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Shunt screening, size effects and //V analysis in thin-film photovoltaics
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We present an analytical model that quantitatively describes the physics behind shunting in thin film
photovoltaics and predicts size-dependent effects im/Mieharacteristics of solar cells. The model
consists of an array of microdiodes and a shunt in parallel between the two electrodes, one of which
mimics the transparent conductive oxide and has a finite resistance. We introduce the concept of the
screening length., over which the shunt affects the system electric potential. The nature of this
screening is that the system generates currents in response to the point perturbation caused by the
shunt. L is expressed explicitly in the terms of the system parameters. We find the spatial
distribution of the electric potential in the system andlit¥ characteristics. The measuréet/
characteristics depend on the relationship between the cell aimt_, being markedly different for

the cases of smalll&L) and large [>L) cells. We introduce a new regime of the large
photovoltaic cell where all the characteristics are calculated analytically. Our model is verified both
numerically and experimentally: good agreement is obtained.2001 American Institute of
Physics. [DOI: 10.1063/1.1359158

I. INTRODUCTION neither the concept of screening, nor the electric potential
distribution analyses were advanced there. Subsequent

It has been long recognized that shunts are detrimental tpublicationd™ utilized the same physics as in Ref. 1 to de-

thin-film photovoltaic(PV) cells. While it is intuitively clear velop numerical approaches and verify calculate®y/

that a shunt robs the current from a finite surrounding areagurves. This article adds more analytical results to the field

understanding of shunting has never been developed to ti¥ thin-film PV cell I/V characteristics. In particular, it in-

extent that would allow one to calculate that area dependingoduces the limiting large PV cell case and criterion, for

on the shunt resistance, material parameters, and light inteMthich the I/V characteristics are obtained explicitly in a

sity. Deriving and verifying the latter dependencies is one of¢l0sed form. More importantly, our consideration provides
the main goals of this article. one with a simple intuitive approach applicable to both one-

From the general perspective, the aforementioned que&nd two-dimensional device geometry and describes cell be-
tion raises the problem of a point perturbation in a PV cejihavior in the whole range of light intensities and biases. This

and how that perturbation is screened in the cell. This probgpproach also offers a natural scope to describe sfamt

lem has one other important implication. Suppose we apply ther macroscopic defgoeffects on thin-film PVs. :
. . In what follows, we concentrate mostly on the simplest
voltage (V) across the cell by attaching two point contacts to

its planar electrod nd m re the integral cufierin conceivable model, that is a one-dimensional cell that ad-
S planar electrodes a casure the niegral cu quately exhibits screening and size-dependent phenomena
the cell. At each point, the current density depends on loc

i i nd at the same time enables one to derive closed analytical
voltage across the cell. As a result, the electric potential non

: ) ) : Solutions. Side by side with that we give the related results
uniformity caused by a point contact is screened by the curs,; the case of two-dimensionéldot” ) cell. Numerical cal-

rents and because of that screening, only a finite fraction ofyjations and experiments are shown to verify our analytical
the cell will respond to the bias. Therefore, the measuf¥d  ogits.

characteristics of the cell will depend on the relationship be-  This article is organized as follows. In Sec. I, we give a
tween the cell sizé and the screening length being mark-  qualitative consideration of screening phenomena and elec-
edly different for the cases of small<€L) and large [ tric potential distribution in the cell. In Sec. Il a rigorous
>L) cells. If L is voltage dependerias follows the situa- mathematical approach is developed for the case of one-
tion becomes even more complicated and the standard intedimensional geometry, including exact results for the re-
pretation of the PV cell/V characteristics needs to be re- gimes of large and small cells. Sec. IV contains modifica-
vised. tions of the latter results to the dot cell geometry. Sec. V is
This problem ofl/V analysis was posed in the terms of devoted to verification of our predictions. Sec. VI contains
distributed series resistance in solar céisin Ref. 1, a  general discussion and conclusions.
transcendental equation was derived aimed at descrihing

har risti f one-dimensi n junctions. However
characteristics of one-dimensionaln junctions. However, Il QUALITATIVE ANALYSIS

3Electronic mail: vkarpov@firstsolar.com ' Our prototype equivalen.t cirpuit and its one—dimensiongl
YAlso at: State Technical University, St. Petersburg, 195251, Russia. implementation are shown in Fig. 1. It consists of a multi-
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wherej is the electric current in a diode, is electric poten-

tial, k is the Boltzmann’s constar,is the electron chargé\

R 'ZS is the diode ideality factor, ang, andj, stand for the ther-

mal and photogenerated currents per length. These currents
are related via the open circuit voltayg,,

. qVOC .
TCO lo(eXF<AkT —1]=j.. 2
P-n junction ‘sn‘:; For qualitative analysis, we start with a dead shunt in
R one-dimensional cell and neglect the thermal generation cur-
rentj,. Approximating the electric potential by linear coor-
dinate dependence in the region of lengthFig. 3), and
noting that the current through the resistive electrode is sup-
plied by the elemental cells in that region, gives
i metal
VOC .
Bottom ] L. 3
R view p
- From that we find, the dead shunt screening length
* scribes TCO
_ Voc
. - . . N . L=Lg=\/+— (4)
FIG. 1. The equivalent circuit and its one-dimensional implementation for a jLp

shunted PV cell.
One can say that the currents generated in response to the
change in electric potential screen the shunt.

tude of elemental PV cells in parallel with a resis®that Along the same lines we write for a finite resistance

models a shunt. One of the electrodes in the circuit has 8hunt:

finite resistance per length and mimics the transparent con-

ductive oxide(TCO), typically used as a front contact. The L—zj,_L= —

second(meta) electrode has a negligibly small resistance. p
A two-dimensionaldot cel) version of the same equiva- whereVy, is the potential drop across the shunt. This gives

lent circuit is shown in Fig. 2. The dot-cell size is determinedthe screening length

by the diameter of a metal-coated region. Again, resiBtor

models a shunt between the metal and TCO. In both cases, VR
. L=Lg\/1—
we assume a circuit where a voltage souvcand ammeter Vo
in series with the resistor are used to measure the déice (5)
characteristics. VR T — R
. . . . —=—(Jr°+4—-r), r=——1.
Each elemental diode in the model is described by the V, 2( ) Ly

classical photodiode equation . . .
P q Next, consider the screening of an external bias. For the case

S ae | 1= 0 of reverse or slightly forward biased cell, one can wfiee
J=1o[ &P Ak o Fig. 3a)]
Vo=V
OI(_:p =]LL1
TCO

where the electric potentiMd<V,.. As a result, the screen-
ing length becomes

P-n junction
R Voo—V
L=\ —— (6)
i Jup

For a significantly forward biagj(V—V,J)>KkT the thermal
current dominates the screening; therefimee Fig. 8)]

V_Voc:. L ex ﬂ ~i L ex Q(V_Voc)
oL Jo AkT/ It AKT |

V_Voc F{ Q(V_Voc)}
= exgp — ————

@)

FIG. 2. Two-dimensional implementation of a shunted PV cell. jLp 2AKT
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| >
L
(b) Reverse
FIG. 3. The electric potential distributions in a semi-infinite one- bias -

dimensional PV cell under reversa) and forward(b) bias.
FIG. 4. Sketches of the electric potential distribution in a large dot cell in
the cases of forward and reverse bias. Note that the electric potential is
nonlinear in space and is approximated by straight lines.

We observe that the forward bias is screened over exponen-

tially short distances. Exponentially strong currents forced
through forward biased microdiodes are responsible for sucfyhich in our terminology corresponds to the case of a small

screening. - o cell, I <L. Becausd. is comparable to the typical solar cell
In the same spirit, thé/V characteristics of the system gjze| (~1 cm), both the regimes of small€L) and large
are given by (I>L) cells are possible in the courseld¥ measurements.
SV Furthermore, sinck is voltage dependent, these regimes can
I= Reg’ Refr=pL, (8)  show up in the complimentary regions of the saivecurve.
(<]

_ Specific examples will be given in Sec. V.
where 5V is the voltage drop across the system and the ef-  The aforementioned qualitative analysis can be extended
fective resistanceRy is determined by the region of the to the two-dimensional cas@ig. 2). Taking into account

screening lengtih. where the current is collected. that the longitudinal resistance of a sheet is almost indepen-
For a reverse biapv<0; see Fig. &)] or not a very  dent of the sheet size and geometneglecting possible
large forward bias <V, we get logarithmically weak dependengeEq. (3) becomes

JL(Voe—V) \Y
SN=V,—V, |=—\/L+. (9) 7°C=j|_L2. (12)

For a significant forward biasy(V—V,)>kT [Fig. 3b)]we  Here,p is the TCO sheet resistaricand the right-hand side

obtain represents the current generated in the areaHence, the
VVo] qV—V.) dead shunt screening length is still given by E4j. Along
N=V—-V,, I=1/ oc’’L exp{ ° ) _ the same lines one can also extend the results in(Bis(7)
p 2AKT to the two-dimensional case.

(10 Because of the screening, the electric potential distribu-
For numerical estimate, consida 1 cmwide strip cut  tion in a dot cell is not uniform. It is sketched in Fig. 4 for a
off the typical PV cell where the resistive electrode sheefarge dot celld>L, whered is the cell diameter. The power
resistance is 102 (and correspondinglyp=10 Q/cm in  source contacts the back metal afdat cel) and the front
these equationsV,.=1V, andj, =20 mA/cm. For these pa- surface(TCO) at a relatively short distance from the cell
rameters we get from Edq4) Ly=2.2cm. Hence, the dead edge. The diagram shows the electric potential distributions
shunt screening length is macroscopically large and can bia the front and back surfaces. The difference between the
measured directlysee the following two represents the local bias distribution in the device. The
The standard PV cell analyses tacitly imply the electricreasoning behind the diagram is as follows. Far from the
characteristics to be uniform across the resistive electrodenetal the local bias equal,. as there is no current flow
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there. It changes drastically towards the metal in a very nar- o=V, at x=o,

row region, whose dimensiofmeglected in Fig. ®is of the (15)
order of the screening lengthy(<Ly9 in the bare semicon- ¢

ductor. Typically Ls~(1—100)um as estimated from Eq. r-J+! at x=0.

(4) where the semiconductor sheet resistance replaces that of ) )

the TCO. Because the metal side of the cell is equipotentiaf{€re, we have introduced the curréngenerated in the ex-
we conclude that the electric potential in the back surfacdernal circuit connected to the resistor in the course/uf
changes abruptly at the cell edge and otherwise remain§€asurements. _ _ _
practically constant. We note also that the central inner cell  Combining Eq.(14) yields a second order differential
region is screened from the rest of the devide-(), and ~ €quation that was noted in Refs. 1-4. Introducing also the
therefore its local bias equalg,.. Since the local biases in dimensionless variables

the central region and far from the cell are equal, the corre-

sponding electric potential distributions in these two regions 7= M, y= i, Lo= /A—kT (16)
must be parallel, as is shown in Fig. 4. With all of this in AKT Lo dp(Jotiu)

mind and taking into account that the resistive plotential dr_oF}educes that equation to the form that contains no param-
in the front surface balances the total external bias, we arivgiers
at the distributions in Fig. 4. One remarkable feature of it is
that only a narrow peripheral region of the cell is active and ~ d?z
contributes to its PV properties, while the central region is d—y2=1—exp(—z). (17)
effectively screened and passive. Hence, Ithé measure-
ments give information only about a limited peripheral partThis universal equation was obtained in Ref. 1 in connection
of a large device. This may be especially important for thewith the I/V analysis of the elementa-n junction. How-
forward bias measurements where the active area width igVver, it was not fU”y anaIyZEd and its relation to the electric
exponentially shorter than the cell size. potential distribution and screening was not recognized at
Note that when the Screening is Signiﬁcahtgd, the that time. Note that by definition, the characteristic SCtEHe
situation effectively reduces to that of the one-dimensionain Ed. (16) represents the length over which the electric po-
geometry. In particular, the active ring shaped region resistential changes byT. Lucovsky’ derived the analogous
tance is of the order gfL/d. As a result thd/V character- ~characteristic length in connection with the problem of lat-
istic analysis in Egs.9) and (10) applies to the two- eral photoeffects in nonuniformly irradiatemn junctions.
dimensional case with minor changes: While Eq. (17) cannot be solved analytically in the
— whole range of parameters, it allows approximation that
. jLd“(Voc—V) for V. —Vd? (12 gives accurate analytical results fofx) separately in the
p oc Ieps region of|z|<1 and in the complementary region. In addi-

s tion, thel/V characteristic of the system can be derived with-
| = /(V_V;c)JLd exF<Q(2VA_k\'I{OC for q(V—V,9)>kT. out explicitly solving Eq.(17). Multiplying Eq. (17) by

dz/dy and integrating from zero to finite gives

13

1(dz\? 1(dz\?
Equations(12) and (13) predict that for large cells the mea- 3 (d_ _E(d_) =z+exp—2z)—2z(0)—exd —z(0)].
sured current density/d? is inversely proportional to the y Yo
cell diameter, which is verified experimentally further in this (18)
article. Equation(18) is convenient for incorporating the boundary

conditions. For the case of large cells we use the boundary
conditions in Eg.(15), which in the variables Eq(16)

IIl. EXACT RESULTS reduce to

Consider a one-dimensional semi-infinite cell in Fig. 1. oy d_Z: Q(Voc_|R)_Z at y=0; r= R
Putting together Eqg(1) and the Ohm’s law in the resistive dy AKT ’ pLo;
electrode gives q (199

z

dJ qe Z=d—:0 at y=x

a_ . qe | : y

dx 1o eXp(AkT) L+

(14)  For the case of small cells of the lenditthe second of the
__lde above conditions changes to the form
p dx’
dz [

whereJ is the current in the resistive electrode ant the d—y=0 at y= L (190

coordinate. The boundary conditions to E¢&4) reflect the

fact that the perturbation does not affect the electric potentiaéxpressing the absence of current at the cell edge. From this
at large distances and that the current through the resist@oint on, we consider the cases of large and small cells sepa-
obeys Ohm'’s law: rately.

Downloaded 17 Apr 2001 to 209.45.202.202. Redistribution subject to AIP copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 89, No. 9, 1 May 2001 Karpov et al. 4979

A. Large cells 30
1. Electric potential distribution
Substituting into Eq(18) the boundary conditions Eq.
(199 with 1 =0 gives g 204
L[Wee g 2+1 0 0)]=0 (20 %:
AR 2(0)—exd~2(0)]=0 (20 _
and S 10+
z dz 3
J - \2y. (21) ©
z2(0)yzZ—1+exp—2) R
These equations enable one to calculate both the electric pc_1'_0 ' _({5 ' voo ' 0f5 ' 10 ' 1f5
tential distribution and its value at the shunt. For conve- ] Voltage. V
nience, we present results in the standard dimensional vari // ge,
ables. For reverse or not very large forward biases, we obtair -10-
AKT X
o~Vye— Tex - for q(Voe— @) <AKT, FIG. 5. An example of thé/V characteristic for a large dot cell.
0
(22)

X 2
¢~Voe= (Vo™ VR)( 1- E) for  q(Voc—¢)>AKT, . . .
Equation(27) enables one to derive the expressions for

2V, Va the commonly used diode parameters, short-circuit current

\/—\/ - — (23 (Is and resistance Rg), maximum power resistance
(oFiup Voc (Rmp), open-circuit resistanceR;,), and the fill factor(FF)

Here, Vg is the voltage across the shunt. If there is no biagwe assumeyVyAKT):
applied, then neglecting the last term in Eg0) yields

\% 12qV,
—RZY'(W' +2-r1'), Roc=Lop,  Rsc™Roc W—?ca

28
AKT AKT _ (24 @8
'=r pl_ qVoc V2qVoAKT

0 V¥ aVoc Rmp=Roc\| jpqr ls=—— g FF=

Voc —, = , FF=0.544.
T SC RQC

Note that the screening Iengthm Eq. (23) differs only by
the factor ofv2 from our simple intuitive estimate in E¢B).

- . The significance of the latter results is that they introduce the
For significant forward biases we get

regime of large cells where all the characteristics are calcu-

2AKT X lated exactly and which is significantly different from the
¢=Vg+ Inf 1= 1] for ¢=Vo=AkTa, (25  well-known small cell regimgEq. (1)].
CI(VR—VOC))
LzﬁLoex;{—— . (26)
2AKT B. Small cells
Again, the screening length in E(26) is consistent with the To calculate thel/V characteristics we substitute into
result of our qualitative analysis in EG). Eq.(18) the boundary conditions gt=0 andy=1/L, use the
expansions
2. IV characteristics
Substituting Eqs(193 into Eq. (18) and puttingR=« | (dz 1(1\?/d%z
- z()=2(0)+ — 5072 | gez]
gives Lo dy 2\ Lo/ \dy?/,
[ 2AKT \/ Ve V)| | 9(Vec—V)
~ qpL, AKT AKT

I (d
@n  exi-z()l-exd- z<0>]——<d—z) ex—2(0)]

The two signs correspond to the casesVefV,(—) and

V>V,{(+). An example is shown in Fig. 5. The physical +E ('_)z(dzz) exif —2(0)]
meaning of the dependence in ER7) in different regions is 2 Lo \dy? :

explained by our qualitative analysis in Sec. Il. The corre-
sponding semiquantitative results in Eq8) and (10) are  and then express the second derivative from #&g). As a
consistent with Eq(27). result, we get
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dz) | N 3'51 ©
dy O—L—O{GXF[ z(0)]-1} w0
2 25 ]
+|{—1 {exd —2z(0)]— 1}, .
Ly {exd (0)]—1} bo. 2
which in the standard variables takes the form e 15
=
— H qV H B 140-. 1
I=1ijg ex;{m_) 1} J,_]
0.5
I p(q(v—voc)) H 0.2
X 1+_ eX e —— +1 . 29 R T T T T T T T T T T T T T 1
Lo AKT 29 T T T T
We note that even for small cellsgL, the corrections to q(V,-VIAKT

the standard/V characteristics become very significant at
forward biases\{>V,y). In the latter region, the small cell
regime has an exponentially narrow domain of applicability
[<Lgexp@(Voe— V)/AKT). This conclusion is consistent . ) o )
with the discussion in Section Il where we have predicted_ower'ng the illumination intensity may .reduce thg measured
that the characteristic screening length shrinks in the regimideality factor by 50%, as the screening lendttincrease
of V>V,.. causes the device to operate in the small cell regime.

We shall end this section by noting the conclusion thatC Intermediate size cells
the value of the diode ideality facté doubles as extracted
from the data corresponding to significant forward biases. Considerl/V characteristics of finite size PV cells, such
Indeed, in the region o¥/>V,. the screening length expo- that the cell sizé is comparable to the screening length,
nentially shrinks turning the device into the large cell re-We start with the open circuit boundary conditioi®b) at
gime, whereloexp(—qV/kTAy) with Ag=2A, in accor- the end of the cell. Multiplying Eq17) by dz/dy and inte-
dance with Egs(10) and (27). A related prediction is that grating from zero td yields

FIG. 6. The dimensionlesE'V characteristics of different size linear PV
cells in the reverse bias regiohlL ,=0.2,1,2%.

V2AKT AVor V)| G(Voe— V)
“anko \/eXp<‘ AKT )* Akt 2D —exw=zl), 30

wherez(l) can be determined from In other cases thé&/V characteristics can be calculated nu-
merically from Egs.(30) and (31). Some examples are
20) dz shown in Fig. 6(for reverse bias regigrand in Fig. 7(for
f =—\2I. (31 forward bias region A cell of the lengthl>L gradually
20)\z+exp(—2)—z(1) —exd — z(1)]

The upper(lower) sign in Eq.(30) corresponds to forward

(reverse current direction. 30

A closed form solution can be obtained for large reverse 1
biases(z(0)>1, z(l)>1). Equation(31) gives z(I)=z(0) 251
—12/2, similar to the parabolic potential distribution derived ]
for the semi-infinite strip in Eq(23). With that, Eq.(30) 20__
gives the current=—j, I, which corresponds to the case of = ;|
small cells. The physical meaning of the latter result is that a;g ]
significant reverse bias leads to a large screening ldisgh ™ 104
Eq. (23)], compared to which the sample size is small.

In the Ohmic region of low biasesz(0)=q(V,. 59
—VR)/AKT<1 (so thatz(l)<1); and Eqs(30), (31) can be ]
solved analytically by expanding the exponents in power se- ‘ . ' ' ' '
ries, 0 1 2 3 4 5 6 7

Q(V-V )/AKT
V_Voc I‘( I ) . . L . . .
| = tanh —|. (32 FIG. 7. The dimensionlesgV characteristics of different size linear PV
pLo Lo cells in the forward bias region/L,=0.2,15.
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switches from the large cell to the small cell regime with the dz q(Ve—IR) R
re_verse_blaé,v|. The Ohmic region predicted by E¢32) —fﬁ—T—Z at y=0; F=m,
widens in long samples and holds up 2g=1.9. For the 33)
forward bias region, it is seen from Fig. 7 that tH& char- dz  qVe N

acteristic of structure with>L is always close to that of rldy AkT_Z at y=lI,; rlEpT'

infinitely long one. This is consistent with the conclusion in 0

the above that the screening length is strongly reduced undete first integral of the Eq(17) becomes

forward bias.

One new question related to the finite cell case is that of 1 [dz\? dz\?
the boundary condition at the opposite cell end. We consider 5(@) =ztexp—z)—z()—exd —z(D]+ 5 dy)
the case when there is a shunting resi&pat the end of the (34)
strip. Then, similarly to Eqs(198 and (19b), the boundary
conditions aty=0 andy=I| can be written as This leads to thé/V dependence

AKT Vo=V Vo~V dz \*
_ J—pLO \/ p< a e ))+ al ol () —exp(— z(I))+ | @ ) . (35)
|
Here the derivative can be expressed from the boundary cofi-hey are shown in Fig. 8 by dashed lines.
ditions (33) and the boundary value of the potentzél) can Let us consider the case of a strong shuRt<€pL,).
be found by integration of Eq34) over the coordinate. ThenV(y=1) is close to zero Z(1)=qV,./AkT). The re-

If the cell is shunted at one endt1), the open circuit  gyts of numerical calculations of the open-end voltage are
voltage at the other enc{-0) depends on the shunt resis- esented in Fig. 9. The dotted line shows results of approxi-
tance and the cell lengih Some calculations qf the voltages mate dependence for the case wiggfy, >AkT, i.e., V(0)
at the shuntv/(l) and the open end/(0) are illustrated in =3p(jo+]jL)1? Note that the shunt does not manifest itself

Fig. 8 for a strip of a an intermediate lendth 5L, [close . - . .
to the screening length in E¢4)] as a function of the shunt n I/V1/2character|stlcs for long st'rlps,l >[2V,°°/(J°
resistance. The decay of open circuit potential caused by jL)p]™" The latter equals the screening length in E@S.

shunting manifests itself whem,<pl. At V(0), V(I) and(23) and can be much larger than.

—V,AkT/q, and the curves in Fig. 8. are well approxi-  Consider a linear cell with the voltagé(0) at the open
mated by the linear dependencies predicted by Bf3.and  end. Applying a biase¥ <V(0) at that end makes the dis-
(31), which in the standard variables take the form tribution of the electric potential along the strip nonmono-

o L tonic. The quantityz(max) corresponding to the maximum
V(h=(jo+iVIR, V(0)=V()+3p(jot+j)I? (36)  potential is determined from

Voltage, AkT/qQ

Open-end Voltage, AkT/q
o

o 2 4 6 8 10 12 14 0 2 4 6 8 10
Shunting resistance, A, Strip length, L,

FIG. 8. Open-endy(l) and shunted-end/(0) voltages depending on the FIG. 9. Open-end voltage in a shunted PV strip vs the strip length calculated
shunt resistance. Linear approximations in E2f) are shown by dashed for two differentV,.. The straight line shows the predicted parabolic de-
lines. pendence.
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FIG. 10. The calculatet!V characteristic of a shunted célipen circles of

the lengthL=6L, andV,./AkT=230 in comparison with that of unshunted

cell (solid curve and linear fit in Eq(38).

J'ZU) dz
z2(ma \z+ exp( — z) — z(max) — exd — z(max) ]

N fZ(O) dz
2(max\/z+ exp( — z) — z(maxX) — ex — z(max) ]

=—2l.

Given that quantity the reverse current is calculated as
V2AKT  [q(Vo—V)
|=— arLo AKT z(max) —exd —z(max)].
(37)
This can be further simplified for the region of strong revers
bias, z(max)>1,
1 1/ H 2
|:H[V_§(JO+]L)p| 1. (39

Equation(38) predicts lineat/V dependence in the region of

| <0 and is valid for the potentials less than

V=—3p(jo+iI% (39

e

Karpov et al.

If the cell radius is large as compared to the screening
length Ly, i.e., y>1, the second term in Eq40) can be
neglected in the proximity of the cell edge. This reduces the
equation exactly to the form of E¢L7), based on which all
the subsequent results in Sec. Il A can be extended to the
two-dimensional case. A minor correction to th& charac-
teristic in Eqg.(27) is that now the current is obtained as the
current density times the cell circumferengel. The latter
appears as an additional multiplier in the right-hand side in
Eq. (27), consistent with the semiquantitative results in Egs.
(12) and(13). This leads to size dependdrt/ characteris-
tics, l«d. The measured current per area thus becomes in-
versely proportional to the cell diameter.

For the regime of small two-dimensional cells we pro-
ceed from the differential equatiofi?z=1—exp(—2) and
note that any particular functiof{z,y) in

190z Hzy)
—_—— Z’
yoy &Y
leads to
azz_f d .

Here the last term is relatively small §3<1 anddf/fay
~1, the latter estimate reflecting the fact tfiét,y) does not
contain any parameters. Neglecting that term yields

215Z 1 p—2) (41)
——=1-exp—2).
y ay

This can be solved in a closed form to give the electric po-
tential as a function of coordinatén conventional units

1. 4x%—d?
ex a2z

exr{q(VOC_V)) -1

T
@(X)=Voc— T In

x AKT

] , (42

wherex is the radial distance measured from the center of the

|/V characteristics of a shunted PV strip obtained by numericell andV is the electric potential fixed at the cell edge.

cal calculations is presented in Fig. 10. We note that in the
whole range of negative currents, the calculdt®éd depen-
dence is very close to that in E@®8). To the contrary, in the

To calculate thel/V characteristic we note thdt=
—(md/p) (9ol IX)x=qr- Expressing the latter derivative
from Eqg. (41) and adding the neglected term as a first cor-

region ofV>V,., thel/V dependence is typical of standard rection gives

cells and is not sensitive to shunting, reflecting exponentially

strong screening in the positive current region.

D. Two-dimensional cells

_7Td2 ) qVv .
=)o/ &R 317/ ~ 1|~ L
d? a(V—Voo)

X| 1+ EGX%T) . (43

For the case of a two-dimensional circular cell we re-

placedJ/dx by divJ andd¢/dx by grade in Eq. (14), and
introduce the dimensionless variables defined in &d).
We then arrive at Eq(17) where the Laplacian replaces the qV-V

second derivative,
# 19
@.

v2 :(_+__
P oy Ty ay

(40

Similar to the one-dimensional resudEq. (29)], the small
cell regime fails at significant forward biases, such that
00 =2AKTIn(Ly2d).

We conclude this section by emphasizing two of the
above results{1) we have introduced a new limiting case in
the theory ofl/V curve analysegthe large cell regime
where all the parameters are calculated exactly @pénd
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FIG. 11. Numerically simulated distributions of the electric poter(tgim- FIG. 13. The measured electric potential distributions in a shunted PV strip
bols) for forward biased and two reverse biased cells vs analytical fits bysor three different shunt resistances in comparison with the analytical fits in
Egs.(23—(26). Egs. (23—(26).

exact results in this section are fully consistent with
the much simpler semiquantitative approach developed in Direct measurements of the voltage distribution under
Sec. . different biases and light intensities were performed on one-
dimensional CdTe/CdS cells using scribe design in Fig. 1.
tance of 12()/C]. Shown in Fig. 13 are the data correspond-
We verified our analytical results in Eq23)—(26) for  jng to 1.5% of the standard one-sun light intensity for differ-
the electric potential distribution&ontinuous lines in Fig. ent shunts. All three dependencies in Fig. 6 are fit by Eq.
11) by comparing them to the corresponding numerical s0{23) with V,.=600mV. The best-fit screening radii deter-
lutions of Eq.(17) (data points in Fig. 1)t good agreementis mined from the fit, 86, 106, and 140 mm relate to each other
obtained. in accordance with Eq(23). The measured voltages across
We also used numerical solutions to verify our predic-the shunts are consistent with EG4) if we putA=2.
tion of size dependent current dens|see the discussion In Fig. 14, we show the electric potential distributions
after Eqs.(10), (13), (27), and(30)]. One example is shown ¢orresponding to different biases across the cell. We de-
in Fig. 12 for the case o¥,./AkT=230 in one-dimensional g¢riped the reverse bias decay by E2B) where the best fit
model. In all cases, an abrupt transition from the regime Obarameteﬂ_zleo mm. The ratio of this length to the dead
size-independent short-circuit current density to one whergpnynt screening length =140 mm is consistent with the
the current density is inversely proportional to the cell Sizetheoretically predicted \(,o/V oo+ V) M2 [Eq. (23)]. For the

occurs at approximately=L. case of forward bias, the distributions are fit with E25),
1.2 o -
1.8
1.040 O 1-6—_ Bias
1.4 4 o Forward 1V
08+ 1.2 a Forward 1.8V
< > 1.0+ Reverse -0.2V
S 06 = ] v
~ Py 0.8 4
g ]
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0

distance, cm
FIG. 12. Specific current in a linear PV strip with./k T=30 depending on

the strip length. Solid curve represents theoretically predicted dependenddG. 14. The measured electric potential distributions for a biased PV strip
1n. in comparison with the analytical fits in Eg®3)—(25).
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FIG. 17. The measuredV characteristics of shunted and unshunted cells
FIG. 15. The measurddV characteristic of a long linear cell in comparison vs the linear approximation in E¢38).
with the theoretical dependence in E&7).

V. IMPLICATIONS AND CONCLUSIONS

The most straightforward implications of the above re-
which gives the screening lengtis=0.014mm andL  sults pertain to shunt problems. As an example we note that
=0.26 mm forV=1.8V andV=1V, respectively. using Eqgs.(23) and(24) enable one to calculate the current

Shown in Fig. 15 is thé/V characteristic of a long linear |oss due to shunts of a given resistamfte
cell in comparison with the theoretical dependence in Eq.

(27) that provides a good fit. By measurihf/ characteris- JR:E

tics of different length cells we were able to plot the data on R

Jgc versus the cell length as is shown in Fig. 16. These data \/—V

support the theoretical results in Fig. 12: thé dependence oc f( A\ /JL \[)
is clearly seen for the 1-sun data where the screening length

is close to 2.5 cm; for the low light data the screening lengthrhis quantity decays monotonlcally wifR at constant illu-
of about 15 cm makes the ratitl. less than 1. In this case, mination, while as a function of illumination intensity at
Jsc does not depend o In Fig. 17, we present the data on fixed R it reaches its maximum d¢ /j.=0.76. This can be
I/V characteristics in a shunted cell. In accordance with theyf interest in connection with the changesjin related to
prediction in Eq.(38) (and in Fig. 10 the shunted sample (ifferent geographical locations and seasons.
I/V characteristic is approximately linear in the negative cur- | ocal heating in shunts is often considered a cause for
rent region. progressive module degradatiband can be expressed from

Eq. (23) as

VR V2vi

R E (TR

>~ O 0.015sun It is @ maximum atr’=0.83 (corresponding to the shunt
A A 1sun resistanceR~20() for the forementioned device param-
10 ~s eterg. The nature of the maximum is that a low thermal
] / power generation rate is observed for |IBvSimilarly, heat-
A ing is current limited in the case of higR. The above de-
N fined extreme shunts are predicted to heat the devices the
A most. Other potential applications of these results have a
RN bearing upon optimizing cell size in modulés as to avoid
a considerable screening effect and correspondingly consid-
14 erable fraction of the cell being inactive
] The theory under consideration may be further refined
© o) by incorporating effects of back contact resistance that have
been neglected. While the results of such a modification will
be presented elsewhere, we note here that in some range of
cell length, cm the device parameters, taking back contact resistance into
FIG. 16. The measured short circuit current density in a PV strip dependingaccount S”O”g'y changes these r'esults. .
on the strip length for two different illuminations corresponding to the re- In conclusion, let us summarize the main results of the
gimes where the strip length is larger or shorter than the screening lengthpresent consideration. We have introduced a fundamental

J,.» mA/cm

lo

T T T ——T |
0.91 2 3 4 5 6 7 8910 20
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screening phenomenon is practically important as the chafor Basic Research, Project No. 00-02-16775.

acteristic screening length is comparable to the actual cell

sizes. In general, the main consequence of screening is that

the electric potential distribution across the cell is nonuni-

form. More specifically, this nonuniformity determines the ;B-JY%V Mscﬁiﬂfsé gz”ges\/‘zaz‘es';fzgeioz(lgﬁo-
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