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1.0 INTRODUCT | ON

In previous reports it has been shown that the intragrain structure in large
grain polycrystalline silicon substrates can play a domainant role in limiting the
performance of solar cells fabricated on such substrates. |t was also shown that,
in RTR ribbons, dislocations are responsible for the major intragrain defects.
Earlier analyses, using defect etching on a bevelled 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 identification of these two types
of dislocations -~ to be followed in the future by isolating their effects on cell
performance. This has been accomplished by extending the technique of Cu decoration
to determine defect propagation in polycrystalline substrates.

Another area of emphasis was a study of the influence of surface preparation on
cell performance. Two approaches were pursued in this direction. (1) cells were
fabricated on differently prepared substrates consisting of sequential wafers
from a Wacker Silso ingot. These included (a) damage-free polished (b) chem etched
and (c) textured. (2) An analysis of the effects of texturing on cell performance has
been started. The objective of this analysis is to establish theoretical approaches
for the optimum design of a textured cell. Various aspects of texturing have been
studied, starting with the analysis and design of the simpler case of single crystal
cells.

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 cell. 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
paths in Czochraiski single crystal silicon (1). Although this technique appears
to be quite unique, it has only been used under very restricted conditions of low
dislocation density (~TOBCm~2) and specific orientation which will permit viewing
along a <111> direction. Very lifttle information is available to render this
technique suitable for more general caées. 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 cm x 1 cm were scribed out of RTR ribbons (~8 mifs 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 SiO2 was sputtered on the copper side of the sample and
diffusion carried out at 900°C in a forming gas ambient. Following Cu diffusion,
the residual SiO2 and/or Cu was etched off and the samples examined under VIS/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 for viewing under an IR microscope.

2.2 RESULTS

Figure 2.1 shows a photograph of a Cu diffused sampie, which was defect
etched on one side prior to Cu deposition and observed under an IR microscope with
the etched side fowards the objective lens. The presence of Cu precipitation on

dislocations is seen as long "tails" associated with many of the etch pits. Many
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.8 mm polished

8 milow, 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. It 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 tails seen

in figure 2.1.*% Hence observation of Cu precipitation, in this configuation is rather
Iimited to a region near the surface.

Attempts were also made to observe dislocation iines 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. Initial 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 weil as copper precipitation which
extends a small 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+ 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-alloyed sites. The pattern of the sites indicates that the sites
of Cu-alloy 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 all dislocation sites have Cu alloyed in. To investigate it further,

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

¥An oil immersion lens was used for taking the photograph of figure 2.1. This also
interfered in ftaking photographs of etch pits in the reflection mode.
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FIGURE 2.3: PHOTOGRAPHS OF SEVERAL REGIONS OF A Cu DIFFUSED
SAMPLE SHOWING Cu-ALLOYED SITES.



photograph of a region of the sample which shows that etch pits are formed in
the regions which do not show residual Cu-alloy (efch pits with light central core
are the sites of Cu-alloy). Although several explanations can be forwarded to explain
why only some dislocations show heavy Cu diffusion/alloying, 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.



Cu-DIFFUSED

DEFECT-ETCHED

FIGURE 2.4a

FIGURE 2.4: PHOTOGRAPHS COMPARING THE PATTERNS DUE TO Cu-ALLOYED
-SITES WITH THE ETCH-PIT PATTERN IN THE ADJACENT REGIONS
OF AN RTR RIBBON.
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FIGURE 2.5: PHOTOGRAPH SHOWING ETCH PITS IN A Cu-DIFFUSED
SAMPLE. ETCH PITS WITH LIGHT CORE ARE THE
SITES OF Cu-ALLOY.
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3.0 DESIGN OF AR COATINGS FOR TEXTURED SOLAR CELLS

Solar cel|s'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 cell fabrication processes. An alternate approach developed
recently for silicon solar cells consists of texture etching <100> oriented
silicon wafers prior to the cell fabrication (2,3). Texturing generates a
pseudo-periodic surface structure (pyramids) which ¢can 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 well textured (100) oriented
silicon 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
analysis has been done which can be used to design a thin film coating for a
textured cell (of known characTerisTics): This section describes a procedure
for the design of an AR coating matched to optimize the performance of a
textured solar cell. The procedure is based on a known variation of the
internal quantum efficiency of a textured cell as a function of the photon
wavelength. The design consists of calculating the variation in the
integrated external quantum efficiency, <ng>, 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 film(s) are discussed in terms
of the optical parameters of the-film(s) as well as the potential of low-cost

technology for their deposition.

11



FIGURE 3.1: SEM PHOTOGRAPH OF A TEXTURED SURFACE



INCIDENT
RAY

FIGURE 3.2: ILLUSTRATION SHOWING RAY PROPAGATION AT ONE
GRATING COMPONENT.



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 will
be demonstrated for two practical cases of solar cells viz a standard cell

and a u-v cell.

3.1 CHARACTERISTICS OF TEXTURED SURFACES

Texturing (100) silicon surfacés by etchants like hydrazine or alkall
hyderoxide solutions, is known to generate regular arrays of pyramids, with an
apex angle of 70.40, by exposing (111) surfaces. Figure 3.1 shows an SEM
photograph of a textured silicon surface with a pyramid height of #15um.

The pyramid height, hence the spacing between them, can be controlled by
controlling the etch composition. |t 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 will present the basic equations for the ray optical
analysis -- the procedure will 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. The incident light réy makes an angle of 54.8° with the
pyramid wall A. Following the reflection from A, the light beam is re-reflected

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

14



R=R, . R, | (M

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

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

to parallel and perpendicular componehfs, and the net reflection coefficient

is given by
R PR R s Reip Ry - Rp R
R = = . = , (2)
2 : 2
Where the subscripts Il and l;refer'fo the parallel and the perpendicular

components respecfively, Rm[l and RmL (where m = A,B) are given by Fresnel

equations

n, cos6 - n

e o3 im = Mg SO0y
lelf— n, cosé + n, cosh, S (3)
_ Mg €088, = ng cosby, | S |
RmL " n. cosb. + n, cos8 o (4)

0 im 3 *m

where the“subscripts i and t refer to incident and fhe'frénsmiTTed beams
respecT?ver. In the above equation eiAv= 54.80,'6i8’= 16.y7o and‘no,and'n3,afe :
the refraCTiVe fndeces for air’and silicon fespecfively. Notice fhaf'ns is in
:generalycomplex énd depehds on the wavelength i.e.fns(k) =>n3-ik3. ‘The wave;
length dependence of ng and’k3 are published in the literature (4);

An analysis similar to this also applies to the sécond spatial grating
component, FQr norma | incidence Tﬁe'magnifude of +hé reflection coefficients for
bofh components fémainyfheséame;,;We héve calculafedwfhe’To+al~reflec+ion'«‘ff
coef ficient és;a fun¢+ion ofvwavelengfh using the published data én fhe Wave—

length dependence of the complex index. These results are shown in figure 3.3.

15
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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 cell. 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
efficiency) of the cell for which the AR coating has been optimized.

Previous analysis can be extended to a single or multilayer thin film
coating deposited on the textured surface. Of particular interest is a case
where the coating consists of two layers. Although the treatment presented
here for the two layer coating is general, the calculated results will be
presented for a system of Si3N4/Si02/TexTured cell. Basis for the choice of
this system will 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, RA’ is given by

r. + A exp [4L&I'n 1, cos8,]
Roe A 1 (5)
A1+ r]A exp [-id4n/x . n1f1 cose1
where
.- r, * rz exp [-x41r/)\'ﬁ n2+2 cos?z‘} )
1+ Fols eXp [~i4n n2+2 cosezl

17
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12 T and ry are Fresnel reflection coefficients for the interfaces no/n1,

n1/n2 and n2/n3 respectively. These coefficients are given by

r

| n P cosH -1 " n_ cosé
FE': n§_1 cosep?1 + nppcose ° o
I n cos® - n_ cos6
A p-1 p p p-| (8)
P n cosé_ + n_ cos8
p-I p p p-1

where p = 1, 2, 3; ep is given by Snells law np.Sinep = np_15inep_1. Equations
similar to RA apply at wall 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 cell with a
double layer AR coating consisting of Si3N4 (710% thick) on SiO2 (100R). 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 CHOICE OF THIN FILMS

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

(a) The refractive index, Ne» of the film material should be such that

~¥n_., .
f silicon

within the useful range of the spectrum.

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

other cell processing steps.

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

absorption).

20



Although several materials such as Ta205, Si3N4 and SiO have been used,
2i3N4 appears to be the most promising. Low temperature CVD grown Si3N4

films show desirable optical characteristics.

IT has been observed that a deposition of a high index layer on the silicon
surface leads to a degradation in electrical characteristics of the interface.
Use of an intermediate oxide layer is found to alleviate these problems. An
SiOz/Si interface can improve the surface recombination and, hence, improve the

cell performance.

3.3 DESIGN OF THE AR COATING

Major object of the design is to determine the parameter values of the
coating, required to maximize the external quantum efficiencies of a cell of
a known internal quantum efficiency. Although the terms internal and external
quantum efficiencies are well known for optical detectors it is instructive
to redefine them for a solar cell. The internal quantum efficiency, le is
the number of carriers collected by the junction for each photon transmitted
intfo the cell. 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 = (I1-R) n|Q (9)

where R is the reflection coefficient and depends on the bulk material
characteristics as well 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). le is a parameter

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

21



minorifyfcarfier diffﬁsion iengfhs\in fhe base’and the emiTTer regions, junction
depth and the surface’characféfisfiés such as récombinafion velociTyrand the
optical characteristics of The surface*. FQr a given cell nIQ can be
experimental ly determined. | |

Since the paramefers R and n'Qerehd on fhe:phdfdn_eﬁergy, equafion'(9)
represents the depehdence of the pHoforesbonSe’of the Cellyon the phofon wave-
length for a consfanT incidehi fiu*.bfTo determine the response .of The'cell to
the incident broad-band solar specfrum; WhCSe phbfon-ilux disfribufion is

given by &t1), nlQ must be weighted with respect to ¢(1).
i.e. nlO(AM)_= nrQ,. ? (A). B , ; (10)

Notice that for a given inpuf specfrum, equation (10) represents maximum
obtainable responsef(sincéiifkrephesenfsVR'='O condition in eq. 9). The wave-

length dependence of~+he‘cellrresponse to the solar specffum is given by

YL.e 0 (1)

(AM) = [1-R(M)] n'Q(A

nEQ
and the total integrated response of the cell can be written as

(AM)> = f ngo(AM) . dr (12)
AM

<nEQ

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

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

* Other less dominant factors that contribute to nIQ are dopant profiles and
other internal fields.

22
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We will elucida*e the design by considering examples of two types of cells --
a "standard" cell and a "uv" cell. The internal quantum efficiencies for these
cells are assumed to be known and the reeulfs of the calcuiafions at various
steps of the design will be presented.

Figure 3.6 showe the le of +he +wokcéjis,~in terms of the number‘of.
carriers collected per inciden+ Photon, as a function of the bhofon wavelength.
The data selected for this figure cerresponds to an average cell of each kind,
fabricafed typically on Czechraleki substrates, Major difference in the responses
of the two cells is due to the differences in their junction depths. Junction
depth iS typically 0.5um for a "standard" cell and 0.25um for a "uv" cell; the
smaller junction depth of the uv cell results iniifs higher short wavelength
response. The internal photoresponse of +he cells to the input solar spectrum can
be determined by using equation 10. In these examples we will use AMZ as +he
incident spectrum. Figure 3.7 shows the photon fldx, o)), due to the AM2 spectrum.
The spectrum is shown in the discrete steps of AA = 0.05um, and is used in this form
in the numefical calculations presented hence forth. This discrete approximation is
done to reduce the effort in numericalicalculaiion and yet main+ainva good accuracy
of the results. The total photon flux with the specturm 0.3um < A < 1.1um, |
is 2.154 x 1017 photons sec-Icm-z. figure 3.8 shows the wavelength dependence

le(AMZ) for the two cells. The integrated fluxes

col lected by each cell for AM2 illumination were determined to be 1.47 x 10" emZsec”
2

of the resultant response i.e.
1

and 1.40 x 1017 cm sec'-1 for the "uv" and the "standard" cell respectively.
Data in figure 3.8 can now be used in equation 11 and integrated according to the

equation 12 to get the total number of carriers collected by each cell due to

AMZ illumination. In this example we will use a two-layer AR coating consisting
of Si3N4 (for. the reasons discussed eaflier) on 100R of Si02. ~The optimum
thickness of the Si3N4 film wiil be,defermined from a plot of <nEQ> Vs +1, where

+1 is the fhicknese of the nitride film. Figure 3.9 shows the calculated variation

26
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of <nEQ> as.a function of thickness. |In calculating <nEQ> we have used equations
5-8 with the following parameter values: eo = 54.80, n, = 1.95, n, = 1.45,

+2 = = 1008 and the complex values of n; as reported in reference 4. The dotted
lines in figure 3.9 represent the maximum attainable efficiency, i.e. for

R =0, in each case. The optimum values of t, are found to be 6308 and 6508 for the
"uv" and "standard" cells respectively. For -the optimum thickness values the

total photon flux collected by the "uv" and "standard" cells are 1.661 x 1017 and
1.467 x 1017 sec-lcm'—2 respectively.

It is useful to compare the optimum thickness values of the AR coating for a
textured cell with that of an untextured .(Planar) cell. Although in a practical
situation the le for textured and untextured cells will be different due to the
differences in the refraction characteristics, we will assume n'o to be the same
for two case (for the sake of a fair comparison). Figure 3.10 shows the normalized
plots of carrier collection efficiency vs nitride thickness for untextured
"standard" and "uv" cells. The maximum collection efficiency occurs at +1 = 735R
for the standard cell and TI = 6958 for the uv cell. At these values of +], the
1

total photon fluxes collected standard and the uv cells are 1.399 x 1017 sec cm

and 1.561 x 1017 sec--lcm.'2 respectively. Two important results can be obtained
from a comparison between figures 3.9 and 3.10: (i) the optimum thickness for a
textured cell is smaller than for a planar cell of the same kind. (ii) Total

col lected fluxes by textured standard and uv cells are 1.661 x 1017 and 1.467 x 1017,

as compared to 1.561 x 10]7 and 1.399 x 1017 respectively. These correspond to
6.4% and 5.5% increase due to texturing. |t should be emphasized that this
increase is due to reflection alone since we assumed n'Q to be the same for the

textured and untextured cell. |In reality the increase due to texturing is higher

depending on the substrate characteristics.
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OPTICAL CHARACTFRISTICS OF TEYTURED (100) ORIFNTED

SILICON SURFACES

-~ APPLICATIONS TO SOLAR CELLS
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ABSTRACT

This maper describes theoretical and exper-
imental analyses of optical reflection and refrac-
tion characteristics of (100) oriented textured
silicon surfaces. Three theoreticai approaches
(viz "limited ray" optics, diffraction grating, and
transmission |ine) are described which can be
selectively used to simplify design analysis to
optimize cell performance. Experimental measure-
ments include diffuse reflectance of textured
silicon wafers with differently prepared back
surfaces, which enable separation of front (tex-
fured) surface characteristics from those of the
back surface. Measurement of light propagation
angles in the air and the subsirate are done by
direct viewing in visible and IR light. Results of
this analysis can be used to design AR coatings and
back surface reflectors for optimum cell perform-
ance.

INTRODUCT ION

Surface texturing for solar celis offers
several distinct advantages such as: (i) broad-
bond recuction in surface reflection, which, in
conjunction wiih a thin film coating can lower the
net reflecti on 1o approximately 2%; (ii) increase
in optical absorption within the cell due to in-
crease in optical path; end (iii) @ surface prepara-
tion technigque, in lieu of isotropic etching, to
generate a surface potentially low in carrier
recombination velocity. Some of these acdvantages
hove been indiceted previously by other workers;
howaver, there is little quantitative data, theoret-
ical or experimantal, which can be used for optimal
design of textured cells. Data published to date
arc concentrated fowards study of composite reflec-
tonce due to front and uack surfaces of a textured
wafer. From these cate it is not possible to iso-
lale refraciion characteristics gue to texturing.
Vii: have, thorefore, carried out theroretical as
well =3 erperimantal analvses of textured surfeces
to duiermine reflection ard refrection charactar-
ictice ot eirf/testured siticon (T.S.), air/thin
file/T.S. intcrfaces and their dependences on anale
of iniiderce. This paper daescribes results of the
analysis, particularly emnhasizinag the basic optical
charactericiics of  vextured (100) silicon surfaces
whicn are ralated to sclar cell characteristics.
Trweoretical sporoachos are briefly described to
indicate the different concepls that can he applied
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for engineering design to optimize cell perform-
ance.

THEORET ICAL APPROACHES

Theoretical modelling of textured surfaces is
important for understanding and utilizing the
characteristics of texturing for improvement in
cell performance. However, a rigorous analysis can
be unduly complex for most applications regarding
solar cells. |t is instructive to follow a semi-
quantitative approach that can lead to the engi-
neering design of the various parameters necessary
for optimization of cell performance. The varicus
important aspects of texturing are: (i) reflection
characteristics of an uncoated textured surface
(ii) 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 tc im-
prove reflection/refraction (iv) interaction of
light, diffracted by the front surface, with the
back side of the cell and (v) compatibility of the
optical design with cell processing; for example,
considerations need to be given to the influence of
texturing on photolithography, metallization,
impurity diffusion profiles, and increasec probs-
bility of breakage due to exposed cleavage planes.

The ¥heoretical analysis assumes a textured
surface to be a two-dimensiona! pseudo-periodic
structure. Several etchants are known which can
be controlled to gererate regular pyramids or (1035}
oriented silicon surfaces. These include hvdra-
zine and sodium and potassium based hydroxide
solutions. A typical textured surface structure is
shown by an SEY photograph in Figure 1. The
validity of the pseudo-periodic nature can be
clearly demonistrated by observing tine diffraction
paitern, figure 2a, due to a well texiured surface.
The pattern of Figure 2a was generated by shining
a HeMe laser beam (A = .6328R%) normal fo the wafer
(through a hole in the screen) and photographing
the reflected pattern on the screen. This pattern
clearly shows four lobes corresponding to a four-
fold symmetry., The angular dispersion of the lcbes
was measured to be 33.27. Figure 2b is a diffrac-
tion pattern due to ob!ique incidence (e ; = 25%)
of the light on the wafer showing a2symmetry of +the
lobes. |f the angle is increas2d teyona 54.87, the
Giifused beam is a2 single backward travelling lobe
i.e. the angle of refiection is negative. It
should be pointed out that the reqularity of



1li® pyramids is a condition that.ylelds minimum
reflaéction (as described later). Consequently
generation of a clean dlffraction pattern can be
used to monitor ‘texture etch characteristics.

The foregoing arguments clearly indgicate that
8 textured surface can be analyzed in terms of
grating theory. The grating shape may be -redrawn
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 in reflection
as weil as transmission) will occur
dominantly in one order (M for each grat-
Ing component).

Wic will briefly describe threc approaches, commonly
used In optics, that are helpful in understanding
different characteristics of textured surfaces.
Since each approach gives approximate solutions,
Its range of validity must be confirmed by experi-
ment. These analytical approaches are:

(A) "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 agreament with experiment.
Another major advantage. of this approach
is the ease of extension of the analysis
to other cases where one or more thin
films may be used for further reduction
In reflection coefficients. Magnitude
and angular deviations of the optic ray
are determined from the Fresnel equations
and Snell's law (1). Theoretical results

of this analysis are compared with exper-

imental results in the next section.

(B) Diffraction Grating Theory is useful In
determining angular dispersion of reflect-
ed and re/racted beam(s) utilizing grat-
Ing equations:

Sin & =~ Sin ep = E% (for reflection)
Sin 6, - Sin eq = g%-(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 ym-to 15 um.

(C) 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
(or calcualted) reflection coefficient.
This relation is given by

N aat
+
7'
where Z, and Z., represent normalized
Impedances of %he incident medium and
textured surface respectively. The AR
coating is designed to match Z, and Z
using a quarter wave plate, Figure 6.

COMPARISON OF THEORY AND EXPERIMENT
In this section we will compare theoretical
results with actual measurements. Major empnasis

will be on Ylimited ray" optics theory.

Reflection Characteristics

Figure 4 shows the path of a ray when a tex-
tured surface is normally illuminated. From this
figure we find that each grating component wil!
lead to two reflected beams emerging at #39.6~ with
respect to the incident beam, resulting 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 well as other reflections of the ray between
faces | and 1l (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 well 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 silicon 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 695A of silicon nitride
on 1008 of Si0,. Actual measurements of the reflec-
tion characteristics are shown by solid lines.
These measurements were made in a Cary 17 Spectro-
meter using an integrating spghere. The measured
values correspond o single surface reflection*.
Clearly a very good agreement exists between theory
and the experimeni with, expectedly, slightly
higher values of calculated reflection.

Transmission Characteristics

A limited ray can also be used for
determination of the propagation path within a sub-
strate. Such an analysis will lead to determination
of an increased. absorption coefficient and hence to

¥ An absorbing btack surface was used to eliminate
back reflection.
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the Increase in current density (J..) of a solar
cell as a result of texturing. Figlire 8a shows the
angular dispersion of transmitted beam into the sub-
strate using Snell's law. Due to the dispersion
characteristics of the refractive index of silicon,
the angle subtended by the transmitted ray will
change with the change in X. The angles indicated
are for A = 1.15um (or near the band edge, which is
the region where the texturing is mose useful).

It should be emphasized that Figure 8a shows that
the transmitted ray at the pyramid face is totally
internal ly refracted at face Il. This is in
conirast to previously used ray approaches where
the reflection from *ace Il is ignored (2,3). The
present picture matches the observed results
described below.

To determine experimentally the angles of the
refracted beams, we have used the following "direct
viewing" technique. A thick (100) oriented,
textured silicon sample is illuminated normally
with a HeNe (A = 1,15 um) laser beam., Due to the
large thlckness of the sample (typically 3/8 inch),
angular devlalions can be determined from
separations between diffracted lobes striking the
back surface (or emerging from the back surface).
Of course, since multiple reflections/refractions
can occur between the back and front surfaces,
(which can be important in solar cell applications)
a careful separation of these effects is necessary.
In order to accomplish this, we have carried out
experiments with two types of back surfaces:

(i) polished and (ii) textured. Figure 8b shows

a ray tracing diagram indicating the angles subtend-
ed by various reflection orders at the back surface
(notice the backward scattering from the front
textured surface). Figures 8b and Bc show experi-
mental results of transmission of a A 1.15 um
laser beam into a textured substrate with a polished
back surface. The refractive angle, weasurgd from
Figure 8c for the first reflection, is 29.27, the
same as calculated from the ray approach described
In Figure 8a. A non-uniform intensity distribution
in the lobes of the same order, Figure 8¢, is
believed to be due to misalignment of the sample
surface with respect to a (100) orientation.

Figure 9 shows similar photographs (taken
ihrough an IP viewer) for @& sample with both front
and back surfaces textured. Figure 9a shows a
double exposure photograph (as in 8b); due to back-
ground illumination, only one pattern is seen in
thiu figure. Ffigure 9b is a photograph of the back
reflected pattern whaare the inner bright pattern
was partly blocked by placing a black paper directly
over it (leading to some light trapping between the
paper and the silicon back surface which can be seen
emerging alony the paper edges). Figure 9c shows a
ray tracina diagram corresponding to the doubly
textured wafer.

From Figures 8 and 9 (i.e. utilizing ray optics
approach) we find that texturing can Iead to light
trapping effects. - Lesser degree of trapping occurs
if both surfaces are texured as comparcd to one
side polished. These effects can be observed by
corrying out measurements of composite reflectance
(including fronl and back surface) cherecteristics
of thin texturcd wafers with Jifferently grepared

back surfaces. Figure 10 shows these characteris-
tics as a function of wavelength. These measure-
ments were done similar to those shown in Figure 2.

"The loss in reflectance as a result of back side
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texture is clearly seen from these figures. More-
over, a comparison of reflectances from wafers with
polished and aluminized back surfaces indicates that
a polished back does not constitute a complete
reflector. Based on these results one can charac-
terize a double sided textured surface with an
average power reflectance <R> = 0.5 and single
textured surface by <R> = 0.6, in the non-absorbing
wavelength range.

Another feature of textured surfaces is the
angular dependence of the reflectance, which can be
of importance in determining the average influence
of texturing with respect to a diurnal change of
angle subtended by the sun. Experimentally measur-
ed dependence of reflectance on the incident angle
is shown in Figure 11 for two cases of illuminating
conditions. These corresgond to-the plane of
incidence parallel and 45 with [110] direction.

It is seen that a dip in reflectance occurs at ~54°
for incidence paratlel +o [110); the dip becomes
moré pronounced for shorter wavelength illumination.
These results are compatible with the theory.

APPLICATIONS TC SOLAR CELLS

Texturing can be very useful for improving the
performance of solar cells. In this section we will
briefly describe various ways in which the optical
characterisics of texturing contribute to the
improvement <in the cell performance, fol lowed by a
discussion of some practical difficulties in
imp lementing texturing into solar cell processing.
Various factors which contribute to the cell
improvement are:

Reduction in Net Reflection

From Figure 3 we see that texturing offers a
technique .for broad-band reduciion in reflection
coefficient. For solar cells, the effective
reflectance may be defined as

<R> = floo.) da.

JrROY 10 o/
Spectrum

Spectrum

where R(A) represents wavelength dependence of the
reflectance and | _(1) is the incident solar spec-
For a well ?exfured surface, without a thin

rum.
film coating, the value of <R> = 0.1. A properly
designed AR coating will lower the <R> value to
<0.03. It should be emphasized that optimum design

of a thin film AR coating (i.e. determination of
the film index and the thickness) for a solar cell
involves a convolution of the cell spectral
response with the composite surface reflectance
R(2) due to texture and the film. Such a procedure
is quite involved and will be presented elsewhere
(4). However, here we will only present two empir-
ical results which are useful in predicting the
changes in the reflectance characteristics of a
textured surface due to a thin film deposition.
These are: ,(i) Mear-zero -reflection conditions are
met when film thickness and the index satisfy
quarter wave plate conditions for a planar surface,



and, (ii) Deposition of an AR coating leads to a”
broad mininum (as secn in i'igure 7). Theoe results
may be expected from ihe fwpodence consideralicn
described carlier in tno paper.

Increase in Absorntion

Due to increasc in thae angle of light propago-
fion (with respect to the ncrmal to the cell)
associated with the texturing, the eof fective
absorpticn coefficient is increased by a fecter
1/cose where 8 is the angle of lighi propagation
in the substrate. This effecl can play an important
role in two cases: (i). Tnin ¢2lls where this
condition essentially leads to an increase in
effective thickness, and (ii) when the minority
carrier diffusion length of the cell is small.

Light Tranping

It was shown earlier thal use of a planar back
surface (with or without a motal coating) can give
rise to enhanced bhack reficction thus leading to
lighttrapping. This light trapping efrect can be
used to increaae the effective thickness of lhe
substrate.

The use of texturing to improve solar cell
performance strongly depends on hew compatible the
textured surisce is with cell prccessing (also
taking into consideration the cconomic aspects).
The factors 1hat influence use of texturing for
solar celis are related *o the physical and
electrical cheracteristics of the textured surfaces.
Various processing sieps which are influenced by the
physical characteristics are: (i) Photolithogra-
phy -- line width modulation as well as poor line
resolution have been cbserved to occur as result
of exposing photorecist on fextured. surfaces which
possess pyramid heights ~ 15 um. Clearly this
effect can be reduced if the pyramid heights are
smal ler. Theoretical analysis besed on surface
impedance consideraiions leads to the conclusion
that pyramid heights can be reduced to 4pm without
any observable changes in the reflection/refrac-
tion characteristics applicable to solar cells.
Experimentzlly we have olserved that well textured
surfaces with ~4um pyramids have shown reflectance
charactaristi identidal! to that of ~15um pyramids.
(ii) Meiallization —— difficulties can occur in
obtaining a uniform coveraga of metal on a textured
surface. Howzver, no provlems have been observed
in electrolytic cr electroless plating techniques.
(iii) Increased probability of brearege dus to
grooving into (110) cleavage planes i.¢. pyramid
base edges. Our experience has chown that This
problem can be circumvented by proper handling
procedures and utilizing processes such as non=-
contact masking and projection imaging for photo-
resist exposure.

characteristics of textured.surtace
spared to the

Electrical
junctions may show degradation z:
planar junctions, duzs fo: - (i) :d suriace
area; (ii) stresses introduced oy metallization;
(iii) electrical shunting of {he junciion Ly
wetal lized peaks which were broken after -junction
formation but befiire metallization and exposed
the underlying subsirate. Elecirical juncribn
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characterictics can additionally bLe influenced by
variations which oocur in the impurity diffasion
profiles over lhe pyramids. -

CONRCLUSTON

Based on three cifferent approacnes, aiazlvses
of the optical characteristics of (100) oris
Foxtured silicon surfaces hove te2n presen
is shown that woell texiured surface acts
like a two-di sional diffraction grating.
sured reflection charectieristics agree we!l with
ray thzoretical calculations. Tirect viewing of
light prepacation paths (visible light for reflec-
tion and IR for transmission) has becn used to
determine thz ongular dispersion of the diffracted
beams. Various modes of utilizing texturing for
the improve:ent in solar c2ll characteristics nhave
been describ I+ is shown that the major
advantage of igxturing cen be due to incr
absorption if (i) the mincrity currier diffusion
length of the ccll is small (ii) the cells are thin.

a

Mog-

We have also shown that syramid heighis noed
to be only ~dum-to be effective in obtaining .~
desired characteristics. This proserty can lecad to
considerable simplification in cell processing.
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FIGURE 2. REFLECTED BEAMS CORRESPOMDING TO
INCIDENCE OF A HoNe LASER BEAM
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FIGURE 3. ILLUSTRATIONS SHOWING PERIODIC
STRUCTURE OF A TEXTURED SURFACE,
PROJECTIOH ON (.100)° PLANE.

FIGURE 4. [ILLUSTRATION OF RAY PROPAGATION
FOR X-GRATING COMPONENT.
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FIGURE 5. |LLUSTRATION OF DIFFRACTION GRATING
APPROACH.
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IFIGURE 7. COMPARISON OF EXPERIMENTAL AND
THEORETICAL REFLECTION CHARACTERISTICS
FOR TEXTURED AND TEXTURED + AR COATED
SURFACES. AR COATING WAS DESIGNED -

FOR MINIMUM WEIGHTED REFLECTION FOR AM1.

37

f - 28.2-

A

c

FIGURE 8. A} RAY TRACING FOR FRONT TEXTURED

(BACK POLISHEDY WAFER.
A DOUBLE EXPOSURE OF WHITE LIGHT
LLUMINATED (PCLISHED) BACK SURFACE
AND A TRANSMISSION PATTERN DUE TO
1.1% ym LASER BEAM.
TRANSMISSION PATTERM SHOWING YARIOUS
BACK SURFACE REFLECTION ORDERS.
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FIGURE 10: EXPERIMENTAL REFLECTION CHARACTERI S~
TICS OF A TEXTURED (FRONT) SURFACE
FOR DIFFERENTLY PREPARED BACK SURFACE.
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