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1. 0 INTRODUCTION 

In previous reports it has been shown that the intragrain structure in large 

grain polycry stal l.ine si Iicon substrates can play a domainant role in limiting the 

performance of solar eel Is fabricated on such substrates. It was also shown that, 

in RTR ribbons, dislocations are responsible for the major intragraln defects. 

Earlier analy ses, using defect etching on a bevel led sample and depth profiling 

of dislocation paths by step etching, has led to the categorization of 

dislocations in RTR ribbons into two groups: (i) isolated line dislocations and 

(ii) dislocation networks. During this contract period our major effort was 

devoted towards developing a technique for rapid identific ation of these two ty pes 

of dislocations to be followed in the future by isolating their effects on eel I 

performance. This has been accomplished by extending the technique of Cu decoration 

to determine defect propagation in polycrystall ine substrates. 

Another area of emphasis was a study of the influence of surface preparation on 

eel I performance. Two approaches were pursued in this direction. (1) eel Is were 

fabricated on differently prepared substrates consisting of sequential wafers 

from a Wacker Si ! so ingot. These included (a) damage-free polished (b) chem etched 

and (c) textured. (2) An analysis of the effects of texturing on eel I performance has 

been started. The objective of this analysis is to establish theoretical approaches 

for the optimum design of a textured eel 1. Various aspects of texturing have been 

studied, starting with the analy sis and design of the simpler case of single crystal 

cr::l Is. 

This report describes two areas of research carried out during this contract 

period. Results of Cu decoration for defect analysis are given in Section 2. 

Section 3 discusses the design of an AR coating for optimizing performance of a 

textured eel I. Basic optical characteristics of textured surfaces utilized in this 

design are described in the appendix. 



2.0 COPPER DECORATION FOR OBSERVATION OF DISLOCATIONS 

Decoration of dislocations by copper was used by Dash to observe dislocation 

oaths in Czochraiski single crystal sl !icon ( 1). Although this technique appears 

to be quite unique, it has only been used under very restricted conditions of low 

dislocation density <-10
3

cm
-2

) and specific orientatJon which wl I I permit viewing 

along a <111> direction. Very little information is avai !able to render this 

technique suitable for more general cases. We have pursued this technique to 

study dislocations in RTR ribbons. This section presents some preliminary results 

of our Investigations. 

2. 1 PROCEDURE 

Samples, typically 2 em x 1 em were scribed out of RTR ribbons (-8 mi Is thick). 

Two different approaches were used to diffuse Cu into the samples. In one case 

samples were etched for 15 minutes in Wright etch and a thin film of Cu was 

deposited on one side. In the other case Cu was deposited directly on one of the 

ribbon surfaces. Cu was diffused Into the sample at 900
°

C in a hydorgen atmosphere. 

Alternatively; a layer of Si0
2 

was sputtered on the copper side of the sample and 

diffusion carried out at 900
°

C in a forming gas ambient. Fo! lowing Cu diffusion, 

the residual Si0
2 

and/or Cu was etched oft and the samples examined under VlS/IR 

microscopes. Some Cu diffused samples were laser scribed into strips (8 mm long) 

and the two surfaces normal to the surface of Cu deposition (i.e. through the thickness 

of the ribbon) were polished tor viewing under an !R microscope. 

2.2 RESULTS 

Figure 2.1 shows a photograph of a Cu diffused sample� which was defect 

etched on one side prior to Cu deposition and observed under an IR microscope with 

-

the etched side towards the objective lens. The presence of Cu precipitation on 

dislocations is seen as long 11tai Is" associated with many of the etch pits. Many 

2 



F I GURE 2 � 1 : I R rn i 
at eli 

ShadovJi ng due to 

grain boundary 

Cu decoration 



0 .8 mm polished 

Cu diffused 

FIGURE 2.2a: CONFIGURATION FOR VIEWING DISLOCATIONS IN THE BULK. 

Thickness of the ribbon 

FIGURE 2. 2b: IR PHOTOGRAPH TAKEN IN A TRANSMISSION MODE SHOWING 
LACK OF Cu PRECIPITATION IN THE BULK OF THE SAMPLE. 
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dislocation networks and loops can be seen in this figure. I t  should be pointed 

out that due to the high magnification used for viewing copper precipitation, the 

depth of forcus is quite small (which leads to the formation of the tai I s  seen 

in figure 2. 1 . *  Hence observation of Cu precipitation, in this configuation is rather 

I imited to a region near the surface. 

Attempts were also made to observe dislocation lines throughout the thickness of 

the ribbon. Figure 2. 2a shows the· sample viewing configuration used for this purpose 

and figure 2. 2b shows a photograph of the sample taken in the transmission mode. As 

seen in this figure there is no evidence of Cu precipitation in the bulk of the 

sample, although some dislocation pits are clearly seen. I nitial thickness of 

the sample (i. e. prior to defect etching) is also shown in figure 2.2b. The dark 

edges are due to a high density of etch pits as wei I as copper precipitation which 

extends a smal I distance away from the edges of the etch pits. Further investigations 

were needed to improve dislocation observations in this configuration. 

Experiments carried out on an unetched sample gave very interesting (perhaps 

very Useful) results. I t  was found that Cu alloyed at certain sites and could not 

be dissolved in aqua regia. Figure 2. 3 is a series of photographs of a sample 

surface showing Cu-al loyed sltes. The pattern of the sites indicates that the sites 

of Cu-al loy may be the dislocation sites. This hypothesis was confirmed by 

comparing this pattern with the etch pit pattern of an adjacent (un- diffused} sample. 

Figures 2. 4a and 2. 4b show photographs of two corresponding regions from Cu-

diffused and defect etched samples respectively. Figure 2. 4 clearly indicates 

that not al I dislocation sites have Cu alloyed in. To investigate it further, 

a Cu-al loyed sample was Wright etched to reveal the dislocations. Figure 2.5 is a 

*An oi I immersion lens was used for taking the photograph of figure 2. 1 .  This also 
interfered in taking photographs of etch pits in the reflection mode. 

5 



(c) (d) 

(a) 

(b) 

F I GURE 2.3: PHOTOGRAPHS OF SEVERAL REGIONS OF A Cu DIFFUSED 
SA�PLE SHOW I NG Cu-ALLOYED SITES. 
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photograph of a region of the sample which shows that etch pits are formed in 

the re�J ions which r:J(J not s how residua I Cu-a I I oy (etch pits with I i ght centra I core 

are the sites of Cu-al loy). Although several explanations can be forwarded to expla.in 

why only some dislocations show heavy Cu diffusion/a! loying, further work needs to be 

carried out to confirm these views. 

These results on Cu diffusion for the observation of dislocations in a more 

general manner indicate that this technique may allow categorization of 

dislocations into "active" and "not-so-active" groups. 

7 



Cu-D I FFUSED 

DEFECT-ETCHED 

F I GURE 2.4a 

F I GURE 2.4: PHOTOGRAPHS COMPAR I NG THE PATTERNS DUE TO Cu-ALLOYED 
S I TES W I TH THE ETCH-P I T  PATTERN I N  THE ADJACENT REGIONS 
OF AN RTR R I BBON. 
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FIGURE 2.4b 
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F I GURE 2. 5 :  PHOTOGRAPH SHOW I NG ETCH P I TS I N  A Cu-D I FFUSED 
SA�PLE. ETCH P I TS W I TH L I GHT CORE ARE THE 
S I TES OF Cu-ALLOY . 
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3.0 DESIGN OF AR COATINGS FOR TEXTURED SOLAR CELLS 

Solar eel Is are large area optical devices which require efficient broad-

band, optical coupling utilizing minimum cost. The multiple thin film coating 

approach, used conventionally for broad-band antireflection, is not compatible 

with low- cost eel I fabrication processes. An alternate approach developed 

recently for si Iicon solar eel Is consists of texture etching <10 0 >  oriented 

si Iicon wafers prior to the eel I fabrication (2,3) .- Texturing generates a 

pseudo-periodic surface structure (py ramids) which tan lower the net surface 

reflection and also refract the incident light in a way that increases the 

effective absorption within the bulk of the cell. A wei I textured (100) oriented 

si I icon surface can lower the average reflectance (weighted with respect to the 

incident useful solar spectrum) to about 0. 1. Reflection can be further 

reduced to �0. 03 by depositing a matched thin film coating on the textured 

surface. A proper design of such a coating can, additionally , optimize the 

cell performance to a given input specturm. However, to-date no quantitative 

analy sis has been done which can be used to design a thin film coating for a 

� 
textured eel I (of k nown characteristics) . This section describes a procedure 

for the design of an AR coating matched to optimize the performance of a 

textured solar eel I. The procedure is based on a known variation of the 

internal quan�um efficiency of a textured eel I as a function of the photon 

wavelength. The design consists of calculating the variation in the 

integrated external quantum efficiency, <nE>' as a function of the thickness of an 

AR film; the thickness that leads to maximum <nE> is the desired thickness. 

The requirements for the choice of the suitable fi lm(s} are discussed in terms 

of the optical parameters of the-fi lm(s) as wei I as the potential of low-cost 

technology for their deposition. 

11 



FIGURE 3.1: SEM PHOTOGRAPH OF A TEXTURED SURFACE 

1 2  
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F IGURE 3.2: ILLUSTRAT ION SHOW ING RAY PROPAGATION AT ONE 
GRAT ING COMPONENT. 
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This section first briefly describes the basic characteristics of (100) 

textured surfaces, followed by a ray optics approach towards the analysis of 

textured surfaces <uncoated and coated). The technique of optimization wi I I 

be demonstrated for two practical cases of solar cells viz a standard eel I 

and a u-v ce I I • 

3.1 CHARACTERISTICS OF TEXTURED SURFACES 

Texturing (100) si Iicon surfaces by etchants like hydrazine or alkalI 

hyderoxide solutions, is known to generate regular arrays of pyramids, with an 

apex angle of 70.4°, by exposing (111) surfaces. Figure 3.1 shows an SEM 

photograph of a textured si Iicon surface with a pyramid height of ;15�m. 

The pyramid height, hence the spacing between them, can be controlled by 

control I ing the etch composition. It has been shown earlier that due to the 

regularity of the surface structures, a textured surface may be regarded as a 

two-dimensional grating (psuedo periodic structure). A ray optics approach has 

been developed to determine the optical characteristics of textured surfaces. 

In this approach the two-dimensional grating is resolved into two orthogonal 

spatial components, x and y. Characteristics of each grating component are 

analysed using the ray optics approach and the total characteristics are 

determined by averaging the contributions due to the individual components. 

In this section we wit I present the basic equations for the ray optical 

analysis -- the procedure wit I be described only for the case where the light 

in normally incident to the surface. 

Figure 3.2 shows a schematic representation of one of the grating components. 

The optical ray path for evaluating reflection characteristics is shown for 

the normal incidence. 
. 0 The incident light ray makes an angle of 54.8 with the 

pyramid wa I I A. Fo I lowing the ref I ect ion from A, the I i ght beam is re-ref I ected 

from wal I B. The net reflection coefficient, R, is given by: 

14 



(1) 

where RA and R8 are the reflection coefficients at the surfaces A and B 

respectively. Since the incident light is unpolarized, the above equation applies 

to para I lei and perpendicular components, and the net reflection coefficient 

is given by 

(2) 

Where the subscripts I I and l refer to the parallel and the perpepdicular 

components respectively, R
ml 

1 and Rm.L (where m = A,B) are given by Fresnel 

equations 

n3 cosa. - n cosatm R tm 0 = 
mil n3 cosa. 

+ 
n

o 
cosa

tm 1m 
(3) 

n
o 

cosa. - n cosetm R
m_L 

tm 3 = 
n

o 
cose. + "3 cosetm tm 

(4) 

where the subscripts i and t refer to incident and the transmitted beams 

respectively. 
0 0 

In the above equation a1A 
= 54.8 , a18 

= 16.7 and n0 and n3 
are 

the refractive indeces for air and silicon respectively. Notice that n
3 

is in 

general complex and dep�nds on the wavelength i.e. n
3

(A) = n;-ik
3

• The wave

length dependence of n3 and k3 are published in the literature (4). 

An analysis simi Jar to this also applies to the second spatial grating 

component. For normal incidence the magnitude of the reflection coefficients for 

both components remain the same. We have calculated the total reflection 

coefficient as a function of wavelength using the published data on the wave-

length dependence of the complex index. These results are shown in figure 3.3. 
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Figure 3.3 also shows the calculated variation of the reflection coefficient for 

polished silicon. To confirm the validity of the calculated results we have 

shown the measured reflection coefficient for polished and textured surfaces. 

These measurements were made with a Cary 17 spectrometer using integrating 

spheres. The back surface reflections were minimized by using a totally 

absorbing layer on the back side of the sample. 

The ray optics approach can also be used to determine the refraction 

characteristics i.e. the beam propagation into the bulk of the eel 1. Ray 

propagation, based on the direct observation of the transmitted beam has been 

described elsewhere (see appendix). In the present context this angular dispersion is 

implicitly included in the given spectral response (i.e. internal quantum 

efficJency) of the eel I for which the AR coating has been optimized. 

Previous analysis can be extended to a single or multi layer thin film 

coating deposited on the textured surface. Of particular interest is a case 

where the coat·ing consists of two layers. Although the treatment presented 

here for the two layer coating is general, the calculated results wil I be 

presented for a system of Si3
N4/Si02/textured eel I. Basis for the choice of 

this system wi I I be discussed in the later section. The configuration for 

the calculation of the reflection coefficient is shown in figure 3. 4. 

Reflection coefficient at wall A, R
A

, is given by 

( 5) 

where 

(6) 

17 
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FIGURE 3.4: SCHEMATIC OF RAY PROPAGATION PATH AT AN AR COATED TEXTURED 
SURFACE.. 
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r
1

, r
2 

and r
3 

are Fresnel reflection coefficients for the interfaces n
0

/n
1

, 

n
1

/n
2 

and n
2

/n
3 

respectively. These coefficients are given by 

1 n . . cose 
1 

- n cose 
r- = PI p- p p 

p n 1 
cose 

1 
+ n cose 

p- p- p p 

I I  
r 

p 

n cose - n cose 
1 = p- 1 p p p-

n cose + n cose 
1 p-1 p p p-

(7) 

(8) 

where p = 1 I 2, 3; e is given by Snells 
p 

law n • Sine 
p p 

= n 
1 

Sine 
1 

• 
p- p-

Equations 

similar to RA app I y at wa I I B. The net reflection coefficient can, again, be 

calculated by substituting the above expression in equations 1 and 2. Figure 3 . 5 

shows the calculated reflection coefficients for a textured silicon eel I with a 

double layer AR coating consisting of Si3N4 (710� thick) on Si02 (100�). For 

comparison, figure 3. 5  also shows the measured reflectance data of a textured 

surface with the double layer coating. A good agreement between the theoretical 

and the experimental curves indicates that ray optics is a good (approximate) 

technique for analysis of textured surfaces. 

3. 2 CHO ICE OF TH IN F ILMS 

The choice of an appropriate film is based on the following considerations: 

(a) The refractive index, n
f

, of the film material should be such that 

n
f 

- In . 
I 

. 51 ICOn 

within the useful range of the spectrum. 

(b) Film deposition process should be low cost and compatible with 

other eel I processing steps. 

(c) Films should match closely the bulk stochiometry (for negligible 

absorption). 

20 



Although several materials such as Ta
2

o
5

, Si
3

N4 and SiO have been used, 

r, i �tJ4 appears to be the most promising. Low temperature CVO grown S i 
3

N4 

films show desirable optical characteristics. 

It has been observed that a deposition of a high index layer on the si Iicon 

surface leads to a degradation in electrical characteristics of the interface. 

Use of an intermediate oxide layer is found to alleviate these problems. An 

Si02/Si interface can improve the surface recombination and, hence, improve the 

eel I performance. 

3.3 DES IGN OF THE AR COAT ING 

Major object of the design is to determine the parameter values of the 

coating, required to maximize the external quantum efficiencies of a eel I of 

a known internal quantum efficiency. Although the terms internal and external 

quantum efficiencies are wei I known for optical detectors it is instructive 

to redefine them for a solar eel I. The internal quantum efficiency, n1Q 
is 

the number of carriers collected by the junction for each photon transmitted 

into the ce I I. The external quantum efficiency, nEQ
' is defined as the 

number of carriers collected for each photon incident at the cell surface. 

Clearly the two quantities are related by 

nEQ 
= <1-R) n1Q 

(9) 

where R is the reflection coefficient and depends on the bulk material 

characteristics as wei I as the characteristics of the surface. R is theoretically 

determined from expressions given in the previous section for uncoated and 

coated textured surfaces (also. plotted in figures 3.3 and 3.4) .  n1Q 
is a parameter 

that depends on a number of material/device parameters. These include 

21 



minority carrier diffusion lengths in the base and the emitter regions, jun�tion 

depth -and the surface characteristics such as recombination velocity and the 

optical character.istics of the surface*. For a given cell n10 can be 

experimentally determined. 

Since the parameters Rand n10 depend on the photon energy , equation (9) 

represents the dependence of the photoresponse of the eel I on the photon wave-

length for a constant incident flux. To determine the response of the eel I to 

the incident broad-band solar spectrum, whose photon-flux distribution is 

given by �1A), n10 must be weighted with respect to �(A). 

i.e. 

Notice that for a given input spectrum, equation (10) represents maximum 

( 10) 

obta·inable response ·(since it represents R = 0 condition in eq. 9). The wave-

length dependence of the eel I response to the solar spectrum is given by 

�nd the total integrated response of the cell can be written as 

<nEQ (AM)> = f nEQ (AM) • dA 
AM 

clearly, the optimum design of an AR coating consists of maximizing the 

integral on the right hand side of the equation ( 12). 

( 11> 

( 12) 

* Other less dominant factors that contribute to n10 are dopant profiles and 
other internal fields. 
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We wi I I elucidate the design by considering examples of two types of cells --

a "standard" cell and a "uv" eel I. The internal quantum efficiencies for these 

eel Is are assumed to be known and the results of the calcu_lations at various 

steps of the design wi I I be presented. 

Figure 3.6 shows the n10 
of the two cells, in terms of the number of · 

carriers collected per incident Photon, as a function of the photon wavelength. 

The data selected for this figure corresponds to an average eel I of each kind, 

fabricated typically on Czochralski substrates. Major difference in the responses 

of the two eel Is is due to .the differences in their junction depths. Junction 

depth is typically 0.5pm for a "standard" cell and 0.25pm for a "uv" eel I; the 

smaller junction depth of the uv eel I results in its higher short wavelength 

response. The internal photoresponse of the eel Is to the input solar spectrum can 

be determined by using equation 10 . In these examples we wi II use AM2 as the 

incident spectrum. Figure 3.7 shows the photon flux, �(A), due to the AM2 spectrum. 

The spectrum is shown in the discrete steps of �A = 0 .05pm, and is used in this form 

in the numerical calculations presented hence forth. This discrete approximation is 

done to reduce the effort in numerical calculation and yet maintain a good accuracy 

of the resu Its. The tot a I photon f I ux with the specturm 0 .  3pm � A � 1. 1 vm, 

17 -1 -2 
is 2.154 x 10 photons sec em Figure 3.8 shows the wavelength dependence 

of the resultant response i.e. n10
cAM2) for the two eel Is. The integrated fluxes 

co fleeted by each cell for AM2 iII umi nation were determined to be 1.47 x 10
17 

em 
-2

sec 
-1 

and 1.40 x 1017 
cm

-2
sec-1 

for the "uv" and the "standard" cell respectively. 

Data in figure 3.8 can now be used in �quation 11 and Integrated according to the 

equation 12 to get the tot a I number of carriers co I I ected by each ce I I due to 

AM2 illumination. In this example we wi II use a two-layer AR coating consisting 

of Si
3

N4 (for the reasons discussed ea�lier) on 100� of Si0
2

• The optimum 

thickness of the Si3
N4 film will be determined .from a plot of <n

EQ
> vs t

1
, where 

t
1 

is the thickness of the nitride film. Figure 3.9 shows the calculated variation 

26 



.79 

0.78 UV CELL RESPONSE LI�IT 
---- --- ---- ---- - - - - - - - ------ --

.77 

.76 

.75 

.74 

.73 

.72 

• 71 . 

. 7 

STANDARD CELL RESPONSE L P41T 
.69 ----- - ---

.68 

FIGURE 3.9: 

200 400 600 800 1000 1200 

Si3N4 THICKNESS (in �) 

CALCULATED DEPENDENCE OF <�EO> ON THE THICKNESS 
OF Si N FIL� (BASED FIL�: 100� SiO ). TH£ 
PLOT ts4NO.R�ALIZED WITH RESPECT TO T�E TOTAL 
INCIDENT PHOTON FLUX. 

27 

1400 



of <nEQ> as a function of thickness. In calculating <nEQ> we have used equations 
0 

5-8 with the following parameter values: e0 = 54.8 , n 1 = 1.95, n2 = 1.45, 

t2 = = 100� and the complex values of n3 as reported in reference 4. The dotted 

lines in figure 3.9 represent the maximum qttainable efficiency, i.e. for 

R = 0, in each case. The optimum values of t 1 are found to be 630� and 650� for the 

"uv" and "standard" eel Is respectively. For·the optimum thickness values the 
17 total photon flux collected by the "uv" and "standard" cell s are 1.661 x 10 and 

17 -1  -2 1.467 x 10 sec em respectively. 

It is useful to compare the optimum thickness values of the AR coating for a 

textured eel I with that of an untextured . (Planar) eel I. Although in a practical 

situation the n10 for textured and untextured eel Is wi I I be different due to the 

differences in the refraction characteristics, we wi I I assume n10 to be the same 

for two case (for the sake of a fair compari·son). Figure 3.10 shows the normalized 

plots of carrier collection efficiency vs nitrJde thickness for untextured 

"standard" and "uv" eel Is. The maximum collection efficiency occurs at t1 = 735� 

for the standard eel I and t 1 = 695� for the uv eel 1. At these values of t 1, the 

total photon fluxes collected standard and the uv eel Is are 1.399 x 10 17 sec- 1cm-2 

17 - 1  -2 and 1.561 x 10 sec em respectively. Two important results can be obtained 

from a comparison between figures 3.9 and 3. 10: (i) the optimum thickness for a 

textured eel I is smaller than for a planar eel I of the same kind. (ii) Total 

collected fluxes by textured standard and uv eel Is are 1.661 x 10 17 and 1.467 x 1017, 
17 . 17 as compared to 1.561 x 10 and 1.399 x 10 respectively. These correspond to 

6.4% and 5.5% increase due to texturing. It 

increase is due to reflection alone since we 

textured and untextured ce II. In rea I ity the 

depending on the substrate characteristics. 
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ABSTRACT 

This oapor describes theoretical and exper
imental analyses of optical reflection and refrac
tion characteristics of 1 100) oriented textured 
si !icon surfaces. Three theoretical approaches 
(viz "limited ray" optics, diffraction grating, and 

transmission I ine) .are describE:Jd which can be 
�electively used to simplify design analysis to 
optimize ::::elI performance. Experimental measure
ments ir>clude diffuse reflectance of textured 
silicon wafers with differently prepared back 
surfaces, which enable separation of front {tex
tured) sur·face chan:JCteristics fr·orn those of the 
tJ,�ck s•Jdace. Measurement of I ight JJropagation 
anq I e:; in the air and the substrate are done by 
dlr·ect viewir•g in visible and IR light. Results of 
this ftn�lysis can be used to design AR coatings and 
!J;.tck surface ref ifJciors for optimum cell perform
ance. 

INTHODUCTION 

Surface texturing for solar eel is offers 
severa I d i st i net advantages such as: { i) broad
lound roGuction in surface reflection, which, in 
conjur,ctioil wi ih a thin film coating can lower the 
not reflecti o'l to approximately 3%; I i i )  increase 
in optical absorpt i on within the eel I due to in
cr0�59 in optical oath; and (iii) a surface prepara
tion technique, in lieu of isotropic etching, to 
generate a surface potenti a 1 1 ·1 !ow in carrier 
r·ccornb i nation ve I oc i ty. So1r.e ot these advantages 
huvc bean indicated previou s l y by other workers; 
hownver, 1here is little quantitative data, theoret
ical or experimental, which can be used for optimal 
d•:sign of texh;red cells. Data pub I ished to datA 
are curn:orJ1r�1od tow�rds s1udy 0f co��cs i to reflec-
1.,;,r;o cl'Jc: h· fror:t ,;,,d ••·)<:k surfaces of a textured 
�:afcr. Frurn thc:::;0 c.ati.l il is :1ot p0ssihle to iso
l a l0 rofrac; ion charnc.teris+ics due to textu�ing. 
�;., h-we, th·.JretorA, car;· i ed uut t heroret i . .:;a 1 as 
W8 I f ::-:s e;;p0r i r-v)o�·r.:.f a:-,;! I ·-tsos of t�xtu:--eC surfaces 
to 1�1er�i�c r�flc�tiun ard rofr�ction cnaract�r
jc: i c-.. tJ: c�i r/i"r.:, .... turcC s!! icon· CT .. S.), ai :-/thin 
f i I r../T. S .  i ntor I aces <md their dependences on a no I e 
of in-:i dcrce. This paper oiescribes r·esults of the 
3ndlysis, particul�rlj e���asizin� tho basic optical 
()L:-tra�tcris:ics :::f l8xtureC (iQQ} silicon surfaces 
w'•irro are r-21.1lod t-o <,cfar cell characteristics. 
lr•· ..... weticul aporr .. )c:chos or·e briefly described to 
in,!i:;;1e 1h(; different cc-ncq,l::, that cail be applied 
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for engineering design to optimize eel I perform
ance. 

THEORETICAL APPROACHES 

Theoretical model I ina of textured surfaces is 
important for understandi;g and utilizing the 
characteristics of texturing for improvement in 
ce I I performance. H011ever, a rigorous ana I ys is can 
be unduly complex for most applications regarding 
solar cells. It is instructive to follow a semi
quantitative approach that can lead to the engi
neering design of the various paraweters necessary 
for optimization of eel I perforrr.ance. The various 
important aspects of texturing are: (i) �eflection 
characteristics of an uncoated text:.Jred surface 
(ll) refraction characteristics due to a single 

textured surface (i.e. semi-infinite substrate) 
{iii) criteria for the design of a thin film coat
ing to be applied on the textured surface to im
prove reflection/refraction {iv) iilteraction of 
light, diffracted by the front surface, with the 
back side of the eel I and (v) computibi lity of the 
optical design with eel I processin�; for example, 
considerations need to be given to the influence of 
texturing on photo! ithography, rr.etall ization, 
impurity diffusion profiles, and increased prob�-
b i I i ty of breakage d•Je to exposed c I eavage pI anes. 

The theoret i ca I ana I ys is assumes a textured 
surface to be a two-dirnensiona! cseuco-p-eriodic 
structure. Several etchants are known which can 
be controlled to generate regular pyramids or ( 10':J) 
oriented silicon surfaces. T�ese include hydra
zinc and sodium and potassium based hydroxide 
solutions. A typical textured surface structure is 
shown by an- SE'-1 photograph in Figure 1. The 
validity of the pseudo-periodic nature can be 
clearly deMOnstrated by obse�ving the diffraction 
pattE:Jrn, r i gure 2a, due to a wei I textured surf?c�. 
The pattern cf Figure 2a was generated by shini�g 
a Hetle I aser beam ( ,\ = • 6328�) nortT:a I to the wafer 
(through a hole in the screen) and photographing 
the retlec-tE:Jd patte:-n on the screen. This paite�n 
clearly shows four lobes corresponding to a four
fold symmetry. The angular dispersion of the lobes 
was measured to be 39.2°. Ficure 2b is a diffrac
tion pattern due to ob!ique l�cidence <e i = 25°) 
of the liaht on the wafer showing asymmetry of +he 
lobes. If the angle is increased teyono 54.8°, the 
diffused beam is a single backward travel ling lobe 
i.e. the angle of reflection is negative. It 
should be pointed out that the regularity of 



1 1 10 pyrilmid� i� a con.dition that.ylelds minimum 
ref I action (as de�cribed later>. ConsEJquently 
gonar�;tion of a .clean dlff.raction patt�rn.can be 
usod to monitor texture etch charactertst1cs. 

The foregoing arguments clearly indicate that 
b textured surface can be analyzed in terms of 
grn t i ng theor·y. The grating shape may be redr�wn 
for convenience as shown in Figure 3, as a proJec
tion on a (100) plane to indicate two orthogonal 
grating structures along the x and y directions. 
Due to the large pitch of the grating, several 
simplifications are evident*, viz 

1. Two-dimensional fields due to the grating 
can be regarded as the superposition of 
orthogonal fields due to x and y grating 
components. 

2. Ray theory can be applied to determine the 
aperture field (characteristic of the 
groove shape). . . 3. Diffraction of energy (both 1n reflect1on 
as wei I as transmission) wil I occur 
dominantly in one order (±� for each grat-
1 ng. component) . 

tic w II 1 brl ef I y describe three approaches, common I Y 
used In optics, thnt are helpful in understanding 
different characteristics of textured surfaces. 
Since each approach gives approxi�te solutions,

_ Its range of validity must be confirmed by experi
ment. These analytical approaches are: 

CAl 

(8) 

"Limited Ray" Optics. In this analysis 
one assumes that a ray of light is 
doubly reflected within the grating 
grooves for each grating component as 
shown in Figure 4. This approach is 
quite simple and gives results which are 
in close agreement with experiment. 
Another major advantage.of this approach 
is the ease of extension of the analysis 
to other cases where one or more thin 
fi l1ns may be used for further red�ction 
In reflection coeffici.ents. �agn1tude 
and angular deviations of the optic ray 
are deterrnined from the Fresnel equations 
and Snell's law (1). Theoretical results 
of this ana 1 ys is are compared with exper- . 
imeni'al results in the next section. 

Diffraction Grating Theory is useful In 
deter.mrning angular dispersion of reflect
ed and re:racted beam(sl uti I izing grat-
1 ng equat'i ons: 

Sin e p � (for reflection) 

= � (for refraction) 

where n is the refractive index and p and 
q are the diffraction orders. .See 
Figure 5. 

* In conventional texturing peak height range is 
typically between 10 �m·to 15 �m. 

CC) Transmission Line (impedance matching) 
analysis is used to optimize AR coatings 
for. a textured surface. In this ap
proach, the textured surface is replaced 
by an equivalent planar surface whose 
impendance is determined from a measured 
Cor calcualted) reflection coefficient. 
This relation is given by 

z2-zt R= --

Z2+Zl 
where z1 and z2 represent normalized 
Impedances of fhe incident mediul'l) and 
textured surface respectively. The AR 
coating is designed to match zt and z2 
using a quarter wave plate, Figure 6. 

COMPARISON OF THEORY AND EXPERI"1ENT 

In this section we wil I compare theoretical 
results with actual measurements. Major empnasis 
wi II be on "I imited ray" optics theory. 

Reflection Characteristics 

Figure 4 shows the pat� of a ray when a tex
tured surface is normally illuminated. From this 
figure we find that each grating co�ponent wi II 
lead to two reflected beams emerging at ±39.6° "'ith 
re.spect to the incident beam, resu It i nSJ in a four
fold symmetry of the reflection pattern. The shape 
of the pattern (i.e� each lobe) corresponds to the 
aperture field due to the reflecting faces of the 
pyramids. Clearly we have ignored the edge fields 
as wei I as other reflections of the ray between 
faces I and II (Figure 4) near the bottom of the 
groove. The effect of these will lead to broad
ening of the angular dispersion of the lobes. All 
the· same, measured values agree wei I with theoret
ical results of this approach. For example mea
sured angular dispersion of the lobes in Figure 2a 
was 39.2 • Results of calculating the net reflec
tion coefficient considering wavelength dependence 
of the refractive index of si Iicon and double 
reflection are given in Figure 7 (dotted· line). 
Also Indicated in this figure is the calculated 
reflection due to a textured surface with a two
layer coating consisting of 695g of si Iicon nitride 
on lOOg of Sio2. Actual measurements of the reflec
tion characteristics are shown by solid lines. 
These measurements were made in a Cary 17 Spectro
meter using an integn:Jtin� sr-here. The neasured 
values correspow:l to single surface reflection ... 
Clearly a very good agreement exists between th�ory 
and the experl�en1 with, expectedly, slightly 
higher values of calculated reflection. 

Transmission Characteri-stics 

A I imited ray can also be used for 
determination of the propagation path within a sub
strate. Such an analysis wil I lead to determination 
of an increased. absorption coefficieni and henco to 

*An absorbing back surface was used to eliminate 
back reflection. 
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the l ncroa5e i n  current dens i ty < J sc >  of a so l ar 
co I I  as a rosu I t  of textur i n<J . F i gure 8a shows the 
angu l ar d i s pcrs i o·n of transrni tted beam i nto the sub
strate u s i ng Snl3 1 l ' s l aw .  DuG to the d i spers i on 
characte r i st i cs of the ref ract i ve i ndex of s i  I i con , 
the ang l e  s ubtended by the transmi tted ray w i l l  
change w i th the change i n  A .  The ang l es i nd i cated 
a re for l = 1 . 1 5� m  l or near the band edge , wh i ch i s  
the reg i on where the textur i ng i s  mose usef u l ) .  
I t  shou l 9  be emphas i zed that F i g u re 8a shows that 
the transmi tted ray at the pyram i d  face i s  tota l l y  
i nterna l l y  ref racted at f ace I I .  Th i s  i s  i n  
contrast to p rev i ou s l y  used ray approaches where 
the ref l ect i on f rom �ace I I  i s  i gnored ( 2 , 3) .  The 
present p i cture matches the observed resu l ts 
descr i bed be l ow .  

To determ i ne exper i menta l l y the a ng l es of the 
ret racted beams , we have used the fo l l ow i ng "d i rect 
v i ew i ng" techn i que . A th i c k 1 100 1 or i ente d ,  
textured s i  I i con samp l e  i s  i l l um i nated norma l l y  
w t -th 11 HeNe ( l  = 1 . 1 5 ]J m )  l aser beam. Due to the 
l arge th l c knos<:; of the samp l e  ( ty p i ca l l y  3/8 i nch ) ,  

angu l ar dev l a� i on s  can be deter-m i ned f rom 
separat i on s  between d i f f racted l obes st r i k i ng the 
back s urface ( or emer g i ng f rom the back s u rface ) . 
Of course, s i nce mu l t i p l e  ref l ect i ons/ref ract i ons 
can occur between the back and f ront s ur faces , 
( wh i ch can be i mportant i n  so l ar ee l I a pp l i cat i on s )  
a carefu l separat i on of these ef fects i s  necessary . 
I n  order to accomp l i s h  th i s ,  we have car r i ed out 

exper i ments w i th two types o f  back s u rfaces : 
( i )  po l i s hed and ( i i i  textured . F i gu re 8b shows 
a ray trac i ng d i agram i nd i cat i ng the ang l es subtend
ed by var i ou s  ref l ect i on orders at t he back su rface 
( not i ce the backward scatter i ng f rom the f ront 
textured s urface ) . F i gures 8b and Be s how expe r i 
menta l resu l ts o f  tra n sm i ss i on o f  a l = 1 . 1 5 um 
l aser beam i nto a textu red su bstrate w �th a po l i shed 
back surface. The ref ract i ve ang l e ,  �eas u red f rom 
f i gure 8c for the f i rs t  ref l ect i on ,  i s  29 . 2°, the 
saroo a� ca l cu l ated f rom the ray app roach descr i bed 
I n  F i gura 8a . A non -u n i form i ntens i ty d i st r i but i on 
I n  the l obes of the same order ,  F i gure Be , i s  
be I i evt:ld to be d ua to m i sa I i gnment of the samp I e 
surf ace w i th respect t

_
o a ( 1 00 )  o r i entat i on .  

F i gure 9 shows s i m i l ar photograp h s  < taken 
i hro•Jgh an I f/ v i ewer ) for a samp l e  w i th bot h f ront 
und back sur-face::. textured . F i gure 9o shows a 
doub l u  exposure photograp h  C a s  i n  8b ) ;  due to back
gr ound i l l um i nat i on ,  on l y  one pattern i s  seen i n  
t h i ::. f igun�. r i 9u r t1  9b i s  a . p hotograph of the back 
re f !  ect ed pa t tern wh,�rc the i nner br· i ght p atter:n 
was part l y  b l ocl<(]d by p l ac i ng a b l ack paper d i rect l y  
ov,�r it ( I cad i ng to S')rne I i ght trapp i ng between the 
paper and the s i l i con back s urface w h i ch can be seen 
emer·g i ng a l ong the paper edges ) .  F i g u re 9c shows a 
ray traci n (l  d ia3ram correspond i ng to the doub l y  
"toxt u red w a f e r .  

From F i gures 8 a n d  9 ( i . e .  u t i l i z i ng r a y  opt i cs 
appr·oach ) we f i nd that textur i ng can I nad to I i ght 
1 r·dpp i ng o f f  cc:ts .  Lesser deqree of trapp i nq occurs 
i f  bot h s u r f ilces are tex•Jr•.,d

-
as comDa rc•d to

-
one 

s i de po l i shed . These e f f ect s can be observed by 
r.;u·r·y i ng out· me>as u remP.nt s  of compos i te ref l ectance 
( i nc l ud i n�j f ron t· and bi:tck sur f uc.e l C. 'lcracte r i st i cs 
of th i n  toxturod wa fers w i 1 h d i f ferent l y  �repared 
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back sur faces . F i g u re 10 shows these character i s
t i cs as p f u nct i on of wave l ength . These mea s u re
ments were done s i m i l ar to those s hown i n  F i g u re 2 .  

· The l os s  i n  re f l ectance a s  a resu l t  of back s i de 
texture i s  c l ea r l y  seen f rom these f i gu re s . More
over , a compar i son of ref l ectances f rom wafers w i th 
po I i s hed and a l um i n i zed back s u rfaces l nd i cates t h at 
11 po l i s h ed b.ack does npt const i tute a comp l ete 
ref l ector . Based on these resu l ts one can charac
ter i ze a dou b l e  s i ded textured surface w i t h  an 
average power ref l ectance <R> = 0 . 5  and s i ng l e  
textured s u rface by < R> = 0 . 6, i n  the non-absor b i ng 
wave l ength range . 

Another featu re of textured s urfaces i s  the 
angu l ar dependence of the ref l ectance , w h i ch can be 
of i mportance i n  determ i n i ng the average i nf l uence 
of textu r i ng w i th respect to a d i urna l change of 
ang l e  s ubtended by the s u n . Exper i menta l l y measur
ed dependence of ref l ectance on the i nc i de n t  ang l e  
i s  shown i n  F i g u re 1 1  for two cases of i l l um i nat i ng 
cond i t i ons . These corresgond to · the p l an e  of 
i nc i dence p a ra I l e i  and 45 w i t h [ 1 1 0] d i rect i on .  
I t  i s  seen that a d i p i n  ref l ectance occ u r s  at -54° 
for i nc i dence p a ra ! l e i  to [ � 1 0] ;  the d i p  becomes 
more p ronounced for shorter wave l ength i l  l �m i na t i on .  
These resu l ts a re compat i b l e w i th the theory . 

APPL I CAT I ONS TO SOLAR CELLS 

Textur i ng can be very usefu l for i mprov i ng the 
performance of so l ar ce l l s .  I n  th i s  sect i on we w i  I I  
b r i ef l y  descr i be var i ou s  ways i n  wh i ch the opt i ca l  
character i s i cs o f  textu r i ng contr i bute to the 
i mp rovement i n  the ce l l  performance, fo l l owed by a 
d i scuss i on bf some p ract i ca l  d i f f i cu l t i es i n  
i mp l ement i ng text u r i ng i nto so l ar ce l l  p rocess i ng .  
Var i ou s  factors w h i ch cont r i b u te t o  the ce l l 
i mp rovement are : 

Reduct i on i n  Net " Ref l ect i on 

F rom · f i g u re 3 we see that text u r i no o f fers a 
techn i que . for broad-band reduct i on i n  r�f l ect i on 
coef f i c i ent . For so l ar ce l l s ,  the ef f ect i ve 
ref l ectance may be def i ned a s  

< R>  = f R ( :l. ) I L \ )  d:l. I f I 0. ) d l .  
Spectrum 0 Spect?u m  

where R ( l ) represents wave l ength dependence of the 
re f l ectance and I ( ::\. )  i s  the i nc i dent so l a r  spec
rum. For· a we l l  !fextured s ur f ace , w i thout a t h i n  
f i l m  coat i ng ,  the va l ue of <R> = 0 . 1 .  A p roper l y  
des i gned AR coat i ng w i l l  l ower the <R> va l ue to 
< 0 . 03 .  I t  shou l d  be empha s i zed that opt i mu m  des i gn 
of a t h i n  f i l m  AR coat i ng ( i . e .  determ i nat i on of 
the f i l m i ndex and the th i ckness )  for a so l ar ee l I 
i nvo l ves a convo l ut i on of the ee l I s pectra l 
response w i,th the compos i te s u rface ref l ectance 
R ( :l. )  d ue to text�re and the f i l m .  Such a p rocedu re 
i s  qu i te i nvo l ved and w i  I I  be p resented e l sewhere 

·( 4 ) . However ,  here we w i I I on I y p resent two emp i r
i ca I resu l t s  wh i ch a re usef u t i n  p red i ct i ng the 
changes i n  the ref l ectance character i st i cs of a 
textured s u r f ace due to a th i n  f i l m  depos i t i o n .  
These are : , ( i )  Near-zero - re f l ect i on cond i t i on s  a re 
met when f i l m  th i ckness and the i ndex sat i sf y  
q u a rter �'<We p l ate cond i t i ons for a p l an a r  s ur face , 



a nd ,  ( i i )  Dur>os i t  i o n of an AR cod t i ng l ea J s  to a 
b road rn i n i P1u1:1 ( cl S  �:.t"?(;n i n  i . i t.l U r-t._�  7 ) . T! ,cs� t�cs u l ts 
mfly be exr ... cctc·d f rom 1 !h:� i !;�p;t.fGnce cons i ch:�rai i e n  
d e s c r i bed em· I i or· i n  tno p,q:cr . 

Due to i nc re.:J SG i n  thu a n :.;  I c of I i g h t � r·op .:J �}J
i" i on ( �l i t h res pect i o  i he n:..Tmd l to ti lE ce l l  l 
a s soc i ated 1·1 i l h the tn:d"u 1· i ng ,  i·he ef feet i v .,· 

a bs or p t i on coef f i c i ent i s  i flcr·e>i:I S(•d by a f<:: ctcr 
1 I cose 1-1hen� e i s  t he a n g I e  of I i ghi p rorasat i on 
i n  the s u b siTwto.. Th i ::;  o f f  cct C<) n  p I  ay e n  i r.lpo!·tant 
ro I o i n  i�10 c a s es : ( i ) Th i n  C•a l I s  w here t h i s  
cond i t i on essent i a l l y  l ea d s  to � n  I ncrease i n  
e f f ect i ve t h i c kn es s , a n d  ( i i )  .·: : 1en t he m i no:· i ty 
c u r r i er d i f f u s i on l e ngt h of t he ce l l ' i s  sma l l .  

I t  �:a s  s ho�m ecr I i e r  t hat u s•a of ,, p I  a n a r  back 
s u r f ace ( l•il i i l  ::w l'l i t ho u t  n r:1et<J I coat i n g )  cnn g i ve 
r i se to en ha nced back ref i (·ct i on t hu "  l eud i n g to 
I i ghtirap rl i  ng . T h i s  I i gh'i ira fJ P i ng ehec. t can be 
u sed to i nc rea� t ho e f f ect· i ve t h i c kness of l he 
s u bs·t ra i e .  

The u s e  o f  textu r i ng i 'o I mp rove so l ur ee l I 
perf orn,anco s t r·ong I y depen d s  on ho1� cor�pai' i b I e t h e  
textured s u d ace i s  \·l i t h  ce l l p recess i ng ( a l so 
t a k i ng I nt o  con s i d er a t i on t he econom i c  a spects ) .  
The f aitor s  i 'h�t i n f l u ence use of text u r i ng f o r  
so l a r ce l l s a re re l a ted t o  t h e  p h ys i ca l  a n d  
e l ect r i ca l  c h ar aci'c r i s t l cs o f  t he textured s u r f uces . 
Va r i ou s  p r oc e s s i n g s:t eps \·: l l i ch a r o  i n f l u e nced by t h e  
p hy s i ca l  c h a raci·er i s t l c s a re :  ( i  l Photo ! H hog ra
p �y -- l i n e  w i d t h mod u l �t i on as we i I a s  poo r I i nc 
reso I ut i  on have been obser·vod to occ u r  as resu I t  
o f  expos l n ;1 p l r·.Y�ores i st orr textu r ed s u r faces w h i ch 
possess pyr�M i d  he i g ht s  - 1 5  � m .  C l ea r l y t h i s  
e f f ect can be red uced i f  the p y ram i d  h e i g h t s  a re 
sma l l e r .  T h eoret i ca l a na l ys i s  based on s u r f ace 
i mped a nce cons i d er�i i on s  l ea d s  to the conc l u s i on 
t hat p y ram i d  h e i g h t s  c a n  b� red u ced to 4�m w i thout 
any observa b l e  change s  i n  t n e  ref l ec t i o n / r e f rac
t i on c h a racte r i s t i c s a p p l i ca tJ I 0  t o  so l a r ee l I s . 
Ex per I menta I I y \·:e have obse rved th a t we I I text u red 
s u r f aces w i t h - 4 �m py ram i d s have shown ref l ectance 
chrJr;::;c t ·:: r i s l i •: s  i cJent i d n !  to t h :1 t o f  - l )pm py ram i rl s  .. 
( i  i l  �1e·i u l l  i z.:J -t . on -- d i f f i c u l ·r i es c a n  occ u r  i n  
obta i n i ng a u n i f orm covor0g8 of :r.eta l o n  a textured 
s u r f ace. Howc:ve r ,  no p cob l cms have boon ob s e rved 
i n  e l ectro l yt i c  or e l ec t r o l 0� s  p l at i n g techn i q ues .  
( i l i l  I ncrea sed p r ·o ba b i l l ty of br8c. Kage d u e  to 

g roov i ng i nt o  ( 1 1 0) c l eaV.:l9G p l anes l . o .  py ram i d  
b a s e  edges . Ou r ex per i once h a s  c:tr.::>wn t h a 't t h I s  

p ro b  I em c a n  be c i r·cur.rvented by p ro p e r  h 3 n d  I i ng 
p roced u re s . a n d  u t i I i zi n� p rocesses s u c h  as non
contact ma:,k I n�1 a nd p rvjeci' i <::>�1 i :r,ag i n g  f o r  p ho1·.::>
r e s  I si' exposu r·e .  

E I ect r i c a  I cha racter i·st i c s  o f  text u re d . s u r f  ace 
j u nci i on s  muy show d eg r ada t i on ;: ·,. cornpa rcd i'o i'he 
p l a n a r· j u 11ct i •.:m s ,  d L:G tl) : ( i )  ; ... . ;.;:)i1 o·<'!d s:J r i' ace 
a rea ; ( i i )  s·t resses i rd·r�ot h:ced tJy r�;,;to l l i z 3 1" i on ;  
( i i I )  e l ec t r i ca l  s h u n t i .1 �; o f  i ho.? j u nct i on L>V 
rnctu l l l z<:Jd pea ks w h i c h 1vcn� broken u f te r j u nc t i on 
f or·ma t l :->n bu t tJc f �,ru meta l I i ;:a t i on o n d  oxr;o:.;,,d 
t h e  u nder l y i ng s u bsi r-a t e .  E l ectr i ca l  j u nc r i c• n  
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c ; w r a c t  o r i s  t i c s  c 'l n  add i t  i orr a I I y be i •l f I uer:ced b y  
\'tJ r i (t t i on �_; \ :h i :;h �>..:c u r� i n  i · h c�  i r:-.p u r i t y cl i f .: _ , s i on 
[lrl>l t l es over· · I he' p y nwr i d s .  

Based o n  t h ree C i f  f e n: n t  a rJ �' rof!c h e s , n ; t::.: I �; s��s 
of t he op·:· i ca l  cflar·· a ct c r i s t i c s of ( 1 00 ) o r- ; 0 n tc'� 
:h:' >:i" u red s i  I i con s u r f tJ..:�cs h�1vc t·�: :; n  p r-es�n ·:·.:, d . I t  
i s  s hov1n t hat u \·Je l l  texi u red s � r f a c e  aci s ...... uc�!1 
I i ke a tl,·c-d l n;c :·; ·> i o nu l  ::J i f f rac::t i or. c, rni i n g .  �·.?a 

s u r e d  r e f  I cc "! i Qn cha rac:to r i s i i c s 2 g r e e  we ! !  \-J i �· h  
ray t heoret i ca l c a l c u l at i on s .  � i rect v i ew i �� o f  
l i ght p ror.a�:r:· i ,lr, pc·: h s  ( v i s i b i ·J l i g h t  f o r  r d l ec 

t i on a n d  I R  for· t ra n sl':'l i :, s i on )  h c: s  b e e n  u s e =  to 
d eterm i ne t':·: c. n�;u I ar d i ::� p c ··s i c.•n o f  the d i f f  ract8d 
be::Ims . V a r� i c, u s  rn·.::.:Jcs o f_ u t i l i z i n g texi'�1 r i -: �� f o r� 
t h e  i mp rove::ren t i n  so I ar· eo:c I I c h <wacter i s t i ::: s nave 
been descr i Led . I t  i s  s hown t h a t  t he maj o r 
advant�go of 1 oxttJr· i n g carl t)c due to l nc r��� s0d 
a b s o r p t i on i f  ( i )  tho rr. i no r i t y  CJ I T i e.r- d i f f u s i on 
l en gt h  o f  tho ce l l i s  sma l l ( i i )  t ho ce l l s D :-e t h i n .  

We have u l so s hown t h a t  p y ran i d  h u i gh i s  need 
t o  be o n l y  - 4 p m- i o  be u f f cci i ve i n  o b ta i n i r. �J / 
d e s i red c h a ract e r i s t i cs .  Th i s  p ro � e rty c a �  l c� d  t o  
cons i d eru b l e  s l mp l i f i c0 t i on i n  ce l l  p roce.s s i n o .  
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