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Figure I Normal incidence spectral reflectance from randomly etched Si structures. 

large incident angles show slightly higher bluish reflectance. We have carried out scanning electron 
microscope (SEM) investigation of these randomly etched surfaces. It is seen that the absorptive texture 
consists of densely packed, random inverted pyramids, with lateral dimensions of - 100-500 nm, and 
depths - 0- 1000 nm. 

For photovoltaic device applications large area application of these random texturing schemes is 
desirable. We investigated texturing of 4" wafers under identical conditions. The reactive ion etching 
processes failed to form absorptive surface structure. From visual inspection of 4" wafers, edges 
appeared to have strong dark texture, whereas the center did not exhibit any texture. This suggested that 
during RIE process, microscopic A1 particles are sputtered and deposited on Si to act as random etch 
masks. These A1 particles don't have enough energy to travel to the wafer center so that no appreciable 
texture is developed. In order to verify this, we etched two Si samples at the same time. One sample was 
mounted on Al, other on the RIE chamber surface. After 30 minutes of etching, both samples were 
removed From the chamber. The sample on A1 holder had developed a black texture, whereas the sample 
without A1 base did not exhibit a significant texture. Figure 2 shows normal incidence spectral 
reflectance measurements on these two samples, for comparison Si reflectance under identical 
conditions normalized to unity is also shown. It is seen that sample on A1 substrate shows broadband 
reduced reflection similar to that observed in Fig. 1, whereas the Si sample without A1 base shows only - 40 % reduction in reflection in comparison with polished Si. Figures 3 & 4 show SEM pictures of 
texture on absorptive and non-absorptive samples. It is seen that non-absorptive texture consists of 
random distribution of 10-50 nm lateral features without any significant depth. The absorptive structure 
has a random distribution of pyramidal structures with typical dimensions - 100-1000 nm, and depths - 
1000 nm. Comparison of feature dimensions in Figs. 3 & 4 shows that reduced reflection is 
accomplished by high aspect ratio nanoscale (- 100-500 nm) feature sizes. Si refractive index in the UV- 
to-IR range varies From - 6.86 to 3.54 [l] so that h/n is - 50-300 nm inside the semiconductor material. 
These lateral dimensions are large enough to trap light inside these random nano-structures leading to 
enhanced absorption and broadband reduced reflection. For 10-50 nm lateral features (Fig. 4), the 
dimensions are too small for effective light trapping, and hence no significant reduction in reflection is 
observed (Fig. 2). 
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Figure 2 Normal incidence spectral reflectance from randomly etched Si structures without and 
without A1 holders. 
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2.a Maskless Nanoscale Texturing of Si 

We have demonstrated that Si absorptive texture in an RIE chamber is a result of micro-masking 
by sputtered A1 particles. Small Al particles can be identified at the top of the pyramids in Fig. 3. For 
large area texturing, an alternate approach is required that can deposit a random etch mask on a single, 
or multi-crystalline surface. One such approach is natural lithography developed by Deckman et al. [12]. 
In this approach, sub-pm (- 0.1-0.8 pm) silica spherical particles are spin-coated onto the semiconductor 
surface, and act as etch RIE masks. We have investigated this method, and had difficulty in forming a 
uniform coverage of silica particles, more work needs to be done in understanding the chemistry 
between silica particles and Si surface. We have been able to develop an alternate texturing scheme that 
is effective in forming black Si surfaces. This new method takes advantage of differential etching rates 
of oxide and Si in SFd02 gas plasma, i.e., Si etching is much faster than SiO2. A thick (- 0.6 pm) TEOS 
oxide grown on a Si surface is used as the etch mask. As the oxide is etched off and Si021Si interface 
reached, microscopic oxide particles act as etch masks to create nanoscale surface texturing in Si. Figure 
5 shows SEM pictures of the transition region, fine (- 10-30 nm) SiOz particles are seen that have acted 
as etch masks in forming the high aspect ratio, vertical sidewall random texture in Si. 
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Figure 6 shows pyramidal structures etched in Si following additional etching of vertical high aspect 
ratio structures of Fig. 5. In comparison with Fig. 5, surface reflection is substantially reduced by the 
texture of Fig. 6. The etching results of Figs. 5-6 demonstrate the possibility of controlling random 
texturing process, i.e., from columnar to pyramidal profiles. This may be of interest for wavelength tune- 
ability of photodetectors in the UV-IR spectral regions. We have investigated various surface textures to 
correlate feature size with reflection. Figure 7 shows hemispherical reflectance measurements carried 
out at Sandia Laboratories of two randomly textured surfaces made from the same substrate material, for 
comparison reflectance from polished Si under identical conditions is also plotted. The reflection plot 
identified as texture # 1 (black line) shows significantly reduced reflection (- 5-10 %) in the UV-Visible 
spectral range, the texture # 2 (red line) shows reduced reflection - 15 % in the same region. However, 
in the 1100-1200-nm region, texture # 2 shows reduced reflection in comparison with texture # I .  The 
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Figure 7 Hemispherical spectral reflectance from two randomly etched Si surfaces. 
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surface profiles corresponding to textures # 1 & 2 are shown in Figs. 8 & 9 respectively. The lowest 
UV-Visible reflection is exhibited by fme (100-500 nm), high aspect-ratio random feature sizes. At 
larger (- 1.0-2.0 pm) dimensions (Fig. 9). light trapping in the UV-Visible spectral regions is not as 
effective, however, this texture is more effective in light trapping at longer wavelengths (- 1.1-1.2 pm) 
in comparison with the fmer texture of Fig. 8. 

3. Periodically Textured Nanoscale Surfaces 

Randomly textured nanoscale surfaces exhibit broad band absorptive behavior. In order to 
achieve narrow band spectral response, uniform structures are required. High aspect ratio, nanoscale 
linewidth sub-pm period grating structures offer significant potential in tailoring reflectance profile to a 
desired spectral range [13]. Interferometric lithography (IL) provides an inexpensive method of 
fabrication of nanoscale periodic structures over large areas [14]. Interference between two coherent 
laser beams produces a simple periodic pattern with period, d=h/2sin0, where h is the wavelength of the 
exposing laser beam, and 20 is the angle between two intersecting laser beams. Typically grating 
structures are f m t  formed in positive photoresist followed by pattern transfer to the substrate using wet, 
or dry etching techniques. Using IL techniques, we have investigated optical properties of 1-D Si 
gratings with periods varying from - 0.2-1.0 pm, linewidths - 0.02-0.5 pm, and depths - 0.5-1.0 pm 
1131. The normal incidence spectral reflectance of gratings at - 1.0-pm depth was observed to have a 
strong dependence on linewidth and incident light polarization. Figure 10 shows hemispherical 
reflectance of three grating structures with periods - 1.0,0.5, and 0.3 pm, and depths - 1.0 pm, for 
comparison reflectance from polished Si surface under identical conditions is also plotted. As the period 
decreases, linewidths also decrease: for the three gratings measured, linewidths were - 0.33.0.13. and 
0.05 pm respectively. Figure 11 shows SEM pictures of three grating structures showing high aspect 
ratio, rectangular profiles. From reflection measurements in Fig. 10 it is seen that 1.0-pm (linewidth - 
0.33 ym) period grating (black line) does not exhibit reduced reflection. A reflection dip at h - 0.92 pm 
IS observed which approximately corresponds to - 90' in air, i.e., f 1-diffraction orders are parallel to 
the surface. Due to large refractive index of Si in the UV-Visible spectral range, at this period, there are 
a large number of diffraction orders inside Si. Some of the dips in the reflectance in 400-800-nm spectral 
range probably correspond to higher order diffraction orders becoming parallel to surface inside Si. For 
500-nm period (red lime), reflection is substantially reduced in comparison with bare Si surface. A 
pronounced reflectance dip at h - 500 nm probably corresponds to 0*1- 90°, the second dip at - 900 nm 
appears to correspond to 0s- 90' inside Si. For the 300-nm period (yellow line), the reflection dip at A - 
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Figure 10 Hemispherical spectral reflectance from three Si 1-D grating surfaces. 
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Figure 1 I Hemispherical spectral reflectance From three Si I-D grating surfaces. 

320 nm probably corresponds to Otl- 90' in air. The reflectance dip at h - LOO0 nm probably 
corresponds to O+I- 90' in Si. These measurements demonstrate a trend of reducing reflection as both 
period and linewidth are reduced. For linewidths = 50 nm, or smaller. reflection in the IR region of the 
spectra starts to approach polished S i  These diffraction, and light-trapping related resonance effects are 
expected to be more pronounced for either 2-D structures, or for polarized incident light. Also, a better 
correlation of reflection with linewidth can be established by reducing linewidths while keeping period 
fixed. We have carried out extensive normal incidence measurements of I-D structures, and have 
observed polarization-dependent, narrow-band spectral response. Figure 12 shows an example of the 
spectral response of the 1000-nm period structure shown in Fig. I I .  A periodic polarization-dependent 
spectral reflectance variation is observed. We have observed this spectral reflectance behavior for 
grating linewidths down to - 50 nm, below which a broad band reduced reflectance is seen for TM- 
polarized light, and a monotonically increasing reflectance from UV-IR region for TE-polarized light. 

We have also investigated spectral reflectance response of triangular profile gratings. The 
triangular profile is much closer to the randomly textured profiles shown earlier. Figure 13 shows 



hemispherical spectral reflectance measurements of two 1-D grating structures, for comparison, 
reflection from bare and randomly textured Si surface is also shown. It is seen that these surfaces exhibit 
broadband anti-reflection behavior, and overall reflectance decreases as grating period and linewidths 
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Figure 12 Normalized, normal incidence spectral reflectance from the 1000-nm period, 330-nm 
linewidth 1-D grating shown in Fig. 11, vertical and horizontal polarizations refer to E-field parallel and 

perpendicular to grating lines. 
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Figure 13 Hemispherical spectral reflectance from three Si 1-D triangular-profiled grating 
surfaces. 
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Figure 14 SEM pictures of highly absorptive Si I-D gratings at - 600-nm depth. 

are reduced from 0.64 to 0.44 pm. Considering that these are 1-D structures, and incident light is non- 
polarized, we expect additional reflection reduction for 2-D grating structures. Figure 14 above shows 
SEM pictures of the gratings used for measurements in Fig. 13. The 0.64-pm period grating has a depth 
of - 0.6 pm, linewidth varies from - 60 nm at the top to - 300 nm at half grating depth. The 0.44-pm 
period grating has a depth of - 0.6 ,um, and linewidth varies from - 15 nm at the top to - 100 nm at half 
grating depth. Thus, it appears that reflection is reduced more effectively by linewidths in - 20-100 nm 
linewidth range. In addition, tapered triangular profiles show a broadband anti-reflection behavior in 
contrast with the spectrally selective reflection of rectangular profiles. 

3.a Enhanced Absorption in Grating Structures 

We have seen that grating profiles can be tailored for either narrow-band, or broad-band anti- 
reflection behavior. For space solar cell application, it is desirable that light in the 800-1200-nm range 
be absorbed close to the surface. It is therefore important to determine the physical mechanisms 
responsible for reduced reflection. Reduced reflection can be accounted by either one of the four 
mechanisms described below: 

a) Grating profile behaves as an anti-reflection film, 
b) Grating profile traps light due to h/n type of resonant lateral dimensions, 
c) Grating profile couples light into diffraction orders, and 
d) A combination of one or more mechanisms described above. 

Absorption measurements can help understand underlying physical mechanisms. Absorption in 
thin Si films can be measured in both visible and IR range by carrying out reflection and transmission 
measurements. In order to carry out these measurements, we used Si-on-Sapphire configuration (SOS). 
These SOS wafers are commercially available, and had a 1.6-pm thick crystalline Si film on top of a 
thick sapphire substrates. Using IL. 1-D gratings were etched in the top Si surface at periods 1.0.0.5, 
and 0.3 pm. Absorption in each grating was measured by taking the difference of reflection and 
transmission, i.e., absorption, A=1-T-R, notice that R, T also include diffraction orders. Figure 15 shows 
the results of hemispherical absorption measurements, for comparison, absorption calculated for 1.6-pm 
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Figure 15 Hemispherical absorption in 1-D grating structures in SOS configuration. 

thick Si film on sapphire is also plotted. The periodic variation in intensity is due to the thin-film 
waveguide structure. Absorption measurements demonstrate an enhancement in the UV-Visible spectral 
region for 0.3 and 0 .5ym period textures, at 1.0-wm period, enhanced absorption is seen in the 800- 
1200 nm region. For the 300-nm period (green l i e ) ,  the first order at h - 300 nm becomes evanescent in 
air, which should have significantly increased absorption. This lack of absorption enhancement suggests 
that the grating profile did not efficiently couple light in the fust diffraction order. Increased absorption 
at h - 600 nm for the 300-nm period is due to the second diffraction order becoming evanescent inside 
Si, similarly enhancement at h - 1000 nm appears to be due to fust didfraction order becoming 
evanescent inside Si. At 500-nm period (red l i e ) ,  absorption enhancement is seen at h - 400-500 nm 
region possibly due to first diffraction order in air becoming evanescent. At 1000-nm period (black line), 
absorption enhancement in the h - 900-1200 nm region appears to be due to fust diffraction order in air 
becoming evanescent. 

These measurements demonstrate significant selective absorption enhancement due to 1-D 
grating structures. Since, the incident light was non-polarized, the enhancement is expected to be at least 
twice as much for 2-D grating structures. Finally, optimization of grating profiles would further enhance 
absorption. 
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Figure 16 Internal Quantum efficiency measurements on randomly textured solar cells 
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Figure 17 Internal Quantum efficiency measurements on I-D periodically textured solar cells. 

Comparison between random and periodic 1-D textured cells shows that there is less surface 
damage for periodical structures. Both 1-D and 2-D random structures show improved IQE in 700-1200- 
nm spectral region. The sharp increase in I-D gratlng IQE at h - 800 nm probably corresponds to an 
artifact of measurement, since h=800 nm, the detector is changed for W reflectance measurements. 
Overall it appears that grating cell has higher IQE in IR region. We expect this enhancement to be more 
pronounced for 2-D grating structures. For space solar cell applications, a comparison of random and 
periodic textures in IR range is more meaninghl as shown in Fig. 18. It is seen that both random and 
periodic textures have produced similar IQE improvement. In 800-900-nm spectral range, 1-D grating is 
better than random 
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Figure 18 Internal Quantum efficiency measurements on random and periodically textured solar cells in 
800- 1 100-nm spectral range. 

structure. In 1000-1200-nm spectral range, random texture is superior in comparison with the 1-D 
grating structure. Both random and periodic textures provide improved performance in comparison with 
the control and conventionally wet-etched pyramidal surfaces. 

5. Discussion of Results and Future Work 

Reduced reflection of nanoscale random and periodic textures is due to light trapping in high 
aspect ratio hln type triangular profiles. These nanoscale textures not only have very large surface areas, 
but are also susceptible to the RIE process-induced surface damage. Therefore, commercial application 
of these textures requires an effective surface passivation scheme. Improved IQE in IR region despite 

the lack of surface passivation is a good indicator of the potential of nanoscale texturing schemes in 
improving solar cell device performance. A grating surface has the potential for wavelength-selectivity, 
which is not easily accessible in randomly textured surfaces. Finally, these RIE texturing schemes are 
equally applicable to single and multi-crystalline Si surfaces. 

5.a Random Texturing 

Random texturing using TEOS oxide has performed very well, with the PECVD oxide results 
have not been as effective. We have investigated random texturing using thin - 5 nm island metal (Cr, or 





is desirable to have maximum coupling into diffraction orders travelling parallel to the surface so that 
absorption takes place close to the junction. This modeling program will help us determine profiles 
required for highest quantum efficiencies. 

5.e Radiation Damage Studies 

For space solar cells, it is necessary to evaluate resistance to radiation damage of nanoscale 
textured surfaces. Since, we expect that light trapping takes place close to the surface, therefore, these 
cells are expected to be more resistance to surface damage. This has been demonstrated in vertical 
junction solar cells formed in (1 10) Si cells [31-321. We plan to evaluate cell performance following 
radiation treatment. 
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Figure 19 Normal incidence, spectral reflection from a 1000-nm period grating structure. 
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Figure 20 Normal incidence, spectral transmission from a 1000-nm period grating structure. 
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