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V=GROOVED SILICON SOLAR CELLS
Coemo R, Baraona and Menry W. Brandhorst
Lewip Resenrch Center
Notiopal Acrsnautics and Space Adminiscration
Cleveland, Ohio

Abstract and Summary

S5f{licon solar eells with macroscopic V-shaped
prooves aitd microscoplenlly texturized surfaces have
been made by preferentisl ctehing techniques, Vorious
conditions for potassium hydroxide and hydrazine hy-
drate otehing were investipated. Optical reflection
loases from these gurface were reduced. The reduced
reflection cccurved at all wavelengths and resulted in
improyed short clreuft current and spectral respopse,
Improved collection afficiency 18 also expected from
this structure due toe generation of earriers closer te
the eell junction, MHicroscople point mensurements of
collected current using a scanning electron microscopo
showed that current collected at the peaks of the tex-
turized surface were only 80X of those collected in the
valleys.

Incroduction

In order to achleve maximum solar cell efficliency,
roflectivity of the sillcon surface must be reduced to
ag low a level as possible, Thim permits the maximum
number of photons to enter the cell and contribute to
the current. Usa of single layer dielectric antire-
flection (AR, coatings has reduced the average reflec~
tivity from about 35% to about 10X, The use of multi-
layer AR coatings can reduce the average silicon re-~
flectivity to about 7%, However, this probably repre=-
sents a practliesl limit for these AR coatings. To re-
duco roflection further other methods must be used.

The concept of reducing silicon veflectivity bLy
physically altering the geometry of the silicon surface
wns introduced by Dale ond Rudenberg.l In this ap-
proach numerous inverted tetrahedra were ultrasonically
cut into the silicon surface, Reflectivity of this
gurface wag reduced to about 4% as a result of multiple
reflections from tie silicon surface. This approach
was abandoned beenuse of difficulties and costs associ-
ated with che ultrasonie cutting process.

Recent workZrd has shown that preferentinl chemi-
cal etehes on (100) orientation silicon surfacee can
selectively expose (111) pianes which intersect the
surface with fourfold symmetry and form an angle of
34,7° vetween them. Thie geometry ie useful in making
a low reflection gurface because incident light under=-
goes two reflections prior to escape. The gecmetry
and ongles of these structures, hence the reflectivity
is dictated by the erystallography of the silicon.

The purpose of this paper is to report on chemical
proceases for obtaining grooved and pyramidally textur-
ized silfcon surfaces which lead to minimum reflectiv=~
ity, Two types of etchancs were used, KOH and hydra-
zine hydrate, Results of eurface reflectivity measure-
ments and cell performance tests will be deseribed.

Opeieal Considerations

Several types of surface geometries can be envis-
ioned for reducing rveflectivity by multiple reflections
from the silicon surface,” The simplest is V-grooved as
shown in Figure la. The surface of thie structure con-
sists of a serles of parallel grooves vhich are V-
shaped in cross section separated by [lat sections of
varlable area. Trom crystallographic considerations
the wall angle is about 559 to the horivental and
groove depth is 0.7 times groove width, Light incident
on the flat spots between the grooves in Figure la is

-

lost after n eingle reflection. However, light incident
on a gL-ove wall will be rveflected into the adjacent
groove wnll where Lt hae a second chance to be transmit-
ted. Thua, if at a glven wavelenpgth there ie a 0,3 re-
flection lose on a flat surface, n grooved surface will
have n reflectivity of 0.09. MNote that this reflection
reduction 18 esgentinlly independent of the wavelength
of the incident light,

A second benuefit provided by these macroscopienlly
proved surfacea i{s Impreved eanrrier collection, Light
entering a groove wall is refracted laternlly in the
cell, The path of the blue Vight s approximately 43°
from the horizonctal and chat of the red light is about
489, Thus absorption and carrier genccatlion occurs
eloser to the junetion and collection efficiency is im-
proved, Furthermore the Light paths are such that totadl
internal reflection shouvld occur 1f the rear fance is
smooth., Such reflection would lead to further enhance-
ment of the red response and would bo especially impor-
tant in thin cells.

Two other classce of lnw reflection surface struc-
tures are shown in Flgure 1, Figure lb {8 o grid type
pattern with perpendleularly intersecting V channele
resulting in vegularly spaced (our sided-pyramids with
either pointed or truncated tops, Figure le shows a
series of randomly spnced and randomly slzed pointed
pyramids - o texturized surface. 1In all cascs, the
1ight reflected Erom the angled walls can undergo about
two reflections prior to escapipg from the surface.
This leads to g minimum bare surface reflectivity of
about I10%., Addition of an AR couting will reduce pe=-
flection even further.

Experimental Procedure

There are several proferentisl chemical ecches that
may be used for making low reflection surfnces. The
hest known 18 a potassium hydroxide (KOH) etch on (100)
orientatlon silicon as reported by Stoller.® To make
V-grooved samples, the silicon was firat oxldized with
steam to form a 0.2 um thick §10p layer. Parallel chan-
nels were opened in the oxlde layer using photoresist
tochniquea, Channel width was about 200 pm separated
by about 140 pm wide oxide covered silicon. KOU=-watar
compoeitions ranging from 3% to 508 by weight were used
to form the grooves, [Btch solution temperature wae var=
ied from 70 to 90° ¢ ond times from minutes to several
hours were used.

Groove width (and hence depth) can be controlled
by the width of the channel opened in the oxide. The
flot reglons between grooves can he eliminated by aiz-
ing the mask 8o that complete undercutting of the oxide
occurs at the same time the bottom of the grooves is
atched vo completion. The Bize and spacing of the
grooves 1s limlted by available photoresist technology.
Although groove alzes of the ovder of micrometers con
be produced by this technology this option wae not ex-
plored,

To aveid the difficulties of photomaske with micro-
seopic dimenzions these KON cich conditcivns were also
tried on unmasked silicon In an attempt to produce a
texturized surface. The range of condltions tried (3%-
50% KOH at 70 o 909 ¢) did not result in texcurized
surfaces. The surfaces which resulted were ghinny and
consisted of pumerous square, shallow depressions.

A second preferentinl cteh, hydrazine hydrace (HID),
hns been reported by Lea.
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He used thias W eich with oxide and photoresist
masking as an {solation technique in integrated cir-
cults. As In the previous case thls etch was tried on
{100) silicon without oxide masking. Both saw cut and
polished surfaces wore used., A range of IH and water
(H20) compositions from 100Z HH to 10% WH = 20X H,0 by
volume was tried, Etch temperature ranged from 25° C
to 115° €, Etch times were Erom a feow seconds to 3
days. Many combinotions of composition, time and tem-
peracture resulted in low veflectivity black velvet=like
textured surfaces, Eteh conditfons most commonly used
were 60% HH to 40% Hp0 at 1109 € For 10 minutes.

Both grooved and velvet surface wafers were made
into solar celle using conventionnl cell fabrication
ateps, The NP junctions were formcd using phosphorus
oxychloride (POCly) diffusions in oxygen carrier gas
at temperatures between 875 and 8259 C for 30 minutes.
Silver-only* and aluminum=gilver non-back surface Field
{non=BSF) type contacts were applied. Evaporated tan-
tolum oxide (Tdap0s) AR coatings .055 to .06 pm in thick~
ness vere used in some cases,

The scanning electron microscope (SEM) was used to
view the surfaces produced, Also, when operated in the
diode response mode, the SEM wns used to map the micro-
ascopic photovoltale response of junctions diffused in
texturized surfaces. In this mode the scanning clec-
tron beam generates carriers over o microscopic area of
the cell surface., These carriers are collected by the
junction and amplified in an external elreuit. This
eurrent 18 used to wodulate an imaging sereen to pro-
duce a pleture of the surface which 15 related to the
current collected from point to point on the cell sur-~
foce.

Results and Discuselons

Surface Texturc

The near boiling KOH-water mixture used here with
oxide mnsking and photoresist fabrication methods re=-
sulted in grooved and gridded surfaces (Figs. la and
1b)., The walls of chase grooves are (111) planes,
¥rom crystallographic considerations the wall argle is
about 559 and the groove depth is about 0.7 times the
width, The spacing between groove (i,c., the width of
the flat spots) and the size or width of the grooves
was controlled by the photomask spacing, The parallel
grooves in the samples and solar cells made for this

"mtudy wers macroscopie in size - on the order of a

hundred micrometers in width. A cross-sectional SEM
photo of a grooved sample ls shown in, Figure 2a.

The KOH eteh of unmagked (100) silicon resulted in
a shiny surfrce consisting of numerous square, shallow
depressions, shown in Figure 2b, ineffeetive [or reduc-
ing reflection,

Views at 1800X magnification of a hydrazine-
etched velvet surface from various angles are shown in
Figure 3. Figure Ja is a scanning clectron microgriph
{SEM) of a portion of the sample viewed in the diree-
tion perpendiculsr to the sample surface, Figure 3b
is anothor portion of the surface viewed from a 459
angle to the sample surlace. Figure 3¢ 18 a view nbout
729 from the perpendicular and rotated about 409 come
pared with the view in Figure 3b. The voried viewing
angles result In different surface appearance. It is
clear that this velvet or taxtured surface consists of
randomly spaced four sided, pointed tetrahedra. The
photos show that the pyramids vary in dimensions with
a2 maximum size and height of about 15 um, OQther tex-
tured surfaces with a differing ranmge of tetrahedron
glze have also been made.

The development of the textured or velvet surface
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as n function of hydrnzine etching time 18 shown 4n
Figure 4. These are 5B photos token at 1800X magnifi-
cation and at & 45° viewing angle with zero rotation,
i.0,, looking dirvectly at one face of the pyramids,

The original highly damnged, structureloss silicon sur-
face is shown in Figure 4a. After one minute of etch-
ing with an approximate 50X HH-H;0 boiling etch, the
totrahedra emerge ns small lumps scparated by gome f{lat
spots. As etching continues the size and structural
parfection of the tetrahedra inereases. After 15 min-
utes (FLg. 4d) the Flac spots disapear; only (111)
planes are exposed and the eteh rate slows.

For a given etch composition and temperature there
appears to be on optimum eteh time to ochieve moximum
structural perfection and uniformity. If atching con-
tinues beyond this time the pyramids begin to disappear
and f£lat shiny regions similoar to the nonmnaked KOH
etched samples previously described (Fig, 2b) begin to
emerge. These nonuniformly etched regions are also in-
fluenced by the pre-etrh surface condition of thn alli-
con somples. Results indicate that a saw cut or lapped
starting surface ylelds more uniformly texturized sur-
Ences mora consistently than chemically or mechanically
polished starting surfaces. In all eases, of Zourse,
the starting surfaces must be clean.

Tetraliedron size zan be decrensed by controlling
eteh conditions. For exomple, a room temperature, 100%
HIl etch for several daye gives a textured surfoce with
o maximum pyramid size of about 5 um. The structural
perfection of such surfaces in some cases was degraded,
i.e.y flat shiny spote os described above ware present.
However the silze of the pyramids obtained in this astudy
ghould not affeet the reflectivity and did not rvesult
in any known effoct on ecell fabrication.

Surface Refleceivity

Figure 5 shows the measured total reflectivity a-
gainst wavelength of the incident light for geveral
kinds of samples., The top curve is for a mirror-like
mechanically polished silicon surface. The next 4o
ore for parallel grooved samples with differing amounts
of surface area covered by grooves, This was oceom-
piished by varying the groove spacing, se that the mea-
sured proove area expressed in percent was 16% and 36%,
respectively, The total reflectivity at a plven wave-
length (Re) for a parallel grooved surface 15 deseribed
by the following relation:

2,
Rp = Aplp + Ag RgZ+1

vhere A, and An  are the areas of the [latg and
prooves respectively and Ry 18 the refleccivicy of

the flats. The 2,1 cxponent is bagsed on an estimate
that most photons incldent on a groove undergo two re-
flectlons but a few undergo three so that overall about
2.1 reflections are achieved. Thus a simple equation
can be used to ealeulate the refleetivities of the 16%
and 36% grooved samples in Figure 5. The velvet sur-
face in Figure 5 correspomis to 8 near 100% grooved sur-
face, The bottom eurve is for a velvet texturized sur-
face with an antireflection coating and cncapsulated in
FEP teflon film, The reflectivity is low (4-5%) and
relotively independent of wavelength. Saomples with

100% grooved or texturized surfaces have a matte or vel-
vet black appearance thus confirming the low reflection
from textured surfaces.

In Figure 6 the reflectivity as o funetlon of hy-
drazine etch time is shown. The major reflectivity de-
crease occurs in the first fow minutes.

Cell Performance

Cells made from grooved ar texturized suzfaces
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have conventional characteriatics whon properly made,
An I-V curve of a cell made on a texturized surface ia
ghown in Flgure 7. Normal open circuit voltage (Voc)
of .55 voltr for 10 ohm-cm material has been attained,
Low contact resistance (0.15 ohms) using non~BSF cells
with 10 or 18 grid finger contacr grid patterns hava
alao baeen attained, The I~V curves of texturized cella
made to date show £i1l factors botween 68 and 72% and
of ficiencity between 11 and 12%, These results indi-
cate that the texturized or grooved surface does not
adversely effoct the cell,

The low refleccion of these surfaces results in
improved short circult currvent (Igp). Alr mass zero
Ige's of 165 wn have been attained From 2x2 cells with
deep {0.25 micrimeter) junctions and non-optimized blue
shifted AR cantings (i.e,, greatest Ig, improvement
after coating in the blue portion of the apectrum}.

The spectral response of such a cell, shown in
Pigure 8, is equivalent to that of & comparably coated
plonar cell with n comparablo junction depth., Attempts
thug far to increase the current with shallower junc-
tions in the texturized surface vesulted in poor don-
tact resistances, low Vg, and poor curve shapes.

Microscopic patterns of photovoltaic response of
Junctions diffused in the textured surface have been
meagured and one case 1s illustrated in Fipure 9.

A normal ineidence SEM view of a solar cell sur~
face at 1950X magnificatdion 18 shown in Figure 9a., The
usual pesks {light areas) and valleys (dark regions)
for o serles of Intermeshed pyramids are clearly vis-
ible. Figure 9b shows the same area with the SEM oper=-
ated in a diode respense or photoveltaic (PV) mode,

Dark vegions correspond to areas of low-junction collee-
tion while the light arens indleate higher responnc or
collectad current.

Comparison of Fipurcs %9a and 9b shows that tha
penks anu edges of cach pyramid are regions of lower
response. A quantitative measure of the difference in
response was obtained by scanning the SEM beam across
a single line (connecting the arrows in Flg. 9a and b)
and displaying the collected diode current as a func-
tion of distunce. These results are shown in Figure 9c.
Onee again the peaks of the tetrahedra are arens of
lower regponge and the valleys and edges have higher
responge.  In these examples the pyramld peaks have 80%
of the response of the valleys., This effect may be
caused by multidirectional dopant penetration near the
peaks and edges of the pyromide, At the top of the
peaks phosphorus dopont from the POCLly source can enter
the silicon latcice from each of the four [acos of the
pyromid while at the edges twe sided diffusion is pos-~
g¢ible, Thus the dark low response veglons in Figure 9b
may be dopant satuvated, degeberate dead reglons with
poor material properties which then results in poor
Junetion ecollection in these reglons, Conversely, the
valleys may be arens of low dopant penetration but
have higher response than the peaks. If this explana-
tion is zorrect, the overall iImplication may be that a
starved source type of diffusion may he desirable for
textured surfaces and a balance bsiwrin pegk region
overdoping and valley regien underdopiag wil}! have to
be found. Thus, 1t is probable Cis (extures cell
efficiencies can be increased by wazzsifx: jupction
fabriecation to achieve shnllower jvhxnious with optl-
mized dopant profiles having no dead reglons.

Enhancement of collection efficiency has been seen
in radiation deagped eells. A sular cell with 65%
mucroseopie parallel grooving was irradiated with one
MeV electrons. Figure 10 shows the decrease in effac~
tive diffuslon length, a measure of collection effici~

ency, with one MeV eleeeron fluence for the 10 ohm-cm
grooved coll ond o conventiopal, smooth 10 ohm-cm cell.

Presumably the true diffusion length i{n both cells
changed the same amount with irradintion but the collee-
tior of carriers was not Impaired as quickly in the
grooved cell. The macroscopically grooved cell thare-
fore exhibite a lower damage coufficient.

Lenclusions

Several methods of moking different types of
grooved sllieon surfoces were domonstrated. Optienl re-
fleccion was gignificantly reduced and ean be approxi-
mately predicted using a simple formula, lydrazine
etehied (100) silicon wafare resulted in texturized sur-
faces which exhibit a high degree of structuraily per-
fect, pointed cetrabedra, Reflectivicy is reduced most
rapldly in the first few minutes of hydrazine atching
time.

Solar cells made from grooved and texturized sva-
fncas had normal voltages and Eill factors and improved
short circuit currents as cxpected. Effieiencies of
12% were obtalned without optimization of processing
conditions. Currents from the peaks of the pyramids on
texturlzed surfaces were about BOX those of the vnlleys.
Radintion damoge results show that collection efficiency
decreases less rapidly when solar cells are made wich
macroscopleally grooved surfaces.
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(@) PARALLEL GROOVED (SPACING CONTROLLABLE)

(b) UNIFORM GRID (EQUAL SIZE AND SPACING)

CD-11829-74

(c) TEXTURIZED (RANDOM SIZE AND SPACING)

Figure 1. - Classes of low reflection surfaces
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(b) AFTER 1 MINUTE OF HYDRAZ INE
HYDRATE ETCHING,

CS5-73706

(c) AFTER 6 MINUTES OF HYDRAZ INE (d) AFTER 15 MINUTES OF HY DRAZIINE
HYDRATE ETCHING. HYDRATE ETCHING.

Figure 4, - Development of texturized surface, X1800 magnification SEM photos.
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