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Large-area, thin-film semiconductor devices often exhibit strong fluctuations in electronic properties on a
mesoscale level that originate from relatively weak microscopic fluctuations in material structures such as grain
size, chemical composition, and film thickness. Amplification comes from the fact that electronic transport
through potential barriers is exponentially sensitive to the local parameter fluctuations. These effects create
new phenomena and establish the physics of large-area, thin-film devices as a distinctive field of its own, quite
different from that of microelectronics. We show ttigtlarge-area semiconductor thin-film devices are intrin-
sically nonuniform in the lateral direction§j) the nonuniformity can span length scales from millimeters to
meters depending on external drivers such as light intensity and biasijiartdis nonuniformity significantly
impacts the performance and stability of, e.g., photovoltaics, liquid crystal displays, and light emitting arrays.
From the theoretical standpoint our consideration introduces a new class of disordered systems, which are
random diode arrays. We propose a theory describing one class of such arrays and derive a figure of merit that
characterizes the significance of nonuniformity effects. Our understanding suggests some methods for blocking
the effects of nonuniformities.
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[. INTRODUCTION junction a couple of microns thickor example, CdTe/CdS
sandwiched between two electrodes, one of which is trans-
Large-area semiconductor thin films play a key role inparent to light(typically, a transparent conductive oxide,
such rapidly growing fields as terrestrial photovoltaiey/), ~ TCO). The grains have comparable or somewhat smaller lat-
flat-panel emissive displays, and liquid-crystal displays. Witheral dimensions, 0.1-Lm. Both one-dimensional1D)
active-area requirements of about one square meter for P{stripe cel) and 2D (dot cel) devices are of interest, with
and 0.1-1 rf for displays, the films cannot be deposited characteristic linear dimensiors~2-10 mm. The PV cell
epitaxially (crystalline but are either polycrystalline or parameters and their order-of-magnitude estimates under a
amorphous. In this paper we show how the intrinsic poly-light intensity of one sun (100 mW/cin are open-circuit
crystalline or amorphous character of the films together wittvoltage, Vo.~1 V and short-circuit current densityjs.
electronic transport that is exponentially sensitive to fluctua~ 10> A/cm?. The transparent electrode sheet resistance is
tions in local material parameters, leads to strong fluctuationtypically p~10Q/C], while the other electrode resistance is
in electronic properties. Controlling or blocking the effects negligibly small.
of these fluctuations can be the key not only to the fabrica- Our emphasis in this work is on the lateral device nonuni-
tion of a high performance device, but is often critically im- formities. These originate from relatively weak local fluctua-
portant to reducing the performance deterioration over timetions in the material parameters such as grain size, chemical
We believe that the nonuniformity effects create new phecomposition, and film thickness, but they translate into
nomena and establish the physics of large area thin-film destrong fluctuations in the electronic properties. The amplifi-
vices as a distinctive field of its own, quite different from cation comes from the fact that electronic transport through
that of microelectronics. This paper is aimed at presentinghe potential barriers is exponentially sensitive to the local
the above-defined field to a broader audience. It generalizggarameter fluctuations in both the temperature-activated and
recent data for major semiconductors that we have managddnnelling modes. Indeed, for a barrier of heigh§ and
to relate to each other in the framework of a unique apwidth a, the corresponding barrier transmission probabilities,
proach. In our work we derive a fundamental length scale ]
that discriminates between the cases of small and large-area Light
devices, and beyond which a new physics emerges. Large- l l l l * l l L l l l l l
area electronics is shown to be intrinsically nonuniform,
which significantly affects the device physics. We feel that
enhanced understanding of the effects of nonuniformities
will help to improve thin-film device performance and sta- < (lass
bility in many applications. From the theoretical perspective, Py
our consideration introduces a type of disordered systems - ggg
(random diode circuibs which exhibit a nontrivial behavior, YV SV YV Y
are practically important and remain poorly understood. “‘.““’ﬁ‘..‘." : fdde'f:l
For illustration, we shall focus our discussion on a simple
PV cell, although our argument is extendable to other de- FIG. 1. CdTe/CdS solar cell structu¢eot to scalg The poly-
vices. The essential cell structufieig. 1) is a thin-film p-n crystalline structure of a CdTe film is schematically shown.
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exp(—Vg/kT) and exp(-2ay2mVg/#) typically have expo- 10.4+ o —
nents much greater than 1. Hence, their relatively small /
variations cause significant effects. Hetds Boltzmann’s X 10.04
constant,T is the temperaturam is the electron mass, arid = %
is Planck’s constant. The barriers in PV cells are associated 8 9.6 \
with the device junctions @-n, semiconductor/TCO, and @ /O*o 0 a
semiconductor/metpbnd grain boundaries. The current den- O 9.24 °\6
sity vs. bias voltagé/ is specified in the ideal photo-diode % /
model a$ 8.8
y 0 10 20 30 40 50 60
i=ir exp(i—T) —1}—150 M time, days
FIG. 2. An example of differences in initial efficiencies and
KT [jsctiT degradations of four nominally identical CdTe/CdS solar cells on
VOCZ?In( ) the same substrate.

The short circuit current,, is typically linear and the open- it is typical to observe noticeable{10%) experimental dif-
circuit voltageV . is logarithmic in the light intensity. Also, ferences between cells1 cm apart on the same substrate,
it is typical that the thermal current componej,is much  as is illustrated in Fig. 2. This observation is not often ad-
less than the photocurrent componggt for all practically — dressed in academic reports and remains mostly folklore.

interesting light intensities. However, the issue of such variations becomes commercially
Equation(1) can be equally represented in the form important in large-scale productién.
Our paper is organized as follows. In Sec. Il we find it
o e(V—Vyo) . , appropriate to give a brief review of the relevant data on
J=Jo[eXF{T}—1], jo=lestits (2 major PV material nonuniformity effectéwhich, to our

knowledge, is the first such review ever publisheBection
which shows thatv, is intimately related to the junction Il introduces new theoretical concepts of random diode ar-
barrier height. Its fluctuations become exponentially signifi-rays and lateral screening in a device underlying the physics
cant if they excee® T. The available data belo@ee Sec. )l  of laterally nonuniform devices. A theory of random diode
show that the latter inequality does obey. systems has never been fully developed and remains in its

We recall that the thermal curreit is significantly de- infancy. We employ a semiquantitative approach aimed at
termined by the system potential barrfeesid thus is expo- understanding the basic phenomena is random diode arrays.
nentially sensitive to the material parameter fluctuations. Tan Sec. IV we describe our attempts of developing more
the contrary,j s is relatively uniform because thgn junc-  quantitative theory of random diode arrays. Based on our
tion electric field is everywhere strong enough to effectivelyunderstanding, in Sec. V we suggest some practical ways of
separate the light generated electrons and holes determinimdpcking the nonuniformity effects. Section VI contains con-
jsc (this is also reflected in the device high quantum effi-clusions.
ciency, typically~0.6-0.9).

In the terms of the parameters in Eg), the latter con-
sideration means th@y is relatively insensitive to the mate-
rial fluctuations, whileV fluctuates considerably and is in-
timately related to fluctuations in the system potential Published reports on nonuniformities in thin-film devices
barriers. Becaus¥,. has exponentially strong effect on the are rare, and to our knowledge have never been reviewed.
current[Eq. (2)], it is considered the main fluctuating param- Yet, the available data show significawvj. and electric cur-
eter in the system. rent variations among nominally identical devices in non-

Experimentally, lateral nonuniformities are often maskedcrystalline thin-film structures. They typically represent the
by low resistance contacts that level out the electric potentialesults of device mapping using either direct electrical mea-
variations across the cell through lateral current flow in thesurements or more sophisticated techniques, such as optical-
contacts. As explained in detail below, lateral currents causbeam-induced currentOBIC), electron-beam-induced cur-
resistive losses and nonuniform device degradation. Thereent (EBIC), and scanning-tunnelling microscodsTM).
fore, although low resistance contacts make the nonuniformiBelow we briefly review the results for several major mate-
ties less visible, they contribute detrimental side effects. Taials.
circumvent this masking effect, the nonuniformities are best For local microscopicV,. measurementsalso termed
studied either in unfinished devicésithout metal contagt  surface photovoltage for the case of devices without a metal
in devices with intentionally high resistance contacts, or incontacj, drastic lateral variations ranging from 0.2 to 0.7 V
processes that are relatively independent of metal contactbetween different grains were detected by STM for a
such as charge carrier recombination or collection. Cu(In,Ga) Sg polycrystalline PV devicé These fluctuations

Lateral nonuniformities can also show up in parametemwere attributed to observed local variations in the film
variations among nominally identical devices. For examplechemical composition. For similar devices, OBIC revealed

Il. SURVEY OF MESOSCALE NONUNIFORMITY
OBSERVATIONS
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FIG. 4. Histogram of the short circuit distribution in the data-

FIG. 3. Open circuit electric potential variations of CdS/CdTe pyase of small A=1 mn?) and standard sizeA=1 cn?) CdS/
vapor transfer deposited sample with intentionally high resistivecqTe solar cells under one sun illumination.
back contact10-nm chromgunder low light of 0.01 sun. The main
feature atX=4 cm, Y=3 cm represents a true shunt with voltage circuit current in CdTe cells was noticed in Refs. 19 and 20.
drop down to 0.05 Mcut off in the diagram It was shown recently that lateral nonuniformities cause low-

light divergence in CdTe photovoltaic parameter

microregions of reduced photovoltaic efficierfcyhe latter  fluctuations? Strong effects of nonuniformity on commer-
do not correlate with visible irregularities and were describectial CdTe photovoltaics were discussed in Ref. 21.
as lowV, regions. In large-area CulngPV modules, long For the case o&-Si:H, changes in photoinduced degrada-
length scalgmillimeter to centimetgrinhomogeneities were  tion, defect density and PV parameters were found to depend
found to correlate with lower device performanic par- on nano-and longer length scales of structural
ticular, mapping oV, and other parameters revealed non-inhomogeneity.?>?*Lateral nonuniformities iV, jo, and
uniformities in average modules which were not present irother parameters were identified in microcrystalline, multic-
the best modules. They were attributed to macroscopic imrystalline, and polycrystalline silicof?=*! In particular, it
perfections such as defects in the glass substrate or contamvas showr?3* that forward current through a muilti-
nants in the film. Considerable variations between nominallycrystalline cell does not flow homogeneously and is domi-
identical C\{ln,GaSe, devices were founf. nated by local sites of diode nature different from the stan-

For CdS/CdTe polycrystalline PV cells, OBI®Ref. 7  dard ohmic shunts.
and EBIC(Refs. 8—10 showed strong inhomogeneities de-  Schottky diodes have proven to be inhomogeneous even
pendent on postdeposition treatments with length scalewhen based on crystalline semiconductSr$® This implies
ranging from microns to millimeters. For CdTe PV modules,again that barrier-controlled electron transport is exponen-
OBIC indicated considerable inter-and intra-cell variatibhs, tially sensitive to local fluctuations in material parameters.
with the exception of some cases where cells were laterallfxisting theories attribute such fluctuations either to electric
quite uniform*? Time-resolved photoluminescence in CdS/charge densitywhich affects the barrier heighf or to fluc-
CdTe solar cells revealed variations in recombination life-tuations in defect concentration that affect the barrier tunnel-
time, by a factor of two to three across one cm distanes. ling transparenc§® Highly nonuniform charge flow induced
Photoluminescence mappifigalso showed considerable by ionized defects within a crystalline semiconductor junc-
nonuniformities on a large~1 mm) scale whose topology tion is evidenced also in the pitted submicron morphology
depends on the excitation laser-beam power. Scanning balligbtained by photoetchirftf. Due to nonuniformities, an ef-
tic electron emission spectroscofyy variation on STMre-  fective area involved in the current transport becomes sig-
vealed the barrier height dispersion of approximately 0.1 e\hificantly lower than the geometric area of the metal
across an area of 10m? in a crystalline CdTe/metal semiconductor/interfact.
junction>*®For the polycrystalline CdTe/CdS cell our STM  Technologically, nonuniformity length scales ranging
mapping leads to resuftssimilar to those for CIGS in Ref. from microns to tens of centimeters can originate from dif-
15. Mapping of a polycrystalline CdTe cell fabricated with aferent process steps. For example, polycrystalline film
high resistance contdtshowed~0.2 V electric potential ~ growth kinetics is generically nonuniform. The dispersion in
variations ovea 1 cmlength scale and lateral nonuniformi- grain sizes translates into variations in the curvature-
ties in the temperature field distribution under 1 sun irradia-dependent impurity gas pressure at grain boundaries which
tion. A typical 10 10 cnt voltage map in Fig. 3 shows both affects their doping levels and leads to micron-scale nonuni-
the true shunt feature and other lateral nonuniformities. Théormities. Submicron nonuniformities originate then from the
short-circuit current in CdTe solar cells also exhibits consid-intragrain fluctuations in doping and stoichiomettyaria-
erable variations especially profound for small area devicesions with length scales longer than the grain size are likely
as illustrated in Fig. 4. Nonuniform degradation of short-to be due to the postdeposition grain coarsening treatment.
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J ’% L %I where u({O) is thg Iocal.fluctuation of ele<.:tric. potentigl.
The physical meaning df is that the fluctuation in electric
resistive electrode of linear dimensianThe latter applies to

a T T T + T T T potential is balanced by the potential drpyi.2p across the
A

both the cases of one-dimensionaD<£1) and two-
j dimensional D=2) cell (see Sec.)l ForD=1, Lp andjqL
| + represent the resistance and current, arid understood as
| the resistance per unit length. FBr=2, the resistance is
u represented by the sheet resistapand the current i$,L2.
Jw ﬁ - The maximum screening lengthy,., corresponds to a dead
—— | > shunt U=V,.). The minimum screening length, is de-
Y fined by Eq.(3) with u=kT/e. Generally, the length varies
/ over a wide range depending on the sheet resistance and
.V

photocurrent. For example, given the device characteristic
parameters in Sec. |, the screening leniggh-1 mm under 1
sun illumination. The typical ambient room ligkdnd corre-
sponding curreniy) is roughly by four orders of magnitude
lower; hencel ;~10 cm andL,, can be as large as 1 m.
Note however that both lengths can be shorten significantly
by using high resistance electrotiacreasingp).?

The screening length in Eq3) was for the first time

FIG. 5. (a) Equivalent circuit of random microdiodes represent- derived in Ref. 45 to describe shunt and local bias screening.
ing laterally nonuniform photovoltaic devices. Fat arrow showsThe minimum screening length, was introduced much
shunting currentJ,,) through the weak diode, with polarity oppo- earlief® in connection with photoeffects in nonuniformly ir-
site to that of the photogenerated currents supplied by the majorityadiatedp-n junctions. Because in Ref. 46, appeared in a
of diodes.L is the screening lengttib) The equivalent two-diode formal way, we find it appropriate to give here its intuitive
circuit (insed and J/V characteristics of the weak diodshunting  derivation similar to that of Eq(3) above. We start with
the currentJ,,) and its more robust neighborhodsupplying the  recalling that[in accordance with Eq(2)] a potential 5V
current —J,,). Because of the difference in the diodg:s the  +Vv slightly different from the open circuit voltagésV/|
weak diode finds itself under forward bias <V,., forces the diode currentsV/R,. where R,.

=kT/ej, is the open circuit resistance. Similar to the deri-

Wet treatments and droplet dry-up can lead to nonuniformivation of Eq.(3), 6V is balanced by the potential drop across
ties with 100um to 1 cm scales governed by surface tensionthe resistive electrode of linear dimensidn, i.e. 6V
Module-size length scales originate from nonuniformities in=jpL3p. Substituting herg = 6V/R, gives
the deposition device. During the complete fabrication cycle,
from deposition to final product, nonuniformities of different

nature and length scales superimpose. We emphasize that the Lo= k_T (4)
processes involved are intrinsically nonuniform and thus lat- €lop

eral inhomogeneities of the material parameters in large-area,

thin-film devices are unavoidable. for both the cases dd=1 and 2. Note the main cause of the

difference betweeh andL: in the latter case the current is
linear in a small deviation of the electric potential frasfy..
lll. UNDERSTANDING LATERALLY NONUNIFORM To the contrary, in the case of strong local perturbations, it
DEVICES was independent of the potential and close to its saturated

The explanation of the lateral fluctuations under consideryalgejo' . 3) and (4) d ib . f .
ation lies in the device diode nature and in the presence of quations(3) and (4) describe screening of a point per-

the resistive electrode. This is reflected in the equivalent Cir'_[urbatlon. For a system of multiple random diodes, we first

cuit of random microdiodes in Fig. 5 that we call a randomPOINt out a trivial case when the screening length is much
diode array. In accordance with the above discussion, ea&pprter than th? nonunn‘ormllty Iength scale-(.) and the
microdiode in the array is described by the voltage-currenpe'ghbor'ng units are electrically insulated. The observed

characteristics of Eq2) whereV,, is a random parameter quantities then correspon_d to a I_ocally tested microdiode.
and fluctuations irj, are neglected. The microdiode size is Note tha_t be_cause the regions at @s_tances Ia_rgen_tmaake )
of the order of the nonuniformity length scdle no contribution,L sets the upper limit to the size of an effi-

In general, the effects of lateral micrononuniformities de-clent cell.

pend on the relationship between the nonuniformity length CIVen the range oL from ~1 mm to ~1 m and the
scalel and the screening length much shorter fluctuation length scdlé~1 wm), the oppo-

site limiting case of strongly interacting microdiodéssL is
practically important. This case is illustrated in Fig. 5 where
L(w)=+|ul/pjo, (3)  two diodes in parallel mimic a weak elemeidw V,.) and
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its more robust neighboi$igh V,.). The former finds itself
under forward biasu and correspondingly strong positive
current[cf. Eq. (2)]

15

Jw=~Joexp(|eul/kT) (5

supplied by the diodes in the surrounding region within the - 4, |
screening length. A weak microdiode robs currents from a=<
large number >

- 2=,
N =juw/jo=(L/1)P>1 (6) o
of its more robust neighbors, thereby significantly lowering
the device efficiency. Such nonohmic shunting does not af-
fect the performance in reverse bias, as do the standan
ohmic shunts.

By expressing the ratig,,/jo from Egs.(5) and (6) one

can define the characteristic crossover potential

04

e(V- V kT
DKT (L
UCZT In(l—) (7) FIG. 6. An example of numerically simulated volta®é across

a “foreign” diode of open-circuit voltag®/,. imbedded into a large

between the regimes of weak and strong localsystem of equivalent diodes of the open-circuit voltsgeach. The
perturbationg! Its physical meaning is that a weak bare per-straight line shows the approximation in E§).
turbationu<u, is completely levelled outdown to the ther-
mal potentialk T/e) by large screening photocurrents in the microdiodes in the system &A/kT, whereA is the charac-
rangeL. To the contrary, because there is not enough photateristic width of the distribution. Because each of the diodes
current, a strong bare perturbation>u,, cannot be has the linear dimensioh we find R=1(eA/kT)¥P. The
screened completely; its screened valueu, causes notice- inequalityR<L is consistent with the available data in Sec.
able lateral potential variation. Il. ReplacingL — R and combining Eq(6) with Eq. (5) gives

In particular, a single weak diode whosgg,. is lower than ~ the maximum local biagacross the weakest microdiogles

the surrounding media potentiaV) by less tharu., finds and the corresponding screening length in the system:
itself under potential\/zv. However, a weaker diode of

Voe<V—u, will be under potentiaV<V, that is, T L 1 Y P 2 (10)
B B Yoo e ) o )

VvV for Vo >V—ug

VoctUe  otherwise.

(8)  Thus, a weak diode is biased significantly,>kT/e and its
screening length is macroscopically largg,>1.

The approximation of Eq(8) is illustrated in Fig. 6. Spatial fluctuations in the weak diode concentration cause
One other reading of E@8) is that there exists a param- the electric potential and current fluctuations of the length
eter scales of the order df. To estimate these effects in a system
of N=(L/R)P>1 weak diodes we note that the relative fluc-
12 [e(V=V,o) tuation in their number isSN/N~ 1/\/N~ (R/L)P’2. Taking
§LE<[) ex T kT I 9 into account that each weak diode consumes an exponen-

tially strong relative current eXp(V—VOC)/kT], one can de-
such that the weak diode effects are relatively small wheniine a disorder parameter

£ <1 and are significant wheg >1.

Equation(6) needs an obvious correction if there are sev- R\ D e(V=V..)
eral equally weak diodes in the region of the lengtivore Er= _) ex;{ 2—00}, (11)
specifically, we note that, side by side with the above-defined L kT

L, there is another characteristic length describing the system .

of random diodes. This is the correlation radRslts stan- ~ Such that the disorder effects are small wkigr<1 and are
dard physical meaning is that the system is macroscopicall§ignificant whentg>1. £ describes the relative dispersion
uniform on length scales longer th& A simple nonrestric- N the weak diode currents. In deriving E41) all the weak
tive example is a bimodal,,. distribution representing iden- diodes were, for simplicity, assumed to have the safpe
tical weak(low V,.) diodes imbedded in the uniform matrix (lower than the average volta§. In Sec. IV the parameter
of more robust units. For the case of bimodal distributi@n, &~ &g is derived in a more rigorous way for a general case
is the average distance between the nearest weak diodes. Where weak diodes can have differénj.'s [see Eqs(33)
estimateR for a continuousV . distribution we note that, in and(35)] and is shown to be a figure of merit for the weak
accordance with Eq2), the number of significantly different diode effects.
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In the above we have been assuming implicitly ¥g ]
distribution to have an effective cutoff width. A conceiv- 28+ — VOC
able alternative model assumes a probability distribution of ]

open circuit voltagesg(V,.), having a long exponentially ] /\ /J\/\

N
=

[\l
(=)
1

different from that described by E@10), that is, very rare
but extremely weak diodes will rob the most current. The
correlation length then becomes exponentially large and is
determined by the optimum fluctuation that finds the weakest
diode with finite probability. This occurs when the product
g(Voo)exp(—eVy/kT) is a maximum. Assuming, for ex- \

decaying tail. In the latter case the situation is considerably g 4 |
%

=y
[o2]
2 1

L

W |

R

/\ o A/\A A"j

L AT AN VWTVT LI
L e B e .

R=1exd (Ae/kT\D)?], (12 0 10 20 30 40 50 60 70
Distance, arb. units

-
N
1

V_. V., j, arb. units

[o5]
1 n

~
1

ample, the Gaussian distribution with the dispersidnthis
model yields the correlation radius

(=]

which at low temperatures can exceed both the screening
radius and the linear dimensions of the device. FIG. 7. Simulated open-circuit voltag&/{,), electric potential

For the case o >R it is possible to describe the macro- (v), and transverse electric curre@i distributions in an open-
scopic electric potential analytically. Considde>1 diodes  circuit system of random diodes. Rare strong positive currents cor-
occupying a volume of linear dimensior<L, but still mac-  respond to weak diodes balancing the majority of robust diode cur-
roscopically uniform in the sense>R. Becausex<L, the rents, which are negative. Note that the robust diode negative
resistive potential drop across the domain is relatively smalturrents are practically the same as they would be under short-

and the diodes are under almost the same poteﬁtiéThe circuit conditions. The correlation radi&®) and the weak diode
latter can be found by setting to zero the sumNof (x/[)®  Screening radiusl(,) are also shown.

random currentgeach given by Eq(2) with V=V], diodes of the open circuit voltagé. In our approximation/

KT < p< eVoc>> is the only effective medium parameter. The voltage dvop
N

(13 across the foreign diode is a function of its bare open circuit
voltageV,. andV:
SinceN>1, the above average is close to the true arithmetic _
average, which can be calculated based on the statistical dis- V=V(Vy,V). (17)
trlbu_tlon forVqC. Eollowmg Eq.(13), the characteristic po- |, the original nonuniform system we apply Ed.7) to an
tential fluctuation is arbitrary diode and approximate its surroundings by the ef-
fective uniform medium. Self-consistency dictates that, as
SV— KT dlexp(—eVo/kT)] (14) averaged over all such diodes, the voltagén Eq. (17) is
eVN, (exp(—evoc/kT))NL' equal to the effective medium open circuit voltage,

where we have taken into account that independent fluctua- — —

tions have a linear dimension=L,,. Equations(13) and V:f dVoc9(Voe)V(Voe, V), (18
(14) agree well with the results of numerical simulations. For
example, the unifornV distribution with the lower bound
Voe,min @nd WidthA =V ¢ max— Vocmin iS Characterized by

where g(V,.) is the probability distribution of microdiode
open circuit voltages.

To describe the dependence in Ef7) we employ the
U mi ‘ approximation in Eq(8). Using, for simplicity, the uniform
V=minVoe mint (DKT/@)IN(RID Voo mad (19 distributiong= 1/(V ¢ max— Vocmin) EQs.(18) and(8) yield

and
L

— DKT
8V=A(I2/L,R)P"2. (16) V=min Voc,mint Tln(|—> Voc,max - (19)

In particular, the latter estimate explains how applying a highAs applied to the former case 8L, the result in Eq(19)
resistive contact makes the electric potential fluctuations visehanges byR replacingL under the logarithm, which makes
ible (see Fig. 3 by decreasing the screening lendth. it identical to that in Eq(15) and thus adds credibility to the
Because for the opposite caseR¥-L the above consid- present effective medium approach.

eration fails, we develop the effective medium approach. As a verification of the above concepts we note that ran-
Along the standard lines, the effective medium sought is amlom diode array in Fig. 5 can be simulated by numerically
imaginary homogeneous system whose parameters coincigelving the corresponding Kirchhoff’'s equations for a given
with the average parameters of the non-homogeneous systaandom input parameter distribution. In Fig. 7 the calculated
under consideration. Consider a single foreign diode embedsutput parameter distributions show indeed weak mi-
ded into a uniform effective medium consisting of identical crodiodes ¥>V,.) forcing strong positive currents. Under
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an open circuit, they balance small negative currents flowing For a nonuniform system we consider the case of strongly
through the majority of microdiodeswith V<V,.). The interacting diodes|<L and assume uncorrelated disorder.
electric potentialV varies much less thaW,. because its We use the dimensionless units of E@3) whereV, is

fluctuations are averaged out oW1 mutually interacting  replaced by defined in Eq(13). In these units, the inequal-

microdiodes. ity I<L becomed <1. It is convenient then to introduce a
In general, since the balance of currefrther tharv,,.) random variable

determines the average macroscopic potential, the weak di-

ode contribution is exponentially significant; in particular, a e(Voc_V)

strong inequalityvV<({V,.) takes place. In other words, un- §=exp< - —) -1, {{)=0, (24)
der open-circuit conditions, the recombination of photoge-

nerated electrons occurs mostly through weak diodes, as opthose correlation function has the form

posed to the ideal system where the recombination is

spatially uniform. The degree of nonuniformity in locd) (£(0)¢(r))=Bo(r), B=const. (25)
needed to cause the above qualitative difference is as low
severakT/e, well within the observed range of thg,; fluc-
tuation data(see Sec. )l Micrononuniformity effects are
determined by the length scales of the order of the abov
introduced screening length,~1 mm to 1 m, which may

Rere S(r) is the delta function of the coordinaten the film
plane.[Because of the microdiode finite siz&(r) should be
gnderstood as having a small yet finite widtk1].

In place of Eq.(22), we now have

be comparable to the devices size; we call these effects 2, _
mesoscale. Vig=(1texp(é)~1. (26
Given the statistics fot Eq. (26) can be used to derive the
IV. TOWARDS A QUANTITATIVE THEORY OF RANDOM distributions for the electric potential and current. From the
DIODE ARRAYS perspective of the theory of disordered systems, @6)

represent a new nonlinear problem. Our approach to its so-
A problem of random diode arrays introduced in thejution is somewhat similar to the well-known adiabatic ap-
present work, is a new nonlinear problem that properly beproximation and utilizes the inequality<1. We present the
longs in the theory of disordered systems. Its quantitativeslectric potential as a superposition of the short-rangg (
analysis is quite involved and has not been fully developedand long-range ¢,) components,
In fact, our semiquantitative estimates in the preceding sec-

tions were aimed at partially substituting for such an analy- d=dst o, |dd<l, (¢s)=0. 27
sis. In this section we describe one more rigorous approach o ) )
to the problem. ¢s has the characteristic space schfel. Its amplitude is

The electric potential distribution in the diode circuit of assumed to be small, since the neighboring microdiodes
Fig. 5 can be described more quantitatively based on théeparated by distandeand correspondingly small electrical

ideal diode equatiofi2) and the Ohm’s law resistance are at almost the same electric potential; the small-
ness condition is derived belojsee Eq.(38)]. The long-
. . e(o—Voo) range component is not necessarily small and is approxi-
Vi=—jo ex;{ ?) - 1} (200 mately constant on the scale lof

Linearizing Eq.(26) in |¢s|<1 and averaging over a re-
gion of linear dimensiorx such thatl<x<1 leads to the

pi==Ve, (1) equation for the long-range component
wherei is the lateral currentcurrent densityin the resistive 2, _
electrode foD=1 (D=2), ¢ is the electric potential, and Vep = (1+(psO)exp o) — 1. (28)
Jo is the specific transversal currerifeer length forD=1 or |5 3ccordance with the central limit theorem, a random quan-
per area foiD =2) defined in accordance with E®). tity (<l)y should obey the Gaussian statistics. Its fluctua-
For the case of a point perturbation in the uniform systemyiong are relatively small, since the averaging is taken over a
Egs.(21) reduce to the dimensionless form large number of microdiodes.
) Eliminating the terms absorbed by E@8) and neglect-
Vig=exp(¢) -1, (220 ing ¢, in its right-hand side, linearized equati¢@6) be-
where comes
V2¢hs={ ex : 29
_e((P_Voc) - X ) _\/\T . (ll’s g F(d’L) ( )
¢= k0 YT L_o' " Nepjy’ (23 where ¢, is considered constant. A system of coupled equa-

tions (28) and (29) describe the long-range and short-range
andV is calculated with respect to a new varialjleNote  components of the electric potential.
that Eq.(23) reintroduces in a more rigorous way the mini-  We start by finding the averad@:(), that appears in Eq.
mum screening length,. The solutions to Eq(22) were  (28). This is achieved through the correlation function
analyzed for different types of point perturbations in Ref. 45.(£(0)¢4(r)), which turns into{ ¢s{) as the distance is set
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to the minimum length scale=1. To estimate {(0)¢s(r))
we multiply Eq.(29) by £(0) and then average. This leads to
the Poisson equation

VH£(0) ps)=Ba(r)exp( L), (30
whose particular solution is
B B|r|/2 for D=1
(€0 dh=eX0 D)) oy for D=2, 3V

Constants that may appear in its general solution must be

determined from the boundary conditions.
Because Eq29) is restricted to the region<1, the stan-
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dard boundary condition is hard to impose. Offering an al-numerically simulated for a random diode circuit with a uniformly
ternative is the observation that, in the absence of other chasistributedV,.. The diode number plays the role of the linear co-

acteristic lengths, the correlation betwegrand ¢4 should
decay over distanceasapproaching the correlation length
[L=1 in the units of Eq(23)]. We take the latter observation

ordinate. The distribution is characterized by the average
(eVo/kT)=10 and the corresponding standard deviation 2. Note
the scale of fluctuationgg¢, | <1.

as a boundary condition. The required decay automatically

follows from Eq.(31) for the case oD =2 where the loga-
rithm decreases as—L. For D=1, a negative constant
needs to be added to the solution in E§l) to ensure the
decay[The latter analysis of¢(0)¢s) can be easily verified
for the case of a small disorder where E&6) becomes
linear in ¢.]

Substituting into Eq(31) r =1 and adding—BL/2 for the
case ofD=1, vyields

v? ——i[ex +In2§)—1]2+i—l (32
¢L_ 4§ FIQSL 4§ ’
with
B [1 for D=1
=2 (Um)in(11) for D=2. 33

tribution where weak diodes are found with a probability
c(<1). The coefficienB in Eq. (25 can be then estimated
(in conventional unitsas

L

> 42aV—vm>
ex kT
Taking into account also the estimate-1/R, it is straight-
forward to see that~ &g, where the average distance be-
tween the weak diodeR and the disorder parametg&g were
discussed in Sec. lllsee Eq.11)]. Hence,& represents the
relative dispersion of the weak diode bare currents.
Subcritical disorderThe required averagg (0)¢s), was
calculated in the above through the correlation function
(£(0)¢(r)) defined for the infinite system in E@25). As
was discussed after E(28), the finite size effects will make

B~c( 35

We observe that, while aimed at describing random diodgs 5 Gaussian random quantity with the relative standard de-

arrays, Eq.(32) does not contain random variables. As ex-
plained in what follows, the factors that account for the dis-

order are different for the cases of small and lagge

viation of the order of [/x)°>~1P"2<1. For small¢<1 the
right-hand side in Eq(32) f(¢) is dominated by a contribu-
tion that is inversely proportional t6 and the variation$¢

One immediate result of the above analysis is that thergecome important source of randomness. Because the latter

exists a critical disordef.=1/4, such that the electric po-

are small, so are the variations ¢n They satisfy the linear-

tential and current distributions are qualitatively different for;,oq equatior(32), that is

the cases of<¢. andé>£... In the case of subcritical dis-

order (<. one can calculate the average potential in the

system by setting the left-hand-side zero in E2R):

This solution fails wheré>1/4. Furthermore, analyzing the
corrections S¢, =¢—(¢) by perturbation technique, it is
straightforward to see from Ed32) that the characteristic
length scale and amplitude of nonuniformities divergetas
approacheg.= 1/4. Below we consider the cases of subcriti-
cal and supercritical disorder separately.

The parameteé is a figure of merit for the nonuniformity

(34)

V2oh =(p)V1—4E5¢p — SEexp(2¢). (36)
We conclude that fluctuation8¢ obey Gaussian statistics
and are small in the measure &. As an illustration, shown
in Fig. 8 is a distributions¢(x) numerically simulated for a
system of random diodes with subcritical disorder. It has a
smoothly varying shape similar to what is typically consid-
ered random potential in the existing theory of disordered
systemg(see, for example, Ref. 48

Supercritical disorderTo understand the case & &, we
note that the right-hand side of E@2), f(¢#) (and thus the
curvatureV2¢) is everywhere negative. The negative curva-

effects in the system under consideration. To explain itgure exponentially increases in absolute valueg awxcreases

physical meaning we consider the case of bimodal dis-

above its maximun,,=In(1/2¢). This means that the spec-
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FIG. 9. A fragment ofV,. and reduced electric potentia
distributions for the case of supercritical Gaussian disorder numeri-
cally simulated for a 1D random diode circuit. Note the singuar . o
shapes in the proximity of minima, which coincide with the lowest FIG. 10. Reduced electric potentialdistribution for the case of

V,s, and the parabolic coordinate dependence of almost the san supercritical disorder numerically simulated for a random diode
curvature far from the minima circuit of 31X 31 diodes. Note the piecewise continuous topography

with cusp shapes in the proximity of minima and the paraboloidal
coordinate dependence far from the minima.
trum of ¢ cannot span much beyonrfi,,, since any increase
in ¢ (i. e. positiveV ¢) is strongly limited by exponentially Note that the piecewise continuous type of disorder re-
large negativeV®. vealed in the above study is rather unusual from the perspec-
For large&>¢; and <y, we find f(¢)~—1. There- tive of the existing theory of disordered systetfisThis
fore, ¢(r) is close to a negative curvature paraboloid and isunique feature adequately reflects the fact that random mi-
unbounded below. This is consistent with the above ObserVQ;rodiodeS in the array are exponentia”y different. The weak-
tion that the averagee) is not defined for the case &  est of them dominate the electric potential distribution in the
>¢&.. The unbounded spectrum exists in the framework ofsystem and make all more robust units immaterial.
the approximation employed. As an example consider one implication of the above
We now consider lower boundary effects beyond that aptheory, which is the statistics of stronger-than-average
proximation. The lowest in the system corresponds to the “shunting” currents in a system of random microdiodes.
weakest diode. In the framework of our approximation, itThe probability of finding no weak diode in the region of
exhibits a singularity wher& ¢ undergoes a finite change large radiusr>R is given by the Poisson distribution
and the electric potential cannot be decomposed into a sugk —(r/R)°], whereR is the average distance between weak
of long-and short-range components. Taking such singularidiodes. Because the amplitude of electric potendial is
ties into account, we conclude that the electric potential has garabolic inr, we getd¢or2. The electric current can be
piecewise continuous structure. It is formed by a set of negaexpressed ag~ s¢/(pr?~?)) whereD=1,2 [see the dis-
tive curvature paraboloidfar from weak diodes where the cyssjon after Eq(3)]. As a result the probability distribution
approximation of smoothly varying potential is valicon-  for the current takes the form
nected in a singular way at weak diodes. The singularities
take place at the diodes that are the weakest in the neighbor- -~
hood of screening length size each. This understanding has g(d=exp=J/Jo)  for I=Jo, 37
been confirmed by our numerical simulations for both thef
Cases of 1[I|_:Ig. 9 and 2D(Fig. 10 random d.'Ode circuits, This prediction is verified by numerical simulations in Fig.
which show, indeed, randomly located negative curvature Paj - good agreement is obtained
raboloids forming Cusps i_n connection pO‘F‘tS- Notg that fqr .The above-developed approiimation is based on linear-
the case of supercritical disorder the electric potential Spat""}kation of Eq.(26) with respect tos,, and remains valid

nonuniformity is mainly due to random spatial distribution of when(¢§)<1. Multiplying Eq. (29) by é4(0), averaging,

weak diodes. LS/ :
If the V. distribution is not a bimodal, then the location and taking into account Eqe31) and (33), yields

of singularities needs to be further specified. A diode weakest

in its screening length neighborhood .=V min) Will ob- (p2)=¢Eexp2¢y). (38)
viously cause a singularity. On physical grounds, a less weak

diode at distance in the neighborhood will cause a singu- The criterion{ $2)<1 is obviously satisfied for the case of
larity if its V. is less tharV ¢ mintjopr? to make it a local — subcritical disordeg<1. For the alternative case @1
current sink. While consistent with the results of numericalwe take into account that the spectrumdf is confined to
modeling this remains a plausible assumption. the regiong, <In(1/2¢). As substituted in Eq38) this gives

or both the cases dd=1 and 2 wherel,=j,R°=const.
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would like to point toward other remedies, which, while
keeping the semiconductor structure intact, can significantly
reduce the device nonuniformity. As is seen from Fig. 5, the
steeper thé/V curve in the forward bias regiovi>V,, the
stronger the impact of a weak diodgn particular, the ex-
ponential bias dependence in Ef) led to the exponentially
strong weak diode effects as discussed ab)oMee exponen-

tial steepness is known to reduce to a linear bias dependence
when there is a considerable series resistance added to the
elemental diode. Hence, increasing the series resistance will
mitigate the detrimental effects on micrononuniformities. We
verified the latter argument by numerically simulating the
J, arb. units circuit in Fig. 5 with series resistances added to each of the
random diodes: a significant suppression of the electric cur-

FIG. 1. I_Dlstrlbupon of ShL!r.'t'ng .elecmc currents in a system oy and electric potential lateral fluctuations was indeed ob-
of random diodes with supercritical disorder: numerical simulations

. T served.
(histogram vs an analytical fit of Eq(37). The above prediction of the beneficial role of series resis-

tance has two practical implications. First, the general quest

g(J), arb. units

the critical regiong~ £ . simultaneously promote losses due to micrononuniformity
that até<¢. the system can combine a high degree of the,mic and the micrononuniformity-related losses. Such opti-
cant if the device is seemingly uniform. The second implication has to do with buffer-layer
proximated byV, the device current-voltage characteristicsa resistive, thin layer placed between the semiconductor and
_1} minimize current losses in the device and in some cases to
The number of microdiodeN is proportional to the device series resistances to the weak diodes shunts. In under-
fluctuations to be proportional to \IN. This explains the the “clog” added by the buffer layer to a weak diode or
correlation radiufk exceeding at least the smallest cell size.erable lateral dimensions. Hence, the same buffer layer may
potential distribution in a system of random diodes, leavesiffecting the micrononuniformity length scale. We believe
ditions for finite systems, and integr&tV characteristics Finally, we note that the above-discussed physics not only
experimentally. levelling them out. Namely, because the surface potential
V- BLOCKING THE EFFECTS OF NONUNIFORMITIES tential will act differently at different spots. When properly
known remedies are chemical treatme(sisch as CdGlfor  thus eliminating the most significant sources of nonunifor-

2 ; o P 2 ;
<¢5>51./‘.‘§' IWh'qh satlsfliasllTe(;:nter|o(1¢s)_<1 n t?e_lfa_r for decreasing the device series resistance may not be justi-
supercritical regiong>£;=1/4. Our approximation fails In - g i 41l cases. While this minimizes the ohmic loss, it can
. _Oneb practlcalhconsequen(‘}e of the at()jove el(s]E?bllshgd UaBttects. The analysis above shows that the series resistance
sition between the regimes of strong and weak fluctuations ig, 4 pe carefully optimized to compromise between the
electric potential uniformity with tangible current 10ss. In iz 400 should open opportunities in thin-film device engi-
particular, the nonuniformity related loss can still be signifi- neering.
_ Bec_ause in the weak fluctuation regimg the electric potenéﬁectsz}g which, while proven generally positive, remain
tial V'is almost constant across the device and can be apyoqry understood. We recall that the buffer layer is generally
becomes TCO. Because of its small thickness, it does not add much to
. the device series resistance. In the meantime it is known to
i e(vV-V)
N Jo| 8B 7 (39 improve the device stability. From the perspective of this
paper, a beneficial effect of the buffer layer is that it adds
size and thus the right-hand-side represents the current destanding this effect it is crucial to take into account the char-
sity. The definition in Eq.13) predicts the latter quantity acteristic micrononuniformity size The series resistance of
observed difference between small and large cell fluctuationshunt,ry;cl =2 is significant for small size micrononunifor-
in Fig. 4. The size dependent average in Fig. 4 points at thenities, but may have no effect on nonuniformities of consid-
We shall end this section by noting that the above apor may not have positive impact on the device performance
proximation, while giving a consistent picture of the electricand stability, depending on details of the device technology
many important questions unanswered. Those of the statisti¢bat the buffer layer should be optimized based on the device
of random electric potential and currents, the boundary conuniformity characteristics.
seem to be the most appealing ones. Answering that quesxplains how nonuniformities are detrimental to device per-
tions will make it possible to further verify our approach formance and stability, but also suggests a certain way of
(local Vo) under the light varies across a semiconductor
film, electrochemical treatments sensitive to the electric po-
As a semiconductor thin-film device is deposited, notchosen they should deposit clogs onto the weak diode spots
much can be done to improve its disordered structure. Thevhile leaving the robust parts of the film practically intact,
CdTe photovoltaigsand anneals, which increase and equal-mity effects. It is likely that in such treatments have already
ize grain sizes and otherwise promote uniformity. Here webeen found in several cases by trial and error. In particular,
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that might explain why different precontact treatments, in-sponding critical parametef7) Our consideration here has
cluding weak etches and exposure to organics have a preuggested certain ways of overcoming these nonuniformity
found effect on device parameters. We believe that oueffects.
present consideration provides the understanding to search Our present consideration was mostly restricted to an el-
effectively for the desired treatments. In our most recenemental PV cell. Another closely related application should
work® we have verified the above prediction of the electro-be mentioned where the concepts of nonuniformity and ran-
lyte treatment effect: a- 50% increase in the device effi- dom diode arrays can be extremely important, which is the
ciency was found. macroscopic circuitry of large area PV modules and their
field arrays. A typical PV module is composed of a large
VI. CONCLUSIONS number (-100) linear cellsin series Because of the cell
) - ) - diode nature, these series will be very sensitive to small
~ While the specific features caused by inhomogeneities argayiations in the cell parameters; hence, the problem of ran-
discussed in Sec. Il above, we would like to briefly summa-qom diodes in series. Furthermore, in the field, photovoltaic
rize the main experimental observatioris) Lateral varia- arrays form more complex circuits where, for example,
tions in measured device characteristics, such as voltage, CUitgcks of many modules in parallel are connected in series.
rent, OBIC, EBIC, photoluminescence, and carrier IifetimesAgain, since the modules have slightly different
(see references in Sec. Il and illustration in Figy.() Varia-  characteristicé5! the latter systems will belong to the class
tipns bgtween the characteristics of no.minallly identical dewf random diode systems. A relevant theoretical approach is
vices(Figs. 2 and #most recently described in Ref. 28)  npeeded to understand their physics and optimize the design.
Device ?fﬁCi‘fg‘fg’;OSS affecting both laboratory and commer-  \ne hope this work will facilitate more systematic study of
cial dgwpesz. “°°(4) Nonuniform degradation agflectlng de- nonuniformities in large area electronics. We believe that en-
vice lifetime under illumination or electric bidS- hanced understanding of the nonuniformity effects will help
In summary, we have shown the followin@l) Because o improve thin-film device performance and stability in
large-area semiconductor devices are intrinsically nonunimany applications. We also hope that a class of disordered
form, their physics is qualitatively different from that of mi- systems—that is, the random diode arrays presented in this
croelectronics(2) The nonuniformities show up in many dif- \york—will attract more attention to become a practically

ferent types of experiments and for the majority of thin-film important challenging problem in the physics of disordered
semiconductors(3) Their length scales cover a broad Spec-systems.

trum ranging from microns to meterg}) We have found a
characteristic screening length that ranges from millimeters
to meters and explains how a microscopic nonuniformity can
affect macroscopically large areas in the fil(&) Our theo-
retical model(of random diodesexplained some of the ob- This work was partially supported by the NREL Grant
served features, such as parameter fluctuations betwed&ps. ZAF-8-17619-14 and NDJ-1-30630-02. The authors
nominally identical devices; photovoltaic fluctuation diver- would like to thank First Solar, LLC, for some of the cell
gence under low light; nonuniform device degradati®).  structures used in this study. We are also grateful to G. Dorer,
We have predicted a phase transition between the regimes ®f Kaydanov, B. von Roedern, and K. Zweibel for invaluable
weak and strong nonuniformities and established the corrediscussions.
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