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Analysis of the role of mobility-lifetime products in the performance
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An analytical model of an amorphous silicpsi-n solar cell is presented to describe its photovoltaic
behavior under short-circuit conditions. It has been developed from the analysis of numerical
simulation results. These results reproduce the experimental illumination dependence of
short-circuit resistance, which is the reciprocal slope of (W curve at the short-circuit point. The
recombination rate profiles show that recombination in the regions of charged defects near the
andi-n interfaces should not be overlooked. Based on the interpretation of the numerical solutions,
we deduce analytical expressions for the recombination current and short-circuit resistance. These
expressions are given as a function ofedfectivex 7 product, which depends on the intensity of
illumination. We also study the effect of surface recombination with simple expressions that
describe its influence on current loss and short-circuit resistancel99 American Institute of
Physics[S0021-89789)03705-§

I. INTRODUCTION the carrier with the shorter drift length that will determine
_ o _ collection.
The collection mechanism ie-Si:H-basedp-i-n solar Recently, we used the uniform-field model of Hubin and

cells can be studied theoretically by means of numéfidal shah to interpret the variable illumination measurement of
and analytical modefs. Numerical treatments using com- the short-circuit resistancBe. of a-Si:H p-i-n solar cells?
puter calculation have often been preferred due to the diffi; g  the reciprocal slopesy// 81)y_, of thel (V) curve at the
culty of solving the fundamental formulas for analyi®is-  snort-circuit point. Over a wide range of illumination levels,
son and continuity equationdHowever, the interpretation of R is inversely proportional to the short-circuit curreit.

the experimental behavior of the cell from numerical resulty this situation, theR, value is related to the voltage-
is often complicated by the large number of parameters ingependent photocurrent collection and can be calculated by
volved. Furthermore, many of the material parameters reme yniform-field theory. Thus, iR is plotted as a function
quired are experimentally inaccessible or imperfectly known o I, it is possible to extract the value of @ffectivepr
Analytical models have the drawback of requiring strong aSproduct which suitably combines ther products of elec-
sumptions in order to solve the transport equations, but thgons and holes in the layémore recently, other authdrs
simplicity of their solutions allows a straightforward link reported a study which is similar but based on the Crandall
with the experimental results. theory).

_There have been fewer fully analytical attempts t0 de-  Although the method is straightforward and has been
scribe the collection mechanism @Si:H p-i-n solar cells  gajistactorily applied as a quantifying tool for the state of
than numerical treatments. The main attempt is probably thgegradation of-Si:H solar cells and moduléssome experi-
uniform-field model of Crandafl, whose main assumptions enta| results question the validity of the uniform-field
are: constant electric field, negligible diffusion in thiayer, el used to interpret variable illumination measurements:
and the use of the Shockley—Read—Hall expression for re- () |n general, thew o« value deduced fromR. applying
combination as derived for a two-state recombination centefne yniform-field model is significantly lowefby up to 1

These assumptions lead to a very simple expression for thgqer of magnitudethan the one obtained from photocon-
photocurrent as a function of the two carrier drift 'engths-ductivity in intrinsic material.

Later, Hubin and Shé_’hpropolse.d a variation of Crandall's (b) The Ry dependence on illumination level is quasilin-
model, in which a more realistic description of recombina-q/- in most sampleB.1 2, wherey<1 is found. In fact, if

. . . . . . . - sc . )
tion in a-Si:H is introduced. They consider the amphotericiya yalue of e, deduced applying the uniform-field
nature of the dangling bond, the main recombination centeg, e [see Eq.(10) in Sec. 1) is plotted as a function of

in a-Si:H, and use a recombination function based on §_ - increases as the illumination level increagsse
single type of three-state recombination center. In this WayFig. 1)

they explain some of the differences between Crandall's ana-
lytical results and the more realistic models based on numer
cal simulationt for example, this treatment shows that it is

" In this article, numerical simulation is used to show that
these effects could be correlated with the charged defect
states which necessarily exist near fhieandi-n interfaces.

For low and intermediate illumination levels, most of the
dElectronic mail: jmasensi@electra.fao.ub.es recombination occurs in these regions. When illumination is
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10* 4 (c) bulk recombination in thelayer is determined by the
[~ R i neutral dangling bonds.
~ SC SC . . . . .
103 |- %, OOOO The two first assumptions are indeed applicable to thin
& E '%. P 13 Ng p-i-n cells under small or negative voltage bias. These are
§ 1021 *'... % > 5 the same restrictive assumptions as in Crandall's model. To
g v, 12 % deal with recombination by neutral dangling bonds, they in-
=~ 10 b oooo.".. Z troduce a linear approximation for the recombination func-
ch OOOOOOOO '%. % tion associated with a single type of recombination center
100 b L0 LV "..\ -1 8 that can exist in three charge stafes:
Woerr =Rsc’sc[v—] .
bi h n p
101 ' ' ' ' 0 Rpe=—5* 5> (1)
10% 102 101 10°  10° 102 ™ Tp

/ 2 . .
s (MAVCM?) wheren andp are the densities of free carrigedectrons and

FIG. 1. Variable iradiance measurementRof in a-Si:H p-i-n solar cells. ~ holeg and Tg and 73 are the capture times of free electrons
The value ofu 7. deduced from Eq(10) (uniform-field model is shown.  and free holes, respectively, by neutral dangling bonds. The
capture times are defined by

0__ 0 -1
increasedfor | .>>10 mA/cnt), the charged defects are neu- 7= (VinoNos)
tralized and the importance of the recombination near thend
interfaces decreases. Only in this case of high illumination
are the uniform-field model assumptions valid. From the nu-

merical results we develop a more detailed analytical degnere o and Ug are the capture cross sections of the free
scription of collection inp-i-n aSi:H solar cells. Our de- carriers by the neutral dangling bondéyg is the total den-
scription includes the prominent role of charged defects INsity of dangling bonds, andy, is the thermal velocity.
the i layer and enables a more geneyet; depending on Now, assuming a uniform generation ra& due to
light intensity to be defined. ~ weakly absorbed light, the steady-state continuity and trans-
The paper is organized as follows. In Sec. Il, we reviewport equations with the appropriate boundary conditions can
the assumptions of the uniform-field model of Shah and Hupe solved and the densities of free carriers as a function of
bin, and show the expression deduced for short-circuit resishe positionx in thei layer can be obtained. On introducing
tanceRq; as a function of the standagdfectiven = product. n(x) andp(x) into Eq. (1), the total recombination in thie
In Sec. lll, we describe our numerical model and present th?ayer can be calculated, and from this the bulk collection
full set of equations used in the computer simulation. Our; e, the fraction of the collected photocurrent divided by the

numerical treatment was simplified for a better comparisongig) generation current in thidayer. Hubin and Shah found
with the results of the uniform-field model description. We

then simulate a variable illumination measuremeriRgfand _ l Inlp

show that recombination in the charged regions at interfaces X~ L lnexp(L/Le)—I,exp(—L/Le)

is not negligible. In Sec. IV we present the analytical de- L L
oot i el -

scription of thep-i-n solar cell including the effect of the %
charged regions. We show that, in thermodynamic equilib-

. . A wherelL is the thickness of thelayer andL. is the collec-
regions near the-i andi-n interfaces can be deduced em-, y c

2

0_ 0 -1
Tp_ (vtho-pNDB) )

: ()

rium, the electric field profile, and the widths of the charged

: . - . ion length
ploying dangling bond statistics. In particular, we show that ¢
the use of the “thin solar cell” approach leads to straight- Inlp
forward expressions. We then study the effect of illumin- Le= =1y’ 4)

ation on the electric field, carrier density, and recombination

profiles. From this analysis the recombination current and thévherel, andl, are the drift lengths for free electrons and
short-circuit resistance can be given as a function of a neffee holes. These lengths depend on the electric field in the
effective w7 product which adequately combines the layer (E;), the band mobilities for free carrierg.f and ),
effect of the different regions on thie layer. Section IV —and the capture times of free carriers by neutral dangling
closes with an analysis of the influence of surface recombibonds ¢y and 5):

nation. In:MnTg|Ei|
and ®)
Il. UNIFORM-FIELD MODEL AND g7 PRODUCT 0
Hubin and Shahsolved the problem of bulk collection o= rpTlEil
in a p-i-n solar cell under these three basic assumptions: In the case of a thirp-i-n device, the electric field
(a) constant electric field in thelayer, strength is strong enough for the drift lengths to be much
(b) negligible diffusion in the layer, larger than the layer thickness. Then E¢3) becomes
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L
X= : (6)
LE+L
whereL¢ is aredefinitionof the collection length as
[l
* = —n p = .
LC_2|n+|p /J’Teff|E||r (7)

where u 7o IS an effectiveu  product which suitably com-
bines w7 products of electrons and holes:

ﬂnTg' ﬂpTg
/~Ln72+ /vaT;O)

It can be shown that if,~1, then Eq.(6) is also valid in
the more general situation, i.e., when the drift lendthand
|, are comparable to or shorter than tHayer thicknesssee
Ref. 5. Note that in this caseg~I,~I,.

In accordance with EqQ6) the loss current,. in thei
layer can be expressed as

M Teff=2 (8)

L L2

o= — o= ——————— 1y,
LE P (V= V) P

©)
where |, is the generation current in the layer (I,
=qGL), Vy; is the built-in voltage, and/ is the applied
voltage.

In the short-circuit region, and neglecting the effect of

“parasite” resistance(see Ref. § the slope of thel (V)
curve is determined by the voltage dependendgef Thus,

differentiating Eq.(9) with respect to the applied voltage, the

short-circuit resistance can be deduced:

dv Vi) 2
) el

dlredl,_q L) s (10

= M Teff

where the generation currelny, is approximated to the short-
circuit currentl ¢ (note that we assume~1). So if we plot
Rsc @s a function oflg it is possible to extract, from the
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sumption reduces significantly the number of physical pa-
rameters involved: as will be shown later, the doped-layer
influence is completely described by only fiviayer bound-
ary condition parameters.

(b) To find the trapped charge density and the recombi-
nation rate, only the dangling bonds were examined. This is
a good assumption for the middle of thé&ayer, but is inad-
equate for the regions near the interfapdsandi-n, where
the Fermi level significantly enters the tail states. However,
the tail states mainly affect the trapped charge near the inter-
faces and are thought to create only a small distortion in the
magnitude of the electric field. A similar effect is produced
by the fixed space charge at the interfaces in the doped lay-
ers. In fact, these two effects can be included as a reduction
of the built-in potentiaV,;, one of the boundary conditions
of the problem.

(c) The defect distribution throughout thelayer was
assumed uniform and constant. This is the standard model of
the density of states ia-Si:H (and a normal assumption for
all uniform-field models A further simplification is to as-
sume that the defect states in the gap are discrete.

B. Model equations

The equations that must be solved numerically are Pois-
son’s equation:

dE _a + 11
relating the derivative of the electric fielH to the local
charge(free electron®, free holes, and trapped charg®);

the current density equations, combining the two driving
forces of carrier movement, drift and diffusion, with the total

hole (j,) and electron \,) currents:

dp(x)

region whereR4. is inversely proportional tbs., the value of 1p(X) =AupP(X)E(X) —KTpp——, (129
M Teff -
. dn(x)
In()=auan()E(X)+KTun =5~ (12b)
11l. NUMERICAL SIMULATION
A. Simplifying assumptions and the two continuity equations:
All numerical calculations in this article were carried out djp(x)
using the simulation model which was previously developed dx_A[G—R(p.n)], (139
by our group® Our computer program uses finite differences
and the Newton technigue to solve Poisson’s equation and dj,(x)
~a = AlG-R(p.N], (130

continuity equations for the complete diode. The flexibility

of the program allows different model assumptions to be

analyzed. Our aim here is to study the validity of the hypoth-WhereG is the generation rate ar{p,n) is the recombina-

eses of the uniform-field modghssumptionsa), (b) and(c),  tion rate.

in Sec. Il] that lead to Eqs(9) and (10) for the recombina- As stated, we assume that the trapped charge and the

tion current and short-circuit resistance, respectively. Therelecombination are only determined by dangling bonds. Thus,

fore, as an excessively detailed description of the dioddhe trapped charg® is

could complicate the analysis, some simplifying assumptions et e

were incorporated into the numerical treatment: Q=["(p.m=1"(p.n)Noe,
(a) The transport equations were solved only within thewhereNpg is the constant density of dangling bonds in the

intrinsic layer, and boundary conditions were defined at thdayer andf* andf~ are the occupation of the positive and

doped-layer/intrinsic-layer interfacep4{ andi-n). This as- negative dangling-bond statés:

(14
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TABLE |. Values of parameters used for numerical calculations.

T"(p.n)
f(p,n)= , (159 — )
1+TH(p,n)+T (p,n) Principal intrinsic material parameters
Band gapE, (eV) 1.77
T (p,n) Effective densities of statedc andN, (cm™3) 4x10%
f (p,n)= " — , (15b Electron mobility u,, (cm?/V/ s) 10
1+T"(p,n)+T (p,n) Hole mobility w, (cn?/V/s) 4
P
. Dangling bond densitiNpg (cm™2) 10'6
with Energy level of theD "< D° transitionE* —Ey, (eV) 0.735
Effective correlation energyl ¢ (eV) 0.3
0 1+ —(Ec—E")/KT Capture cross-section of electrons B¢ (cn?) 5% 10716
o p+ 30, Nce n
p 29n INC . + —14
T+(p n)= (169 Capture cross-section of electrons By o, (cn?) 2.5x10
! + 0 —(ET —Ey)/kT’ copti 0 (P - 16
o, N+20,Nye Capture cross-section of holes Bfa) (cn) 10
Capture cross-section of holes By o, (cnv) 5x10°1%
0 1 - —(E”—Ey)/KT
T-(p.n) = ozn+ 20p Nye v (16b) Capture times of free carriers by dangling bonds
’ - 0 —(Ec—E)/KT’
o, P+20,Nce (Fe Capture time of electrons Bp°73=(v,oINpg) ~* () 2x10°8
0 0 ] Capture time of electrons by * 7, = (v oy Npg) ~* () 4x1071°
whereo, and o, are the capture cro§§ sections of electrons capture time of holes bPOr9= (040 INpg) ~(9) 107
and holes by neutral dangling bonds, is the capture cross  Capture time of holes b ~ 7, = (vo, Npg) " (9) 2x10°°

section of electrons by positive dangling bonds, is the
capture cross section of holes by negative dangling bonds,

_ . Doped material parameters
and E* and E- are the effective energy levels of the P P

D*«D% andD ~«DP transitions. Fermi-level in thep-layer Er—Ey, (eV) 0.58
The rate of recombination via dangling bonds is given Fermi-levelin then-layerEc—Eg (eV) _ 0.58
by Interface recombination velocity of minority carrie®s 10
andS; (cm/s
R=vy(pn—n?) 71 %
vin(p i O_rJlrn_’_zo_gNVe—(E*va)/kT P(0) = peq0)
and (20
-0
Oy 0y 0 B
= f°(p,N)Npg, 1 n(L)=n.(L),

wherep.{0) andn.{L) are the equilibrium hole and elec-
wheren; is the equilibrium intrinsic concentration ari is  tron densities in the doped layers. For the minority-carrier

the occupation of the neutral dangling bonds: currents[j,(L) andj,(0)] we use themore general form:
L Jp(L)=aS.[p(L)—pedL)], (219
Ppm)= (18) in(0)=aS[N(0) ~neq 0)], (21

1+T (p,n)+T (p.,n)
wherepg(L) andn.0) are the equilibrium minority-carrier
Finally, this set of coupled differential equations must bedensities in the doped layers, aBdandS, are the interface
solved with the appropriate boundary conditions. As statedecombination velocities for the minority carriers at the in-

above, these conditions are defined at the interfageandi-  terfaces. Note that the currents given by E2l) are loss
n. The first boundary condition refers to the potential differ-currents. The casg, = S,=0 is an ideal situation where the
ence across thelayer: interfaces are perfectly blocking contacts for the minority
carriers.
V(L)—V(0)=Vpi— Ve, (19

whereV,; is the built-in potential, i.e., the difference in the C. Simulation results

electrostatic potential between tpdayer and then layer in Variable irradiance measurement®§. over a range of
equilibrium, andV is the applied voltage. Note that the full illumination levels from 10° to 16 mA/cn? (for 1) was
built-in voltage is assumed to be applied over thlayer  simulated. It was considered uniform-light illumination. The
alone, and that the part of the potential lost in the doped layedevice simulated was a 0 8m-thick a-Si:H solar cell.
space-charge regions is neglected. Model parameters are listed in Table I. These parameters are
The remaining boundary conditions define the currenthe typical ones fora-Si:H material in the annealed state
densities at the interfaces by effective surface-recombinatiofe.g., see Ref.)9with these parameters and using E).we
velocities S for both holes and electrons. However, someobtain au e value of 2.210° 7 cm?/V, and applying Eq.
simplification is possible: e.g., for majority carriers we can(7) we find 62um for the collection lengti.& (note that this
assume that the interfaces behave as ohmic contacts, and fkemuch longer than thelayer thicknesd.).
correspondings values are very high. Therefore, we can as-  Figure 2 shows the calculated short-circuit resistaRge
sume a constant majority-carrier concentration that is indeand theu 7o, deduced fronRg; by applying Eq.(10) as a
pendent of the current density: function of the short-circuit current.. At the lowest illu-
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FIG. 2. Simulated short-circuit resistanég, as a function of the short- 20 L l
circuit currentl . The value ofu e deduced fromRg. by applyi_ng Eq. (C)
(10) and the theoretical value @ity deduced from8) (dashed ling are 0.04
shown.

(V]

® 0.02
mination levels we find a value qi .4 approximately one
order of magnitude smaller that predicted by the uniform- .
field theory. On the illumination level increasing, this differ- 0.00 ~----7 1----
ence decreases and the; is close to the value theoreti- 0.0 0.1 0.2 0.3
cally predicted. In fact, one can see from Fig. 2 that Ryg position  (um)

dgpendence on illumination is quaS|I|_neaI: W? fIRQCO(IgC _FIG. 3. Simulated profiles ofA) density of trapped chargéB) electric
with y=0.84. These results are consistent with the experitieid, and(C) recombination rate normalized to generation, at short-circuit
mental datgsee Fig. 1L Consequently, a detailed analysis of conditions and for two illumination levels: low(solid line, Ig
our simulation results is expected to reveal aspects of the10~° mA/cn?) and high(dashed line) = 10" mA/cn?). The arrows
physics of the device that are not included in the convenindicate evolution with illumination.
tional uniform-field model.

Figure 3 shows some calculated profilégensity of rent. Therefore, diffusion cannot be overlooked when solving

trapped charge, electric field, and recombination)r@e  he hole transport equations in this region. As can also be
short-circuit conditions for two different levels of illumina- seen, this effect decreases under very intense illumination
tion. The most important differences between simulation and,, only in this case, hypothesik) of the uniform-field
the uniform-field model suppositions appear in the 10w- 46| could be applied in the whole bulk of théayer. To
illumination regime(solid line in Fig. 3. In this regime,  yemonstrate more clearly that diffusion must be included for
neutrality is only maintained in a small region within the  \5i5rity carriers close to the interfaces, in Fig. 5 we compare

layer. In the regions near to the doped zones, dangling bondfe hrofile of photogenerated hole density with the profile
are chargedFig. 3A)], altering the electric fieldFig. 3B)]  gequced from the uniform-field theory which overlooks dif-

and clearly the recombination profiJ&ig. 3(C)] . It can be fusion[see Eq(31) in Sec. IV d. It can be seen that, at low
observed that, in this case of low illumination, most of the

recombination occurs close to the interfaces where the de-

fects are in the charged state. So the collection, and probably 3 —
its dependence on the applied voltage, must be controlled by arift
these regions. When illumination increases, the neutral re- 25 < \
gion increases and the charged regions shidlalshed line in 1 '
Fig. 3. The field inside the bulk of thelayer grows and the o | total 2
relative weight of the recombination through charged dan- ;"’ oL ,
gling bonds becomes much lower: note that only in the re- & N
gime of very high illumination ;o> 10> mA/cn?) could hy- AL (€,
pothesesa) and(c) of the uniform-field model be considered , !
valid. AN !
Now we shift our attention to hypothesi®) of the 3 diffusion | ,
uniform-field model, i.e., that photocarrier transport occurs 0.0 0.1 0.2 0.3
by field-assisted drift. Figure 4 shows the drift and the dif- position (um)

fusion components of the hole current density under short-

circuit conditions for the two cases of illumination. It can be F'C: 4 Simulated profiles of the hole current density normalized to the total
short-circuit current in the same conditions as in Fig. 3. The drift and the

seen that near th&i interface', where holes are the majority gitusion components of the current and the effect of the illumination level
carriers, both drift and diffusion contribute to the photocur-are shown.
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108 P _Pl-region I-region IN-region N
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104 E
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T 107 g/‘\- £ | E %
3 10 SU~A. | £°- -
<

\\\\7
m

107 + Field-assisted drift assumption
102 | ]
0.0 0.1 0.2 0.3 x=0 X=X, XX, X
position (im) position

FIG. 5. Photogenerated hole profiles in the same conditions as in Fig. f'G 6. Schematic energy band diagrameei:H p-i-n solar cell in equi-
Showing simulated profiles for the two illumination levels, and the theoret-liPrium.

ical profile obtained by neglecting both diffusion and recombination:

Ap(x)=Aps™(L—x) with Apg™=(G-L)/(sp- V).

MM

1l
~

E(x):Eo—q%x, (22
illumination, the simulated photohole density at theinter- €
face is significantly different from the theoretical value. As where the absolute value of the electric field is considered.
will be discussed later, the majority-carrier densities photo£Ey is the field value at the interfagei (x=0) andNpg is
generated near the interfaces are very sensitive to perturbthe defect density.
tions in the electric fieldwhich could be due to illumination (B) Bulk region(l): betweerx=x, andx=Xx,, wherex,
and/or voltage bigs Although this is not significant in cal- is thei layer position at whiclE; is on the dangling bond
culating the loss of carrier collection, since recombination inlevel E™. All defects are neutral and the voltayg across
these regions is determined by minority carriers, the comthis region could be determined by the difference between
plete description of thg-i-n diode must take into account the E™ and E~ levels of the dangling bond, i.e., by the
the effect of the majority carriers injected from thé and  correlation energy«. The electric field is uniforni E(x)
i-n contacts. =E].

In summary, numerical simulation has demonstrated that  (C) Interface regior(IN): betweenx=x, andx=L. All
hypotheses used in the uniform-field model are not fulfilled,defects are negatively ionized. The potential variatign
especially at low illumination. A correct interpretation®f.  across the IN region is determined by the difference between
measurement or, in general, of collection in amorphwirs1  the Fermi level position in the n-doped material and Eie
solar cells must include the state of charge of the defects itevel of the dangling bond. The electric field strength is
the regions close to the doped zones and, probably, the effect N
of the diffusion current. This is the theme of Sec. IV. E(x):EL—q%(L—x), (23

where E, is the absolute value of the electric field at the
IV. ANALYTICAL DESCRIPTION interfacei-n (x=L).
Thus, the electric field profile can be expressed in terms
) o o _of five parametersEg, E; ,E_ ,W, andW,; whereW, and
In thermodynamic equmb_num, i.e.,in t_he da_rk a_nd with- W, are the widths of the interface regionsV{=x, and
out external voltage, the regions near fe andi-n inter-  \y —| —x ) These parameters can be obtained as a function
faces are non-neutral due to the Fermi level shifts in thesgs ine intrinsic layer thicknesk and the potential®/,,V,

regions. In Fig. 6, where the band diagram gf-&-n struc- andV, by solving the following set of equations:
ture is shown, we can see the different regions in the intrinsic

A. Equilibrium

layer. Assuming discrete transition levels for the dangling  (EotE)Wp=2Vp, (249
bonds anq using the ;erg-temperature approx!matlon, Fhree (EL+E)W,=2V,, (24b)
regions within the intrinsic layer can be identified, which
vary according to the position of the Fermi level: Ei(L-=W,=W,)=V;, (240
(A) Interface region(Pl): betweenx=0 and x=x,,

. ; . . ; Npg
wherex, is thei layer position wherée; is on the dangling Eo—Ei= W,, (240
bond levelE™". All defects are positively ionized. The poten- &
tial variation V, across the PI region is determined by the qNpg
difference between the Fermi level position in theloped E —E= W,, (24¢

material and th&* level of the dangling bond. The electric
field strength decreases as a consequence of the defeghich is obtained by integrating the electric field profiles
charge: across the different regions of thhdéayer and imposing con-
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o o o ) FIG. 8. Perturbation of electric field profile due to illumination.
FIG. 7. Parameters of the electric field profile in equilibrium as a function of

thei layer thicknes4.. Solid lines are theoretical results calculated from Eg.
(24). Data points are from numerical simulation. Note that the cell described

in Table | is symmetric so thav,=W, andE,=E, . . . . . .
y P ot is a consequence of the trapped charge in the interior df the

layer, near the Pl and IN regions, due to the effect of the
nonzero temperature.

However, this first study focuses on the most common
Osituation of “thin” solar cells(i.e., whenL<L*). As can be
Seen in Fig. 7, in this case there is an important and nearly
uniform electric field all over thé layer:

tinuity of the electric field at the limitx, andx,. Note that
the potential variation¥,,V;, andV,, depend only on the
doping level and the energetic position of the dangling bon
in the intrinsic material, and the sum of these potentials is th
built-in potentialVy; (i.e., the total potential variation across
thei layer). Vi

Ei~Eo~E~ (27)

B. “Thin solar cell” approximation . L . . .
Note that, although in this situation the hypothesis of “uni-

The set of equation24) can be solved easily by itera- form field” is a good assumption, the charged regidR$
tive methodgalthough it can also be solved analytically, the and IN) in thei layer should not be neglected: the widihg

general solution is not straightforwardrigure 7 shows the and W, are an important fraction of the layer thickness.
dependence of the electric field profilee., the parameters e find

Eo, Ej,EL,W,, andW,)) on the intrinsic layer thicknesls

for thep-i-n solar cell described in Table I. We also compare W~ ﬁL

the values obtained by solving the set of equati@® with PV

the values extracted from the numerical results. This plot

gives two different kinds of behavior, depending on whethe@nd (28)

the i layer thicknesd. is bigger or smaller than a critical
thickness valueL* related to the widths of the depletion an_”L_
layers in an “infinite thick solar cell:” Vbi

L™ =Wpo+Who, (29 C. Solar cell under uniform illumination
with In general, when the solar cell is under external pertur-
2¢ bation (illumination or electrical bias the profile of charge
Wpo= qNps Vp density changes and, in consequence, the electric field profile
also changes. The greatest variation in charge density occurs
and (26)  at the limitsx, andx, of the interface regions. In the bulk of
2¢ these regions the electric charge is mainly due to ionized
Wpo= TNog V. defects and only a very high illumination lev@r applied

voltage can perturb this “fixed” charge. Note that in the
With the cell parameters listed in Table | we obtdif bulk of the neutral | region, betweeqy andx,, the effect of
~0.5um. At the limit of thick cells(i.e., if L>L*), the the photogenerated space charge could be more important.
widths of the interface regiond/, andW, tend toW,, and  However we assume, as a first approach, that this effect is
W,,0, respectively. In this case, the electric field in tHayer  not significant. Therefore, we will interpret the perturbation
departs significantly from uniformityE;<E, andE;<E,). of the charge profile as the variatiodx, and Ax, for the

In fact, the set of equation&4), where we use the zero- limits x, andx, of the interface regionésee Fig. 8 As a
temperature approximation, leads E~V,/L, while nu- consequence of this perturbation, the electric field will be
merical simulation shows that the electric field is much moremodified by the incrementAE,,AE; andAE, in the three
sensitive to the layer thickness an#; is virtually zero. This  regions of the cellnote that ifAQ=0 in the bulk, therAE
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is constant In the short-circuit condition the following rela-
tionships between these increments and the variations
andAx,, can be found:

N
AE,=AE+ 22 Ax | (293
to
N
AE,—AE — 0B,y (29
AE(Wp+AXp) +AE(W,—AX,+AXp)
+AE (W, —Ax,)=0, (290

where the first two equations in EqR9) are obtained by
imposing continuity of the electric field at the new limits of
the interface regions, and the last equati@®c) refers to the

short-circuit condition: i.e., the integral of the electric field

perturbation across thelayer must be zero.

We need two more equations to calculate the variation in

the electric field profile 4E,,AE; ,AE,,AX,, and AX;).

These can be obtained employing statistics. For exampl

Asensi et al.

simple expressions for the profiles of majority photocarriers
are obtained(see Appendix A So, for the PI region the
result is that

Ap(x)=pedx) (&~ AEVT—1), (32

whereV is the Boltzmann potential anp,(x) is the hole
profile in equilibrium which can be calculated from the elec-
tric field profile in equilibrium, makingj,(x)=0 in Eq.

(123:
- . X N
peq(x) peq(O)eX _VT( EO ngDBX) .

Note that the illumination dependence in E82) is implicit

in AE,. For photoelectrons in the IN region we arrive at a
similar expression, but in the function &fg,. Now, using
Egs.(31) and(32) in Eg. (30) and solving the coupled set of
equationg29)—(30), we can calculate the perturbation of the
electric field profile due to illumination.

In the case of thin solar cells.e., when the “thin solar
cell” approximation can be appliedh useful simplification

(33

és to assume that the electric field increments can be ne-

note that, in thermodynamic equilibrium and using the Zeroglected in comparison with the electric field valGgin thei

temperature approach, the limif was defined as the posi-

tion in thei layer at which defects pass from the positive to

the neutral state; i.eE(x,)=E"(x,) (see Fig. 6. Equation
(163 shows that ifT+0, then atx, the ratioT ™ for positive

to neutral defects is 1/2. When the cell is under illumination,

this condition will be accomplished at the new limi,

+AXx,. So, from the more general dangling-bond statistics

[see Egs(15) and(16)], the following conditions at the new
limits of the interface regions can be derived:
+ p(xp+AXp)_ pecﬁxp) — - n(xn+AXn)_neq(Xn) _-
N(Xp+AXp) = Ned Xp) P(Xnt+ AXp) = Ped Xn) 2

whereC* andC™~ are the ratio of capture cross sections for

charged to neutral defect€" =oj/o, andC™=op/a, .

Now, in Eq. (30) we need to know the photogenerated

carrier densities in order to solve the coupled set of E28).

and (30). Assuming that in the neutral region photocarrier
transport occurs by field-assisted drift, and neglecting recom-

bination in Eqs(139 and(13b) (see Ref. § then we arrive
at

G(L—x)
Ap(X)~—MpE(X)
and D
A _ Gx
)= EX)

layer. It can be shown that this simplification enables the
effect of these increments in EB2) to be removed. Thus,
from Eqg.(30), we arrive at the following expressions for the
thickness variationax, andAx, of the interface regions:

+ EiAXp G
C7pedXp)| €XP — Vo -1 =E(Wp+Axp),
(343
_ EiAX, G
C NedXn) exp( v )_1}:E(Wn_Axn)y
- (34D)

wherepe(X,) andne{xn) only depend on the position of the
electronic defect states:

B Vol ET—Ey
peq(xp)_peq(o)ex _V_T =Nyexg - qVy )
(353
B Vol Ec—E~
Ned Xn) = Neg L) €X —V—T =Ncexg — avs
(35b)

The equations foAx, andAx, in Eg. (34) are transcendent
and must be solved by iterative methods. However, for low
perturbation we can assume thgkx,|<W, and |Ax,|
<W,, and then we can obtain analytical solutions fox,
andAx, . For example, ifAx, is neglected in the right term
of Eq. (349 then we arrive at

Vr
Axp— - Eln

GW,

+—+l
C peq(xp)MnEi

(36)

As we discussed at the end of Sec. lll, these expressions Ca\'rF]is result shows that illumination leads to a decrease in the

be considered valid in the neutral region and valid only for

minority carriers in the interface regioftislectrons in the Pl
region and holes in the IN regipnFor the majority carriers

diffusion cannot be ignored and the modified field has to b
borne in mind on determining the drift. However, by solving

thickness of the interface region.

eD. Voltage dependence of the electric field profile

In order to evaluate short-circuit resistance, it is neces-

the transport equations in the absence of recombinatiorsary to calculate the derivatives of the field profile param-
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eters with respect to the applied voltage. From the electric  Therefore, by solving the integrals in EG0) we can

field profile under short-circuit conditioné.e., E§, Ef, obtain the recombination in the different regions. In the neu-
T, W; , and W} , where the superscript * refers to the tral region integration is straightforward and gives

value under illumination: e.g\l,\/; =W,+AXp), and follow-

ing an analysis similar to the one made in the previous sec- ; 1 (L—WS -Wp) (41)
tion (see Appendix B we arrive at C L Teft EX ph
E¥ EX =y . . :
(5_') = ( 5_0) = (5_L) =— 1 (379  Whereure is the sameeffectiveu 7 product obtained by the
oV V=0 NV oo oV V=0 L standard uniform-field model of Hubin and Shgtle., see
SW* W Eq. (8)). It is important to note that at the limit of very high
P =_PF illumination, W¥ and W} be i d in front ot
P =P (370 illumination, Wy and Wy can be ignored in front ok, so
oV |y_o Vi that the same behavior as in the standard model is foszel
Eqg. (9)].
(&N:) 2%. (370 At low illumination and, in fact, in a wide range of in-
N o Vi termediate illuminations, the widths of the interface regions

are important and this means that recombination is deter-
mined by the charged defedtsith higher capture cross sec-
tions than the neutral ongdntegrating Eq(38) between the

E. Recombination and u 7 product limits of the PI region, and using the “thin solar cell” ap-
proximation, we arrive at

in which “thin solar cell” approximation is included.

Recombination in theé layer is due to dangling bonds
and depends on their charge states in the different regions. W2
Inside thei layer (I region) all defects can be considered as |peicz _P oh-
neutral and we can use the linear approximation of the re- pnTy 2LES
combination functionEqg. (1)]. In the interface PI region, ) o ) )
where defects are positively ionized and electrons are minor- !N the IN region a similar expression can be obtained as

(42)

ity carriers, the recombination rate is approximately a function of the widthW; and theu product for nega-
tively ionized dangling bondsy,7,). Finally, after some
pi__ An manipulation, we arrive at the following expression for the
R~ T_+ total recombination in the interface regions:
n
with (39 piin_pi 4 in 1 LI h @3
T::(UthU:NDB)il, rec rec’ 'rec Tg;f+ln Ei* p

where 7. is the capture time of free electrons by positively
ionized dangling bonds andl; is the corresponding capture
cross section. The analogous equation for the recombination

where a neweffectiveu 7 product has been introduced:

§+:U*n7'r41—§_:“p7'g

rate in the IN region is urhi =2 . (44)
A © §+/-Ln7-r:r+§7lu“p7p
i p
R~ TT The coefficients™ andé™ are dimensionless and depend on
P the ratio of thel layer thicknesd. to the interface widths:
with (39
L 2
7o =(vinop Npg) ng:(W)
where 7, is the capture time of free holes by negatively p
ionized dangling bonds andl, is the corresponding capture 5,4
cross section. (45)
To calculate the total recombinatidp.in thei layer, we L\?
must take into account the contribution of the different re- &= —
gions: Wi
I LS L Note thaté™ and ¢ depend strongly on illumination. For
high illumination levels these coefficients greatly increase
:fxgﬂd)” fx: An_Aap x+fLﬁdx and for low illumination levels tend to a constant value
o +F | 0 0 N which could be evaluated from E@28) (for “thin solar
Tn p Th Tp n Tp
cells™).
(40)

Now, differentiating Eq(43) with respect to the applied
where, as mentioned earliehn and Ap can be approxi- voltage[including the voltage dependence B} , W; and
mated by Eqs(31) (note that recombination in the interface W;, , from Eqg. (37)], the short-circuit resistance can be de-
regions is dependent only on the minority-carrier densities duced:
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10 0.4 Under short-circuit conditions, the photocurrent can be
B p.,,‘rgp 9 : . . . .
Tl prgy=2— PP obtained by subtracting the different recombination currents
S / T+ BpTp 03 from the photogeneration current in théayer | 5
% 1 pi+in\\\\\ Y o :‘ I(VZO):Iph_lreC_lfec’ (47)
L 107 [~ Hter =3H%er R 02 *go. wherel .. is the bulk recombination current, which has been
P% _2 EmnEt Y discussed already, antf.. is the surface recombination,
3 BE T +E T, o 8 AN 0.1 Which can be expressed by the sum of the electrqn_ current at
> o thep-i interface =0) and the hole current at threi inter-
€ face x=L):
DT ch Akl Tt NN N N N B 0.0 _ _
108 105 104 10% 102 107 10° 10! 102 ltec=in(x=0)+]j(x=L). (48)

le (MA/cm?) _ . -
The most simple treatment is to assume that these mi-

FIG. 9. w7 as a function ofl .. Solid lines are the theoretical values of Nority currents are related to the excess of minority carriers
uTer for the | region and interfaces. Dashed line shows the illuminationat the interfaces according to

dependence of the width of the interface Pl region deduced fron{3Ey.
Data points are the values pfre; deduced from numerical simulation of

Ree. (L=0.3 um). Jn(x=0)=0gSAn(0),

Jp(x=L)=aS Ap(L),

where the interface recombination velociti&s and S, can
be considered as constants.
Thus, in order to evaluaté;,. we need to calculate
1 bitinee 2 1 1 pitin Vi) 2 . An(0) and.Ap(L.), which can be done by .solving the trans—.

=347 Ei lon=gmTer || lpn port equations in the regions near the interfaces. For this

purpose it is useful to make some simplifying assumptions,
This expression is similar in form to the expression normallythe most obvious of which are that bulk recombination is
deduced from the uniform-field modekq. (10)] and, conse-  negligible and the electric field is a constant. So, for instance,

quently, enables the same method to be used to analyze tige electron photocurrent near tpe interface &=0) can
variable irradiance measurementRyf,. However, note that pe given by

the interpretation of the.7 product can be very different.

Figure 9 compares the numerical and analytigat
product calculations as a function of the short-circuit current
I sc for the 0.3uum-thick solar cell with the set of parameters
given in Table I. The numericat r product is deduced from where Eq is the absolute value of the electric field. It is
the simulated short-circuit resistan&, as in Fig. 2. The important to note that, despite the focus on the transport of
analytical w7 product is separated into its two components:minority carriers, the diffusion current is not ignored in Eq.
the bulk contribution, i.e., the standard effectjve product  (50). In fact, however strong the electric fielih may be, the
given by Eq.(8) and the interface contribution given by Eq. assumption of photocarrier transport by field assistance is
(44) (to calculate the illumination dependence of the coeffi-not correct in a narrow region close to the contaetO
cients¢" andé™ in Eq. (44), we employed the most accurate [note that, ifx=0 in Eq. (50) this assumption leads t§,
relationships given by Eq34)). Note that the totalu 7 prod- = — #nEo, Which is incohererit In the remaining portion of
uct must be determined by the smaller of the two contributhe Pl region the field-assisted transport approach is valid
tions and, as we can see in Fig. 9, this is precisely the inter@nd so this assumption can properly be a boundary condition
face contribution. of our problem: as we move away from the contact, diffusion
becomes negligible and the minority-carrier density can be
given by Eq.(31).

Thus, using the most general expression, (&) in the
continuity equation for photoelectrons, we arrive at the fol-
lowing differential equation:

(493
(49b)

SC

(alf;:m)l
Y Vo

(46)

dAn(x)

jn(x):_anAn(X)EO+qVTMnTr (50)

F. Influence of surface recombination

Until now we have assumed that the contactsO and
x=L, which define the limits of the layer, are perfectly
blocking for minority carriers: i.e.5 =0 andS;=0 in Eq.
(21). However, minority carriers at the contacts are usually
lost by surface recombination, and a current of the opposite
sign to the active photocurrent forms. Now we examine the
effect of this surface recombination on cells illuminated by This equation can be readily integrated, using the boundary
uniformly absorbed light under short-circuit conditions. We condition thatAn(x) =Gx/u,E, at *x—,” to give
focus on developing analytical expressions for the current
loss at the interfaces and its dependence on voltagditgas An(x)=An(0)+ ﬂ
short-circuit resistange MnEo

d’An EpdAn G
dx? Vg dx paVr’

(51)

(52
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This expression foAn(x) can be used in Eq50) to deter- 107
mine the electron photocurrent. Then, we can evaluate the Ve w1t
electron photocurrent at=0 and, eliminatingAn(0) by [£=0.03 m Ree =y s, = o
means of Eq(493, we arrive at (?E\ 108
Vio S g
in(0)==—=7"—7-C. (53 4
W= (Sot mnEo) S e P
=01 .
For the hole photocurrent &&= L we can find a similar equa- Q:% 10° - VE
tion but expressed in terms 6f , «,, and the absolute value Rec =W'P” —> ]
E, of the electric field neak=L. Now, differentiating Eq. A I |
(53) with respect to the applied voltage, we can deduce the 104 I I I I I
contribution of the surface recombination x+=0 to the 10" 102 10%  10* 105 105 107
short-circuit resistance. There are two important limiting S, (cmfs)
situations(we include the “thin solar cell” approximation, S _ o
i.e., Eg~E;~V,/L): FIG. 10. Short-circuit resistance as a function of the surface recombination
e =0 bift=): S . rate S, for solar cells with different layer thickness. It is considered that
(A) Weak surface recombinatioS{< u,E;): Ipn=10"3 mA/cn®. Solid lines are the theoretical values R{, (the main
contribution is plottefland data points are the valuesRy; obtained from
IS = \%) S0 LI 54 numerical simulation(We assume that the contactL is perfectly block-
rec_ \,2 ,,_ —'ph; (543 ing.)
bi 7N 9
Vi ou
Re=5e oL ok (54b) _ o .
2Vt S thei layer: (1) for the neutral region in the bulk of thdayer
(B) Strong surface recombinatiosd> u,E;): we find the same effective = product as is obtained with the
standard uniform-field mode(2) for the charged regions at
s :ﬁl (559 the interfaces we find a neeffectiveur product which is
e Vi P light-dependent. We show that recombination d@Rg are
V2 determined by this lattet. 7 product in a wide range of illu-
Re= 2121, (55p ~ mination.
vy P We also examined the effect of surface recombination.

A significant aspect of these results is the dependence dVe demonstrated that, under uniform illumination and short-
Rec 0on thei layer thicknesd.: for weak surface recombina- circuit conditions, surface recombination could not be negli-
tion, Ry is proportional toL ! and, for strong surface re- gible in very thin solar cells at sufficiently high surface re-
combination,Ry. is independent of.. This behavior is dif- combination rates. It could be evaluated by a check on the
ferent from what is found in the case of bulk recombination,gffect of thei-layer thickness ofiR.
in which R, derived from the voltage dependence of re-  We have also shown that, in the analysispef-n solar
combination in both neutral and interface regions, is proporSells, it is necessary to take into consideration both the dif-
tional to L ~2. fusion process for majority carriers at interfaces and the ef-
In order to examine the effect of the surface recombinafect of the variation in the electric field. We obtained el-
tion , and to check the validity of Eq&4) and(55), Fig. 10 ~ €mentary expressions that can be used in analyzing the
shows plots of the numerical and analytiél. calculations ~ general behavior of-i-n solar cells.
as a function of5, for solar cells with different-layer thick-
ness(the remaining cell parameters are given in Tabl&\le
consider uniform illumination with ,,= 103 mA/cn?. Fig-  ACKNOWLEDGMENTS
ure 10 shows thaR,. is only determined by surface recom-

bination in the case of very thin solar Ce||s<€ O3Mm), and The authors thank Professor A. V. Shah for valuable
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V. SUMMARY

Our numerical simulation results reproduce the eXperi'APPENDIX A: MAJORITY-CARRIER PROEILES IN
mental data of the illumination dependence of the ShortSHORT-CIRCUIT CONDITIONS

circuit resistanceRy. in a-Si:H p-i-n solar cells. These re-

sults suggest that recombination in the charged regions of the In the interface regions near the doped layers, the
i layer should not be overlooked. We then developed a newnajority-carrier densities and the gradients are important:
analytical model to describe collection mi-n structures carrier diffusion from the doped regions cannot be ignored in
under short-circuit conditions and uniform illumination. The determining the transport and. moreover, the electric field
recombination current and the short-circuit resistance can beariation AE caused by illumination can also contribute to

given as a function of a7 product which adequately com- the photocurrent. Thus, in the PI region the hole photocur-
bines two effectivewr products for the different regions in rent, expressed in terms of increments, should be given by
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jo(X)/q=— X)AE,— ol EedX) + AE,]Ap(X AE X
Jp( )/q :U’ppec{ ) p Mp[ eq( ) p] p(x) Ap(X)=peq(X) exr{ _ Vp )_1}
dAp T
VT g (A1) G

+ (L—x)
wherepe{X) is the hole density profile in equilibriufigiven rp(Eed ) TAE)
by Eq.(33)], Ee(X) is the electric field profile in equilibrium Note that the second term in EGA7) is the photogenerated
[note that it is positive, see E(R2)], andAE; is the electric  hole distribution that we obtain making the field-assisted
field variation in the Pl region due to illumination. As has drift assumption[see Eq.(31)] and, as we have seen from
been discussed, the photogenerated space charge in the bkik. 5, this is only a very small fraction of the total. We thus
of the PI region is negligible, and so it can be assumed thagbtain the relationship given by E(B2) for the photogener-
AE, is a constant. Thus, introducing E@\1) into the con-  ated hole profile in the Pl region.
tinuity equation, and ignoring recombination, we find the
following differential equation for the hole density increment
in the PI region:

(A7)

APPENDIX B: EFFECT OF APPLIED VOLTAGE

5 (DERIVATIVES)
d’Ap 1 dAp 1 gNpg
a2 +V_T[Eeq(x)+AEp] dx Vi e Ap We examined g-i-n solar cell in short-circuit condi-
tions under weakly absorbed light. Illlumination alters the
G AE, dpeg electric field profile by the incrementsx,,Ax,,AE,,AE;,
Y, T V. dx (A2) andAE,, so that the analytical expressions for the profiles
THe T of electric field and carrier densities are:
This equation can be solved fdrp and gives a relatively (A) Pl region (0<x<Wj):
complicated expression which is expressed in terms of the qNps
error function Erfy). It can be demonstrated that this func- E*(x)=E§ — Tx, (Bla
tion is well approximated by J_re*yzl\/;y and, using the
boundary condition thakp(x=0)=0 (i.e., assuming ohmic . X[ _, dNpg
contacy, after some manipulation we arrive at P*(X)~pedO)eXR — VA Bo——, X/ | (B1b)
AEpX Gx
Ap(X)=Pedx)| (1-Clexp — ——| — n*(x)~ —. (Blo)
T 1nE* (X)
HpPed 0)(Eq+AE,)C—Gx (A3) (B) | region (W} <x<W):
#pl Eed )+ AE ) E*(0)=E} , 623
whereC is the constant of integration that we should obtain
by imposing a new condition. To this effect, from E&3) p* (X)~ G(L__X) (B2h)
we can calculate the hole photocurrent in the Pl region. It can wpES '
be demonstrated that only the drift component of the second
term on the right-hand side of EGA3) significantly contrib- n* (X) ~ (B20)
utes to the photocurrefithe first term gives a diffusion com- (x)=~ wnE¥ ' ¢
ponent that is compensated by drifThe result is that _
(C) IN region (W} <x<L):
1p(X)/q~GX— pmpPped 0)(Eo+AEp)C. (A4) INog
E*(X)=E} — L—x), B3
On the other hand, from the continuity equation for holes, () =Ef € (L= (B33
neglecting recombination and imposipgL)=0, we find
*(x)=~ G(L=x) B3b
Jp(X)/g=—G(x~L), (A5) PO~ (B3D)
then, equating Eqs(A4) and (A5) we can determine the (L—X) qNpg
~ — * _ —
value of C: n*(X)~neq(|-)eXF{ v (EL 5e (L X)”-
GL (B30
C= 1ioPed O (Eg+ AE,) (AB)  The superscript in Egs.(B1)—(B3) refers to the value under

illumination. In this situation, if a small external voltayes
For a typical solar celldefined by the set of parameters applied, then the electric profile will change. The widW§
given in Table ) under high illumination [,= 10 mA/cnt) and W; will be modified by the new incrementsx; and
we find C~10"*, so thatC<1, and so this constant can be AxZ, respectively, and, assuming that the variation of the
safely ignored in the first term of EgA3). Finally, substi-  space charge in the bulk of the different regions is negligible,
tution of Eq.(A6) into Eq. (A3) yields the electric field will be modified by the constantsEy,
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AE}, andAE; . Using an argument similar to the one in Sec. From this equation and differentiating E@4a), we arrive at
Il C, we find the following relationship among these incre- the following relationship between the derivativessf and

ments: EF:
N * * *
AES=AE!+ 08 e, (B4a) <5Ep> :E_i( o, ) (9)
€ Y gx\ &V '
V=0 0 V=0
AE'=AE’— q SDBAX}’,, (B4b)  Using similar reasoning in the IN region, we could arrive at
SE} E* [ 6EF
AESW +AEWS +AELW; = —V; (B4o) ( n ) =—'*( 5—\} . (B9)
. . . -0 E -
where, in the last equatiaiB4c), we assume that the applied veoo Tt V=0 o _
voltage is sufficiently small for|Axp|<Wy and [Axq| It now remains to calculate the derivative Bf with

<W?* . The two remaining equations can be obtained, as ifiespect toV. This can be done by differentiating E@4c)
Sec. IIIC, by imposingT*(x%+Ax?)=1/2 and T (x5  and using Eqs(B8) and(B9). We find

On the other hand, if low applied voltage is assumed, it <_'> = (—'V\/* +WF +—'VV*)
can be demonstrated that the most significant perturbation of N Jy_o ES P I i "
carrier distribution occurs for majority carriers in the inter- For “thin” solar cells, it can be shown that this last

face regions. To obtain the hole profile in the PI region, Weyerjyative reduces te- 1/L. Also, for high illumination lev-

can reach a differential equation similar to BE42) butfor  g|s when the neutral | region fills thidayer, the derivative
the hole density increment due to the electrical bias. Thusyt £* tends to— 1/L
: .

solving the differential equation, we find that the total hole
density in the PI region is well approximated by

(B10)

Other useful relationships are the derivatives\/‘qj and
W with respect td/. These can be most easily expressed as
a function of the derivative oE}

v

AE,
P(X)~p* (x)exp — —X|, (B5)
Vr SW W [ SEF
wherep* (x) is the hole distribution in the PI region for the SV = E_* S5V ' (B11a
; P— " ; P ; V=0 0 V=0
cell in short-circuit conditions under illumination. Now, in-
troducing Eq.(B5) in the conditionT " (x5 +Axp) =1/2 we SW* W* [ SEX
arrive at 5V Y . (B11b
V=0 L V=0

1
* * * v * v
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