if tunable 

birefringence and absorptance are desired for detector applications, a specific rectangular 

NHA could be patterned to enhance response over that of the square NHA. For example, 

multicolor polarization-sensitive detectors could be patterned on a single substrate by 

simple manipulation of the rectangular NHA periods and axes. 

 

5.6 Estimates of Internal Quantum Efficiency 

 We can estimate the internal quantum efficiencies AEQEIQE ÷=  by dividing 

the measured external quantum efficiency EQE by the calculated absorptance A. This 

calculation is particularly problematic for disordered devices as RCWA cannot properly 
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account for spatial disorder. Therefore, we restrict the following discussion to the best 

and most well-ordered samples. In figure 5-6a and figure 5-6b we plot these IQE 

estimates for a nanowire and a nanohole array device. There are unexpected sharp kinks 

and shoulders in the curves that occur most often near turning points in the absorptance 

spectra, and that suggest that the optical models are not completely accurate. 

Nonetheless, the data for the film devices follow the general trend reported for silicon, 

rising somewhat at wavelengths of <400 nm to reach about 1.5 at 250 nm.6 The nanowire 

and nanohole arrays appear to follow this general trend as well. Given the large amount 

of noise in these data, we cannot conclude if nanostructuring photovoltaics affects the 

quantum yield in a significant way. If there is any effect, it must be rather minor. 

 

Figure 5-6. Internal quantum efficiency estimates obtained by dividing the measured external 
quantum efficiency by the calculated absorptance for (a) nanowire and (b) nanohole array device. 

 

5.7 Summary 

We have described measurements on nanowire and nanohole array photovoltaic 

devices. The nanowire array devices show strong birefringence in their absorptance, as 

predicted from RCWA calculations and confirmed experimentally with polarization-
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resolved spectral response measurements. On the other hand, the nanohole array devices 

have an isotropic optical response except when their periodicities are changed along one 

dimension preferentially, as can happen in disordered samples. In our best devices, 

photovoltaic performance rivals or exceeds values reported in the literature for 

comparable samples. 

The excellent match between the measured EQE and the absorptance for the 

nanowire and nanohole arrays implies that we can accurately predict the optical 

characteristics of such materials from bulk optical constants, at least down to the 

nanostructure dimensions investigated here. In addition, because the array features are so 

small compared to visible light, we can treat the array as a homogeneous thin film with 

effective refractive indices for each polarization (see chapter 4). The advantage of such 

an approach is that optical stacks containing these nanostructured films can be accurately 

modeled using standard thin film optics. Nanostructuring at extreme length scales thus 

paves the way toward completely tunable optical properties, down to the ultraviolet. For 

example, tunable birefringence as demonstrated in this work, can find applications as 

polarization-sensitive detectors or emitters, waveplates, and in power-generating ultrathin 

semitransparent films on windows. 

On the other hand, within the limits of our analysis, we cannot determine if these 

nanostructure array photovoltaics outperform bulk silicon in terms of quantum yield. We 

conclude that if such an effect exists, it must be rather small, at least for the conditions 

investigated here. These nanostructures behave similarly to the “bulk” film material in 

terms of quantum yield. 
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