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The present invention is associated with a new solar
cell structure and its implementation, whereby multiple
interleaved n and p-type silicon horizontal layers are
used to greatly increase the ccllection probability for
carriers generated by the absorption of light in'poor
quality material. Such structures are not feasible with
conventional approdches where bulk substrates are formed
from ingots which are subsequently sawn into the
individual wafers or substrates. However, new thin film
approaches for layer formation such as chemical vapour
deposition, solution growth, liquid phase epitaxy, plasma
deposition and recrystallization or plasma deposition of
amorphous material and subsequent crystallization, etc.,
make it feasible to form structures comprising multiple
horizontal layers of interleaved n-and p-type material.
Furthermore, prior to another recent invention by the
present inventors, entitled "Buried Contact Interconnected
Thin Film and Bulk Photovoltaic Cells® (PCT/AU92/00658),
such a structure would never have been considered as
suitable for photovoltaic device fabrication, due to the
difficulty in contacting all the layers of a given
polarity which need to be connected in parallel. In the
invention described in PCT/AU92/00658, the Buried Contact
Solar Cell approach has been used to provide grooves
through the entire thickness of all the horizontal doped
silicon layers to enable contact to be made to each
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area, where light falling on the contact area is prevented
from entering the silicon material. '
SUMMARY OF THE INVENTIQN : . _

i0 The present invention cbnsists in a solar cell
heving at least three layers of alterpate polarity

material defining P-n junctions_between each pair of !f

_alternate layers, at least three layers having a maximum
~ dopant concentration above 1017 atéme/cm3, and at least
15 three layers having a thickness which is not substantially
.greater than a minority carrier diffusion length for the
dopant cencentration of the material in the respective
layer. .
Typically the thlckness of the doped layers will be '
20 in the range of 0.05 times to 5 times the minority carrier
~diffusion length_and_preferably in the'range of 0.2 to 2
times the minority carrier diffueibn length for the
respective doped material. A device with a spatially non-
uniform diffusion length and/or thlckness will fall within
25 the scope of this invention if any region of the layers
- falls within the above ranges. A demonstratable measure
of these condition being satisfied_wbuld_be the
‘achievement of high eferage collection probabilities for
carriers. . |
30 Cells. may be of doped crystalline or polycrystalllne
silicon, amorphous silicon and its alloys, cadmium
telluride, cadmium sulphide,_eopper indium diselehide, an
alloy of the form or CulngGaj;_xSySe;.y or other
- semiconductor material. 1In cells comprising a stack of
35 silicon layers, one or more relati#ely thin layers of |
silicon/germanium alloy could also be included. Layers of
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cor,r espondi ng dopant type to heavily diffuse the groove wal | s as shown
in-Figure 1. These grooves can be of any di mensi on provided they are

deep enough g osashgct all the 5 active silicon layers, and gﬁw&%gh

to avoid excessive | osses 'due to the reductigon i'n useful _
area, where light falling onithe contact area is prevented from
entering the silicon material. SUMMARY OF THE | NVENTI ON 10 The
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of alternate pol ariRFulating Materisk shch, as r?‘]a]uilr’r'tqq"f o‘?féi‘g%{ v%’e?je%cﬁ a%y-
of al ternat e | ayitrrside loowld |alsd Hehrigetdmmidrterntidy nbnterleavedkivithin

dopant concentrati pl? atons/cnferr], and the 15 at |east three
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mnority carrier Paih%Qfi qﬁﬁﬁﬁﬂ1é§i§ﬁ&q¥ g PUGh thakdh® 0.2 to
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doped material. A device w th,a Sspatial ngn- uni.f orm diffusi.on | ength
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of high average co ctiorn probabilities for . _

with doped layer thicknesses within the range of 50A to

SOum, depending upon the material quality. In silicon

material the dopant concentration will preferably be

greater than 1017 atoms/cm3 over at least 50% of the bulk

15 of each layer and more preferably will range between 1017
and 1018 atoms/cm3 over substantially all of each layer.

In preferred embodiments using silicon material each
layer will be between 0.2 and 15 microns thick.
In silicon cells the top layer will preferably have

20 a maximum dopant concentration within the layer of 1018
atoms/cm3 or greater. | |

According to a second aspect, the present invention
consists in a method of forming a thin film solar cell
comprising the steps of _

25 (a) forming onto a substrate a plurality of
alteihatively doped thin layers of semiconductor material
to form a plurality of rectifying junctions therebetween,
‘the maximum dopant concentration of each layer being
greater than 1017 atoms/cm3, and each layer having a

30 thickness not substantially greater than the minority
carrier diffusion length of the respective doped material,

| (b) forming sequentially at least two sets of
groovéslin the plurélity of layers to expose some or all
of the doped layers, '



carriers. 30 Cells may be of doped crystalline or polycrystalline
silicon, anorphous silicon and its alloys, cadm um telluride, cadm um

sul phi d i ndi um di sel eni de, an all oy of the form or
Culn[erﬁ?ggierrf-[err]S[err]Se[err] or ot hes seni condRCTHUIEE4 ol . 1 n
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be intermttengryovesprl eaved within t he stack. .
(d) forming in at least one other of the grooves an
5 n-type surface region over the entife surface of the
_ respectzve groove or grooves, | _
(e) formlng a metal contact 1n each of the grooves
respectively to make contact_w;th”the p-type and n-type
- surface regions. |
10 . .Preferably the substrate will be selected from one
of, crystall;ne, polycrystalline or amorphous sillcon,
graphite, steel or other metals, ceramic or glass and the ‘7
active layers are formed by a process or processes which
may be selected from chemical vapour depositlon, solution
15 growth, liquid. phase epitaxy and plasma deposltion of an
amorphous film followed by crystallization.

_ In a further embodiment, the method includes the
steps of forming intrinsic or lightly doped layers between
each pair of p and n-type layers and/or forming insulating

20 layers within the stack.
BRIEF DESCRIPTION OF THE DRAWINGS o
Embodiments of the invention will now be described
with reference to the accompanying drawings in which:-
Figure 1 illustrates the_basic'structure of a solar
25 cell according to the present inventioh; having multiple
interleaved n and p-type doped crystalline or |
polycrystalline silicon layers, using buried contacts to
‘make contact to buried layers;
_ Figure 2 illustrates the same solar cell structure
30 as that of Figure 1 but with dimensions given for an
embodiment using a poor qnal;ty silicon materzal,
_ Figure 3 illustrates a further embodiment of the
invention having a similar structure to that of Figures 1
and 2 but where intrinsic layers are lnterposed between

35 alternate p and n-type layers;



Effbodi ments of the invention may al so include | ayers 5 of intrinsic

material or |lightly doped material between pairs of alternate
pglarity |a o~ h that the - junctions are p- Intr|n5| 'kﬂgﬁﬁ ns.
In enbodjneﬁ?é§%ase§ upon si:li con material, 5 typically nag?hun1 o%gnt
concentrations within the 10 mjority of | ayers of 1017 atons/cnierr] or
nore w |l be used,- w th doped | ayer thicknesses within the range of
50A to 50[err]n1 d n tg I | hgo
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In silicon cellss the topFigyee 5i illustfatesdly ﬂmrehezoembndxmenn1dﬁpahe
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According to a sectnd aspect [AVenti on ~~ consi sts
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(a) formng onto g, ?gpgtrate a plurallty of alternatively doped thin
| ayers of sem conduct or forma 6 r % y of rectifying
junctions therebet JEEMLED DESFREPWQQVn9§1H§5a§¥B Bﬁ%ﬁh ation of each

layer being 10 - great enef@amﬂelioarmfenﬁ, embodiméntsyef thei pgesento
‘thickness not subsfantially greater than.tDg SbRQEisYng a plurality of

alternate p-type semiconductor layers 10, 11 and n-type
- semiconductor layers 12, 13, 14 forming rectifying
junctions 15, 16, 17, 18 therebetween. The alternating
15 semiconductor'layers 10-14 are formed on and supported by
a substrate 19 which may be selected from crystalline,
poiycrystalline or amorphous silicon, graphite, steel or
other metals, ceramic, glass or any other material onto
which a thin semiconductor film can be successfully
20 formed. Contacts 31, 32 are formed respectively with the
n-type layers 12, 13, 14 and the p-type layers 10, 11 by
first forming vertical grooves to expose all of the layers
of active semiconductor material and then, for those
‘contacts which are connecting n-type regions, forming a
25 vertical n-type doped layer 33 which connects with all of
the n-type layers 12, 13, 14 and establishes a junction
with all of the p-type layers 10, 11. Similarly, a p-type
doped layer 34 is formed in the groove for the contact
connecting the p-type layers 10, 11, the vertical p-type
30 layer 34 establishing a junction with the exposed n-type
layers 12, 13, 14. The metal contacts 31, 32 are then
formed within the grooves lined by the n-type and p-type
layers 33, 34. '
While the embodiment of Figure 1 is shown as a flve
- 35 layer cell, it will be appreciated that a minimum of three
doped layers (i.e., p-n-p or n-p-n) are requzred to gain
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formng sequentially at |east two sets of grooves in the plurality of

| ayers sonme or all of the doped |ayers, ~-WD 95/27314
PCT/ Awwﬁgég%i? (c) forninggin at |east onBCHAUPHM®I®Y ooves a
p-type surface region over the entire surface of the groove or )
gr ooves, . (d) forming in at |east one other of the grooves an

5 n-type surface region over_  the entire surface qof the respective -
gr oove or gro%,ﬂd"%ntage- of t?‘@) inventiiod-a r?é%‘gle &he sabadiment, ofi t he
grooves Figfurectl sl yhoenTwithC ehieagirosvids tfid led withanétall,yie
surface regions. Q Pref.e y L R rat 1] sel ected from
one of , wgl}sgbfl |%PH§F°68F§8 r ;I;ig? %I W%glo%ﬁq?nﬁdﬁgys gfioll%%g nmay aiso
graphite, stedle msed Iter geodakef fecsrani c or glass and the - active

layers aregformed byng BERE¢aSsehiBbAAREEST WayeRs 10-14 shown in
Figure 1 are thin films which may be formed on the
substrate 19 by any of a number of known techniques,
including chemical vapour deposition, solution growth,
liquid phase epitaxy and plasma deposition and
10 recrystallization or plasma deposition of amorphous
material and subsequent crystallization, with the dopant _
being incorporated in each case during or after the layer ‘7
formation step. ' L '
As described above, the présent invention provideé
15 an improved cell structure which employs a plurality of p
and/or n layers and a selection of unusual doping levels
and thicknesses for the layers within the stack of doped
layers as illustrated in Figure 1. In order to produce
workable cells embodiments of the present invention make
20 use of the contact structure described in PCT/AU92/00658.
An important advantage of the present invention, is that
the individual layer thicknesses and doping levels are
selected to suit the quality of the corresponding silicon
material so that most carriers aré~generated'sufficiently
25 close to a junction to be collected. This requirement is
' satisfied by the condition that the minority carrier
diffusioh lengths over most of the device area are at -
least comparable and preferably greater than the
respective layer thicknesses. This enables the
30 achievement of high collection probabilities and hence
high internal quantum efficiencies throughout the total
device thickness, and for all wavelengths of light
respectively. This invention enables the achievement of
high efficiency devices, even from very poor quality, low
35 cost silicon mateérial which characteristically has short
diffusion lengths. The described strategy ensures that,
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i ncl udes the §feps of ﬂqrnihg intrinsic or7lightly doped
- between - each pair of p and n-type layers and/or formng insulating 20
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Enbodi nents of the,in ' W Yot SESEL 1 £§%high 18N r@feiggﬁ@ to
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ha}/i ng rmlltiple ,Iegéfaf’iéeﬁdpéaébﬂnﬂ%pi$y!§@cd 9Pty owych aghore diffusion .
pol ycrystalline siliCon layers, usin ied co S ct
to buried | ayers; iength st "?‘i“'bd?%t%"*ﬁuﬁ?a‘?ée]é@'fc%e?ﬁsg axk) 5759 ?f&?
structure 30 sas ¢hetent 6f gthe tiotal devicel nkysinctedsing the deping
enbodi ment usi ng a-&R@éﬁgyééiéﬁ §'4ﬂ§¥5&r¥%&ﬁéfﬁ' the materiall ¥d1émé, to
illustrates a furtfer e odl_men? of the rnvention having a simlar
structure to that enapleuswitably highPpen fifFeit YoLE29R$ ctP bR achiqved.

i nterposed betweenygon atbsvdint foa Prdbvide Petieyifés, this is not possible
while simultaneously achieving high cell efficiencies. 1In

10 the present invention( however, much higher concentrations
of dopants can be incorporated into the horizontal layers,
without having adverse effects on the current generating
capability of the device. Normally, with conventional
structures, the diffusion lengths of the material fall

15 considerably as the doping concentration is increased.
1f, however, poor quality silicon material is already
being used, relatively little degradation in the diffusion

'1eﬁgths is experienced as the doping concentration is
increased. The corresponding benefit is that the dark

20 saturation current falls approximately inversely
proportionately with doping concentration, therefore
enabling the achievement of much higher voltages than
would normally be expected from such poor quality

. ‘materials. In combination, therefore, both high current

25 and high voltages can be achieved with low quality
material, provided the dimensions of the horizontal layer
thicknesses are chosen to be appropriate for the diffusion
lengths of the silicon material used.

To illustrate the effectiveness of the invention,

30 the device structure of Figure 1 has been modelled using
commercially available computer modelling packages, with
the layer dimensions as shown in Figure 2. For this
example, each layer received a doping concentration of
1x1018 atoms per cubic centimetre but with the rear

35 -éurface much more heavily doped so as to ensure the
electronic performance of the device is insensitive to the
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Figure 4 illustrates a further enbodi mnent of the I nvention having a
ructure to that of Figures 1 and 2 but where insulating

simlar
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Figure 5 illustrates a further enbodi nent of the . i nvention having a

simlar structure to that of Figures 1 and 2 but where the netal
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the given example included a 5% loss. due to surface and

10 metal reflection, similar to that demonstrated by the
conventional buried contact solar cells. .

The resulting performance predlctiona using the ‘
present invention in conjunction with the modelling
parameters given above, indicate that efficiencies in

15 excess of 16% are relatively easily achieved even with
relatively poor light trapping and very ‘short minority
carrier lifetimes (less than 100 nanoseconds). These
predicted efficiencies rapidly increase towards 20% with
the inclusion of moderate levels of light trapping while

20 still retaining the very poor crystalline or
polycrystalline silicon material properties.

Another advantage of the multiple interleaved n-type
and p-type layers is that they provide multiple parallel

paths for current conduction between contact points,

25 'reducing resistive losses. If the width of each layer is
chosen according to previous guidelines so that it is less
than a diffusion length, sharing of current between the
layers will automatically occur by carrier injection
between layers. This process has not been exploited in.

30 'solar cell designs of the past. As a rGSult,'top surface
doping profiles and sheet resistivities can be optimized
for current collection and dark saturation current
minimization with some degree of 1ndependence from lateral
resistive losses in ‘the resulting layer. _

35 Another strength of the approach is its tolerance to
grain boundaries parallel to the top surface of the cell.
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only inactive device volume would be that directly between

" the two grain boundaries.

Grain boundary tolerance, in general, could be

further improved by standard techniques such as

hydrogenation, oxidation, selective etching, etc.
Referring now to Figure 3, a further embodiment of .
the invention is shown in which the qﬁality of junctions
between the doped layers of the stack is improved by the
addition of lightly doped or intrinsic regions 20, 21, 22,

23 inserted between each layer of opposite doping

polarity. These intermediate layers 20-23 can be formed
in some sequences merely by cutting off the supply of
dopants during layer deposition or by compensating the two
dopant types. The desired thickness of these layers will
depend on material quality but could vary from very thin
Iéyers formed by compensation to a micron or more in
thickness. This structure results in the formation of
p-I-n junctions (p-Intrinsic-n junctions) 25, 26, 27, 28
between respective p and n-type layers.. _

_ As was mentioned above, the horizontal layers can be
formed using a range of techniqués.and approaches, most of
which enable the doping of the layers to take place
simultaneausly'during deposition. Following the layer
deposition, the grooves can be formedlby either
mechanical, chemical or optical approaches with laser
scribing, diamond tip scribing, dicing wheel cutting, the
use of photolithography in conjunction with chemical _
etching, etc., having already been demonstrated for these
purposes. Following appropriate groove formation, the
groove walls can be doped with the appropriate polarity to



Figure 1 is shown with the grooves filled with nmetal, it wll be
appreciated that partially filled grooves may al so be used to good

ef fect. The active sem conductor |ayers 10-14 shown in

Fi gure fvg?ﬂz’l:’f'ﬂn films which may.be forneggon the sPEEMULS/018) by any
of a nunmber of known techni ques, i ncl udi ng chem cal vapour deposition;
sol ution growh, quuid phase epitaxy and plasma deposition and 10
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doping levels fifhed frohf iy @ifte¥dr 41 CHiNd %ﬂrﬂ}su shendi ng N
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semiconductor or combination of semiconductors. For ‘r
example, in one possible implementation, relatively thin
layers of silicon/germanium alloy could be included into a - -

15 stack of silicon layers, extending.the infrared response
of the device without appreciable loes of voltage output.
Other materials such as amorphous silicon and its alloys,
cadmium telluride, cadmium sulphide, copper indium
diselenide or alloys of the form CulngGa;.xSySej;.y could

20  also be used. Insulation layers such as silicon oxide,

| nztride or oxy-nitride could also be interleaved within
the stack. This might have some- practical advantages
during growth by resetting growth conditions for layers
grown subsequently to oxide deposition as well as giving

25 scope for optimizing optical design by reflection from
such layers due to refractive index mismatch.

‘Referring to Figure 4, an embodiment is illustrated
in which layers of insulating material 31-34 are inserted
into a stack of doped layers 35-40. The stack comprises a

30 plurality of sub-stacks 53, 54, 55 each comprising three
doped layers 35, 41, 36 etc. configured as an n-p-n stack
of layers. Connection is made as with the earlier
described embodiment by forming at least two grooves in
the stack and forming n-type vertical surface layers 45,

35 46, 47 and p-type vertical surface layers 48, 49, 50 in
respective grooves before adding metal contacts 51, 52, by



respective |ayer thicknesses. This enables the 30 achievenment of high
col l ection probabilities and hence . hi gh ‘internal quantum efficiencies
t hi oughout thﬁoB 4 devi ce thickness, and for all wavel engt hs of

li ght respectively. Thi:s invention enabl esjjhe achi evemenPCHAUIS/00184
hi gh efficiency devices, even fromvery poor quality, low 35 cost silicon
mat eri al which characteristi;cally has short di ffusion | engths. The

goseribed Straos) SRR piacing, AR HERIS, 3 withbaesamninge
| evel s of |ight thatt reghem g tavkycanfigurtations mould den possibiley abch as

Wth regard tg
| ength silicon mat e?}édfu, -?%ereéfjuggb%}ﬁ:e ﬁ%ﬂé{“ﬁ%ﬁgﬁa@ %t{ﬁé:éen ?a?ﬁemub_

total device, by |ﬁﬁ¥5&§ing t he dopi ng -concentrations, and/or

‘reduci ng the nmageri al V0|'1‘l||@3,stfr‘ihcture o Filgureliq Halgy ﬂu@mma@é @*Hdt in

vol tages to be achlﬁye Wth _conventi.onal devi: structures, this is
event of an imperfection occurr ng in a layer or

not possible
layers of a cell during manufacture that would otherwise

cause overlying layers to fail or perform below.
expectation the placement of a layer of insulating

10 material over the imperfection will have the effect of
"resetting” the structure such that layers above the layer
of insulating material will be unaffected by the
imperfection.

Referring now to Figure 5, a structure is shown

15 which is similar to that of Figures 1 and 2 but where not
all of the layers 10,11,12,13,14 are contacted by the
contacts 31,32 via the vertical doped layers 33,34. The
advantage of the structure of Figure 5 is that non-
contacted layer 14 is isolated from the rest of the cell

20 structure by intervening p-n junctions. This is an
important feature when the layers deposited onto the
substrate are initially of poor gquality, but the quality
improves as successive layers are deposited. By not
contacting the layer or layers near the substrate, these

25 are rendered inactive if sufficiently thick and do not
degrade the cell performance to the same extent as would
occur if contact was made.

A process which can be used for the manufacture of

the cell structure of Figure 2 could have the following

30 process steps:-
1.Prepare substrate onto which the cell is to be

deposited.
'2.Deposit an n-type silicon layer by Chemical Vapour

_ Depos;t;on (CVD)
35 3.Deposit a p-type sillcon layer over the previous

layer by CvD.



whi | e simul taneously achieving high cell efficiencies. In 10 the present
I nvention, however, much higher concentrations of dopants can be

i ncor por. .,nf o the horizontal |ayers, wi t hout havi adver se

ef f ect svgﬁggﬁél%urrent generating - cd@abi l ity of theP GE’gpeﬁ““l%r mally, =
W th conventi onal structures, the diffusion I'engths of the materi al
fall 15 considerably as the doping concentration is increased. I f,

however, poor qualifgy s%naﬂaheeygh 5313kbR%d4yer oveieithe piedious
relatlvely little degradation in the diffusion * °- lengths is experlenced

as the dopi ngle¥e&e®¥ &Vn is ~  increased. The corresponding benefit
i's that the dark 2@ Deposiat eop-cypeesﬁ.lﬁ.abhslayeﬁ:ow dhe iprevioaky
proportlonate#g %ﬁg g concentration, therefore enabl i ng t he
achi evenment o I’ vol tages than - woul d normal | y be expected
fron15Lmﬁ1$xxw quaISLpePOSLt ent ortype. sidiconbilayeiroeverhsher previbush

hi gh current § ga % %ﬁﬁh vol tages can be achieved with low quality :
material, provi t | mensi ons _of .the _horizontal |ayer t hircknesses

are chosen to be apprdpPly: @ P8king/anrfaceoRass. VatFéﬂgQHEEGF the silicon

material used. 8.Form al@irktusétabe gheoeééeayl edeher Qbsklcor

I nvention, 30 he ,deyi ce 3¥ruc;g g of EIgure has eeniﬁodelled usi ng
comerci al | y ReShRBiFaL: SF5IPINIEALLPFRTG B 0958839 Ng.  the layer"
di mensi o0 as shown9i. Fokmganenz2typ&odopédslayer onxahplweléscbflﬁyest

received a dog &gyﬁogﬁegﬁgghbgggogr C 1x10[err] atons per cubic

centinetre bu e’rear sur ace much nore heavily doped so as to
ensure the - 10 Apply a masking layer to wall. surfaces of the ‘g

first groove. o _
_ 11.Form a second set of grooves followed by groove
15 cleaning. _ : .
12.Form a p-type doped layer on. the wells of the
second groove by diffusion or. CVD.
13.Chemically etch to expose silicon in the grooves.
_ . 14. Electroless plating of nickel to. contact silicon
20 in the grooves.
15.Sintering of nickel.
16 .Apply copper conductors by electroless plating of
copper over the nickel. : _
17.Deposit silver capping layer -over the copper.
25 In the event that amorphous silicon is deposited in
steps 2-6 then an additional crystallization step may be

required, preferably after step 7.
Although drawings are shown for flat interfaces, in

practice these could be structured or textured to improve
30 light trapping in cell.

It will be appreciated by those skilled in the art,
that variations in the above with respect to material
selection, fabrication techniques, and structure
dimensions can be used without departing from_the spirit

35 of the invention.
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which is not substantlally greater than a minority carrier
diffusion length for the dopant concentration of the
material in the respective layer.

2. - The solar cell of claim 1 wherein the doped 1ayers
have a thickness which is in the range of 0.05 to 5 times
the minority carrier diffusion length for the respective
doped material.

3. The solar cell of claim 1 wherein the doped layers
have a thickness which is in the range of 0.2 to 2 times
the minority carrier diffusion length for the respective
doped material.

4. The solar cell of claim 1, 2 or 3 wherein the doped
layers have a thickness in the range of 50A to 50um.

5. The solar cell of claim 1, 2, 3 or 4 wherein the
cell material is selected from one or more of doped
crystalline or polycrystalline silicon, amorphous silicon
and its alloys, cadmium telluride, cadmium sulphide,
copper indium diselenide and alloys of the form
CulngGaj.xSySe1.y-

6. The solar cell of any one of the preceeding claims
wherein the cell includes a stack of silicon layers and
relatively thin layers of silicon/germanium alloy.

7. The solar cell of any one of the preceeding claims
" wherein the cell includes a stack of silicon layers

Lntermittently interleaved by layers of insulating

material. _
8.  The solar cell of claim 7 wherein the insulating

layers are formed of silicon oxide, nitride or oxy-
nitride. '
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tol erance to 5“n§F§PﬁsbBEﬁdBf BEr %?é?rglgP Fi@nfOp surface of the cel

11. The solar cell of any one of the preceeding claims
10 wherein the solar cell material is silicon, the maximum
dopant concentrations within the majority of layers is.
1017 atoms/cm3 or more, and doped layer thicknesses is of _
the order of 40um or less. : - ‘
12. The solar cell of claim 11 wherein the dopant
15 concentration is greater than 107 atom/cm® over at least )
'50% of the bulk of each layer. '
13. The solar cell of claim 12 wherein the dopant
concentration ranges between 10 and 108 atoms/cm? over
substantially all of each layer.
20 14. The solar cell of any one of the preceeding clazms
wherein each layer is between 0.2 and 15 microns thick.
15. The solar cell of any one of the preceeding claims
wherein a top la&er of doped material has ddpant
‘concentration of 10*® atoms/cm® or greater.
25 16. A method of forming a thin film solar cell
comprising the steps of . -
(a) forming onto a substrate a pluralxty of
alternatively doped thin layers of semiconductor material
~ to form a plurality of rectifying junctions therebetween,
30 the maximum d0pantfconcentrétion of at least 3 layers
being greater than 1017 atoms/cm3, and each layer having a
thickness not substantially greater than the minority
carrier diffusion length of the respective doped material,
(b) forming sequentially'at least two sets of
i5 grooves in the plurality of layers to expose some or all

of the doped layers,

||II|III IIIIII I|II| ||I|I || IIII
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In normal cell structures, "iirous since any carriers
gener at ed onwdes/msge of thlS H J ~ fromthe Juﬁﬁﬁ%ﬂﬂmmﬁﬁﬁ
little chance of being collec ‘Mresent structure, suc .
isolation froma junction 5+ would not occur xcept for cases where there
iwere two such grain boundaries within_a |ayer and even in this case,

t he only inactive d&i c&OFBifge ifodtd lsasthanedpfethey groovesna p-type
the two grai n boundiirifate region over @had RertitedsiyfaceCo¢he igrodachoz!
could be 10 further |%proved by standard techni ques such as

hydr ogenat i on, oxi #& St1sel ective etchlng etc. Referring now
to Figure 3, a further ‘efdodi fomming in at deastneset pthersofhthe grookeshan
the quality of Bun%L% surfaclée %n?@%d@ogﬁg eRXgh3 QErEQEeSBQCEQSS

I mproved by the dition of htly dope Intrinsic regions , 21,
22, 23 |nsertEGsE@Fﬁé¥ﬁ SEPRVFafEYQEPQSEBGS|te dopi ng polarity.
ghese i nter n}a]gl a}] e | ayer%exo 28mahgbe fnét&&dcontactnlﬁgéicﬁeﬁﬁeﬂﬁésgﬁ@b@éh’

y cutting off the_s ants _durin y eposi tion .or

conpensating the tﬁ&s%%5¥188&XnF°t?Bg °f%§°&egFF§ %bﬁlgﬁ 245 BPdtHegﬁpe

| ayers will depefdcenregtiensal quallty but could vary fromvery thin
1 ayers formed Cﬁﬂpensiggfﬁggﬁgﬁ g?céigiﬁrlan&ﬁefgin the! BhfkPEEte {0 S

'structure results in the
' selected from one of, crystalline, polycrystalline or

amorphous silicon, graphite, steel or other metal, ceramic

WO 95/ 27314

or glass.
18. The method of claim 16 or 17 wherein the active

15 layers are formed by a process or processés selected from
‘chemical vapour deposition, solution growth, liquid phase
epitaxy, plasma deposition and recrystallization and
plasma deposition of amorphous material and subsequent
crystallization.

20 19. The method of claim 16, 17 or 18 further including
the steps of forming intrinsic or lightly doped layers
between one or more pairs of p and n-type layers.

20. The method of claim 16, 17, 18 or 19 further .
including the steps of forming one or more insulating

25 'layers within the stack.

I

O



p-1-n junctions (p-Intrinsic-n junctions). 25, 26, 27, 28 25 between

respective p and n-type | ayers. -+ "As was nentioned above, the
hori zont al | axgy ) be fornmed using a range of techniques and
appr oaches, nnstggg?ﬁg whi ch enabl e the dopi ng of the |ayersPFHAUSNE0184
pl ace si mul t aneously during deposition. Followi ng the layer 30
deposition, the grooves can be fornmed by either mechani cal , chem cal
or optical approaches with | aser sciivf ng, dianond tip scribing,
di ci ng wheel cutting, the use of photolithography in conjunction with
chem cal etching, etc., having al ready been denonstrated for these 35
pur poses. Follow ng appropriate groove fornmation, the groove wal l s
can be doped with t & apgs opifllat 390I arityo o §4 27314
10 PCTy/AWU95/ p01 “ L t he
correspondi ng_horifzont a \ DA
grooved wallsygan| p [ be dc pdi tggnal
| ayer,
-10- p| \ -10-
13- _n \ 13-
7 Te N “i7-
14/ n T /N ~74#-

R,

| 37
r75/5f” < 5 6 P .5 /16
/ v [~ [
-12- nj| ! /-12-/ n ~12- /nt | | 25 mm
—fo- p / -10- p -10- p [ 1 3um
-13- n -713- n -13- n 3um
-11- | p ~-17- P\ ~17- p ) | 3pum
-14-| n /) | ~ 14— pn 14— 1/ | { 15mm
—/9—\ .
117 18 \33 \ 1'/7(




etc. The nmetal can be applied to the grooves by 5 electrolytic
deposition, solution growh, screen printing, sol deri ng, dipping,
ete. ,%@? supporting substrate for the layers can he :
f or med fron1nany ferent suitable materials such as c MFIfANIs{optS4
ipol ycrystal line or anorphous silicon, 10 graphite steel or other netals,
ceramc, glass, etc. The natﬁéj of the layers can be selected
from any seni conduct or or conbi nat P8 of semiconductors. For
exanpl e, in one possible inplementation, relatively thin | ayers of
silicon/germaniumall oy could be included into a 15 stack of silicon
| ayers, extending the infrared response of the device w thout
‘appreci abl e 1 oss of vol tage out put. Q her materials such as anorphous
‘silicon and its all oys, cadm umtel |l uride, cadm um sul phide, copper
i ndi um di sel enide or alloys of the formCuln[err]’Ga[err]S[err]Se[err]
could 20 also be used. Insulation |ayers such as silicon oxide,
nitride or oxy-nitride could also be interleaved within t he stack.
This m ght have sonme practical advantages during growth by resetting
grow h conditions for |ayers grown subsequently to oxi de deposition as
well as giving 25 scope for optimzing optical design by reflection from
such layers due to refractive index m smatch. Referring to
Figure 4, an enbodiment is illustrat in which | ayeB2 of i nsul ati ng
material 31-34 are |nserte?$ : a stack of /doped | ayers 35-40. The

al } ‘

stack conprises a 30 pl ub- st acks 5{1 Sop@ach conpri sing
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ddped | ayers 35, 41, 36 etc. configured as an n-p-n stack of |ayers.

Connection is made as with the earlier descri bed enbodi nent by form ng
at, | east two grooves in the stack and form ng n-type vertical rface
'l dyers 45, 9511314 47 and p-type vertical surface |ayers 48,1’@%‘,3{’%@%}%
respective grooves before adding netal contacts 51, 52, by - WO
95/ 27314 11 PCT/ AU95/ 00184
electroless plating, for exanple. It will.3#4 recogni sed that ot her
stack configurations woul d be possible, such as i ncl udi ng a nunber of
layers other than three in each sub- st ack. 5 The structure
of Figure 4 has the advantage that in the event of an inperfection
occurring in a layer or | ayers of a cell during nmanufacture that
woul d ot herw se : cause overlying layers to fail or perform bel ow
expectation the placenent of a layer of insulating 10 material over the
I nperfection will have the effect of "resetting"” the structure such
that | ayers above the | ayer -
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of‘insulating material will be unaffected by the i nperfection.
Referring nowto Figure 5, a structure is shown 15 which is simlar to
that of Figu d 2 but where not all of the layers 10,11,12, 13,14
are contact eg Eys;zg%lg contacts 31,32 via the vertical dop EFTALEIA184
133, 34. The advantage of the structure of Figure 5 is that non-
contacted layer 14 is isolated fromthe rest of the cell 20 .structure by
intervening p-n junctions. This is an 4/4nportant feature when the

| ayers deposited onto the substrate are initially of poor quality, but
the quality inproves as successive |ayers are deposited. By not
icontacting the layer or |ayers near the substrate, these 25 are rendered
inactive if sufficiently thick and do not degrade the cell perfornmance .
'to the sane extent as would occur if contact was nade. ' A
process which can be used for the manufacture of ‘the cell structure of
Figure 2 could have the following 30 process steps:- 1. Prepare
substrate onto which the cell is to be deposi t ed. 2. Deposi t
an n-type silicon layer by Chem cal Vapour Deposition (CVD). 35

3. Deposit a p-type silicon |ayer over the previous | ayer by CVD.

-12- n )

-10- p

-13—- p 1’6'

-1- p
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4, Deposit an n-type silicon |layer over the previ ous | ayer

5¥Deposit a p-type silicon layer over the previous | ayer by CVD.

6. Deposit.-an n-type silicon | ayer over the previous | ayer by CVD.

7. Apply a masking/surface passivating |ayer. 2 8. Forma first set
jof grooves by either |aser or mechani cal scribing foll owed by groove
cleaning. 10 9. Form an n-type doped | ayer on the walls of first

groove by diffuﬁr@hp&tﬁiﬂé 1ayer of théihﬁﬁﬁﬁptfhﬂ@ SkbDdir1 8y By t@@ﬂﬁﬁ'the
surfaces of the _ flrst cond set of

grooves fol | owed 98F (MQQQQQﬁNFXPe to heav11y é? $% athe t $5ReW®ped
| ayer on the wal Iv&ldfs té¥e shown Siat @iV e bl}hébé fasosvedrcdiVlbe of any
13. Cnemi cal | y et %ﬂme% quloseros‘}ll ecé)q:ﬂeny tapree q{eep enough to contact all the
5 active silicon layers, and narrow enough to avoid
excessive losses due to the reduction in useful surface
area, where light falling on the contact area is prevented
from entering the silicon material.
SUMMARY QOF THE INVENTION
10 The present invention consists in a solar cell
having at least three layers of alternate polarity
material defining p-n junctions between each pair of
alternate layers, the at least three layers having a
maximum dopant concentratiqn above 1017 atoms/cm3, and the
15 at least three layers having a thickness which is not
substantially greater than a minority carrier diffusion
length for the dopant concentration of the material in the
respective layer.
Typically the thickness of the doped layers will be
20 in the range of 0.05 times to 5 times the minority carrier
diffusion length and preferably in the range of 0.2 to 2
times the minority carrier diffusion length for the
respective doped material. A device with a spatially non-
- uniform diffusion length and/or thickness will fall within
25 the scope of this invention if any region of the layers
falls within the above ranges. A demonstratable measure
of these condition being satisfied would be the '
achievement of high average collection probabilities for
" carriers. _
- 30° Cells may be of doped crystalline or polycrystalline
silicon, amorphous silicon and its alloys, cadmium _
telluride, cadmium sulphide, copper indium diselenide, an
alloy of the form or CulnyGa;_xSySej;.y or other
semiconductor material. 1In cells comprising a stack of
35 silicon layers, one or more relatively thin layers of
silicon/germanium alloy could also be included. Layers of

AMENDED SHEET
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14.Electroleds p e to contact st¥icon 20 in the gr ooves.

15. Sintering of nlckel ; 16. Appl y copper conductors by
el ectrol ess plating of copper over the nickel. 17. Deposi t
silver capping | &pdIMSeer the copper. 25 In the event that anorphous

silicon is deposited i R pre?gﬂi a@zih tarle%%‘;f téh‘}[éaé lcariyesltsalfﬁlzat I on

step may be req U|re erably ste ough
drawi ngs are shoﬂAtﬁ@ﬂaﬁﬁaPQM%QMﬁhdégenhﬂl defqnxng|Rxntinnn;xnnﬂcb¢kween

structured or texhshe@ali® DFPEARIitd Ilgsli;extsr anmen% qg&éé three layers 't
w il be appreC|abed by those skilled in th variygtion

the above with rBayéag FomﬁﬁﬂmeaﬂOPant:ﬁﬂﬂﬁﬂﬂqﬁ?t#9ﬂnqhﬂﬂQcﬁptechnlques
and structure  atofisfensi oaadceéhebatugedsti theve dageids Maviimgma he spirit

35 of the Inven%hlckness which is not %%bstantlally greater than a
) minority carrier diffusion length for the dopant
concentration of the material in the respective layer.

10 2. The solar cell of claim 1 wherein the doped layers
have a thickness which is in the range of 0.05 to 5 times
the minority carrier diffusion length for the respective
doped material. |
3. The solar cell of claim 1 wherein the doped layers

15 have a thickness which is in the range of 0.2 to 2 times
the minority carrier diffusion length for the respective
doped material.

4. The solar cell of claim 1 wherein the doped layers
have a thickness in the range of 50A to 50um.
20 5. The solar cell of claim 1 wherein the cell material

is selected from one or more of doped crystalline or
polycrystalline silicon, amorphous silicon and its alloys,
cadmium telluride, cadmium'sulphide, copper indium
diselenide and alloys of the form CulnyGaj_xSySej.y.

25 6. The solar cell of claim 1 wherein the cell lncludes
a stack of silicon layers and relatively thin layers of
silicon/germanium alloy.

7. The solar cell of claim 1 wherein the cell includes

" a stack of silicon layers intermittently interleaved by

30 ° layers of 1nsulat1ng material.

- 8. The solar cell of claim 7 wherein the lnsulatlng
layers are formed of silicon oxide, nitride or oxy-
nitride.

9. The solar cell of claim 8 wherein the insulating

35 layers are located between groups of 3 or more doped

layers. '
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CLAI VB 1 A solar cell having at |east three | ayRGIAP 9 5/00184
alternate polarity material defining p-n junctions betwee ECEVED phid JAMN 1996
- atternate layers,” the at Teast three layers 5 having a nmaxi num dopant
?concentratlon [ ons/cnB, and the at | east three | ayers

havi ng a WH “H I“ IH“laEt substantil8l |y greater than a

mnority carrler* usi en ength for the dopant concentration of the
material in the respective Iayer 10 2. The solar cell of claim1l
wherein the doped | aye hi gk hokfielNoiEN a 0,05
to 5 times t he n1nQ$}tyf%E$+g%r % %?uggggtrgﬁgtﬁtﬁek EeEP%sggg??%g f
doped material . n-type suffieaceoregion| pver thalQntlmﬁeﬁérﬁaﬂﬁeoéoﬁée | ayers

15 have a thiCkPgéﬁ?MQiGQ ?§069ﬁ ? gﬁg@egf 0.2 to 2 tines t he

r t

mnority carrie usi on Fengt e respectlve doped materi al
4.  The solar cell of(%)alﬁ¢Hth@ré|ﬂeFﬂé @eptactajdr gach °ﬁa§§eagr°oves

thickness ing ther% éti?fre [ 86" hake éQhea&l:anﬁ the p-type avkan-eepe of
e ce

claim1 wherein t mat er i al is selected fromone or nore of doped
crystalline or Surﬁﬁ??cF?g%aPFrne silicon, anorphous silicon and its
al | oys, cadmpm t ebherheehodadsi chasml pbi wheredppehei sdbetrate is

di sel eni de and al | s. of he form [ S| er [ 5
The sol ar cell of® g%ﬁFﬁ?l WRer 8PR %ﬁ % Fkgﬁhﬁhgé BSl&h%%%% lhln sfflcon
| ayers and rel atametphowsnsiltjeon,offraphite, steel or other metal, ceramic

10 or glass.
18. The method of claim 16 wherein the active layers are

formed by a process or processes selected from chemical
 vapour deposition, solution growth, liquid phase epitaxy,
plasma deposition and recrystallization and plasma
15 deposition of amorphous material and subsequent
'crystalllzatlon
19. The method of claim 16 further 1nclud1ng the steps
of forming intrinsic or lightly doped layers between one
or more pairs.of p and n-type layers.
20 20. The method of claim 15_further including the steps
of forming one or more insulating layers within the stack.
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A multilayer solar cell structure includes a stack of alternating p-type and n-type semiconductor layers (10, 11, 12, 13, 14) arranged
to form a plurality of rectifying photovoltaic junctions (15, 16, 17, 18). Low-cost cells are manufactured from low-quality material which
is optimized by employing very high doping levels in thin layers, Typically, the doping levels are greater than 1037 atoms/cm3, and the
thickness of the layers is related to carrier diffusion length in thickness. Contact is made to underlying layers by way of a buried contact
structure comprising grooves extending down through all of the active layers, the walls of each groove being doped (33, 34) with n- or
p-type impurities depending upon the layers to which the respective contact is to be connected and the grooves being filled or partly filled




surface regions. 17. ‘The nethod of claim 16 wherein the substrate is

selected fromone of, crystalline, polycrystalline or anor phous
silicon, graphite, steel or other netal, ceramc 10 or glass. - . 18. The
met hod of claim 16 wherein the active layers are . fornmed by a process or
processes sel ected from.chem cal vapour deposition, solution growh,

| i qui d phase epitaxy, pl asma deposition and recrystallization and.

pl asma 15 deposition of anDrphous mat eri al and subsequent o _
crystallization. 19. - The nmethod of claim 16 further including the

st eps of formng intrinsic-or lightly doped | ayers between one. .  or
more pairs of p and n-type l-ayers. 20 20. The method of claim 16 further
i ncl udi ng the steps of formng one or nore insulating |layers within the
st ack. : : . o o
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