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Random diode arrays and mesoscale physics of large-area semiconductor devices
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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 that~i! large-area semiconductor thin-film devices are intrin-
sically nonuniform in the lateral directions,~ii ! the nonuniformity can span length scales from millimeters to
meters depending on external drivers such as light intensity and bias, and~iii ! this 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.

DOI: 10.1103/PhysRevB.69.045325 PACS number~s!: 73.50.Pz, 73.23.2b
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I. INTRODUCTION

Large-area semiconductor thin films play a key role
such rapidly growing fields as terrestrial photovoltaics~PV!,
flat-panel emissive displays, and liquid-crystal displays. W
active-area requirements of about one square meter for
and 0.1–1 m2 for displays, the films cannot be deposite
epitaxially ~crystalline! but are either polycrystalline o
amorphous. In this paper we show how the intrinsic po
crystalline or amorphous character of the films together w
electronic transport that is exponentially sensitive to fluct
tions in local material parameters, leads to strong fluctuati
in electronic properties. Controlling or blocking the effec
of these fluctuations can be the key not only to the fabri
tion of a high performance device, but is often critically im
portant to reducing the performance deterioration over tim

We believe that the nonuniformity effects create new p
nomena and establish the physics of large area thin-film
vices as a distinctive field of its own, quite different fro
that of microelectronics. This paper is aimed at presen
the above-defined field to a broader audience. It genera
recent data for major semiconductors that we have mana
to relate to each other in the framework of a unique
proach. In our work we derive a fundamental length sc
that discriminates between the cases of small and large-
devices, and beyond which a new physics emerges. La
area electronics is shown to be intrinsically nonunifor
which significantly affects the device physics. We feel th
enhanced understanding of the effects of nonuniformi
will help to improve thin-film device performance and st
bility in many applications. From the theoretical perspecti
our consideration introduces a type of disordered syst
~random diode circuits!, which exhibit a nontrivial behavior
are practically important and remain poorly understood.

For illustration, we shall focus our discussion on a sim
PV cell, although our argument is extendable to other
vices. The essential cell structure~Fig. 1! is a thin-film p-n
0163-1829/2004/69~4!/045325~12!/$22.50 69 0453
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junction a couple of microns thick~for example, CdTe/CdS!
sandwiched between two electrodes, one of which is tra
parent to light ~typically, a transparent conductive oxid
TCO!. The grains have comparable or somewhat smaller
eral dimensions, 0.1–1mm. Both one-dimensional~1D!
~stripe cell! and 2D ~dot cell! devices are of interest, with
characteristic linear dimensionsd;2 –10 mm. The PV cell
parameters and their order-of-magnitude estimates und
light intensity of one sun (100 mW/cm2) are open-circuit
voltage, Voc;1 V and short-circuit current density,j sc
;1022 A/cm2. The transparent electrode sheet resistanc
typically r;10V/h, while the other electrode resistance
negligibly small.

Our emphasis in this work is on the lateral device nonu
formities. These originate from relatively weak local fluctu
tions in the material parameters such as grain size, chem
composition, and film thickness, but they translate in
strong fluctuations in the electronic properties. The amp
cation comes from the fact that electronic transport throu
the potential barriers is exponentially sensitive to the lo
parameter fluctuations in both the temperature-activated
tunnelling modes. Indeed, for a barrier of heightVB and
width a, the corresponding barrier transmission probabiliti

FIG. 1. CdTe/CdS solar cell structure~not to scale!. The poly-
crystalline structure of a CdTe film is schematically shown.
©2004 The American Physical Society25-1



a

t

n
e

-
,

ifi

T

ely
in
ffi

-
-

tia
e
-

e
ti

th
us
er
m
T
es

i
c

te
le

te,
d-
re.

ially

it
on

ar-
sics
e
its
at

rays.
re

our
s of
n-

es
ed.

n-
he
ea-
tical-
-

te-

etal
V
a

lm
led

d
on

V. G. KARPOV, A. D. COMPAAN, AND DIANA SHVYDKA PHYSICAL REVIEW B 69, 045325 ~2004!
exp(2VB /kT) and exp(22aA2mVB/\) typically have expo-
nents much greater than 1. Hence, their relatively sm
variations cause significant effects. Herek is Boltzmann’s
constant,T is the temperature,m is the electron mass, and\
is Planck’s constant. The barriers in PV cells are associa
with the device junctions (p-n, semiconductor/TCO, and
semiconductor/metal! and grain boundaries. The current de
sity vs. bias voltageV is specified in the ideal photo-diod
model as1

j 5 j TFexpS eV

kTD21G2 j sc , ~1!

Voc5
kT

e
lnS j sc1 j T

j T
D .

The short circuit currentj sc is typically linear and the open
circuit voltageVoc is logarithmic in the light intensity. Also
it is typical that the thermal current component,j T is much
less than the photocurrent componentj sc for all practically
interesting light intensities.

Equation~1! can be equally represented in the form

j 5 j 0H expFe~V2Voc!

kT G21J , j 0[ j cs1 j T , ~2!

which shows thatVoc is intimately related to the junction
barrier height. Its fluctuations become exponentially sign
cant if they exceedkT. The available data below~see Sec. II!
show that the latter inequality does obey.

We recall that the thermal currentj T is significantly de-
termined by the system potential barriers1 and thus is expo-
nentially sensitive to the material parameter fluctuations.
the contrary,j sc is relatively uniform because thep-n junc-
tion electric field is everywhere strong enough to effectiv
separate the light generated electrons and holes determ
j sc ~this is also reflected in the device high quantum e
ciency, typically;0.6–0.9).

In the terms of the parameters in Eq.~2!, the latter con-
sideration means thatj 0 is relatively insensitive to the mate
rial fluctuations, whileVoc fluctuates considerably and is in
timately related to fluctuations in the system poten
barriers. BecauseVoc has exponentially strong effect on th
current@Eq. ~2!#, it is considered the main fluctuating param
eter in the system.

Experimentally, lateral nonuniformities are often mask
by low resistance contacts that level out the electric poten
variations across the cell through lateral current flow in
contacts. As explained in detail below, lateral currents ca
resistive losses and nonuniform device degradation. Th
fore, although low resistance contacts make the nonunifor
ties less visible, they contribute detrimental side effects.
circumvent this masking effect, the nonuniformities are b
studied either in unfinished devices~without metal contact!,
in devices with intentionally high resistance contacts, or
processes that are relatively independent of metal conta
such as charge carrier recombination or collection.

Lateral nonuniformities can also show up in parame
variations among nominally identical devices. For examp
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it is typical to observe noticeable (;10%) experimental dif-
ferences between cells;1 cm apart on the same substra
as is illustrated in Fig. 2. This observation is not often a
dressed in academic reports and remains mostly folklo
However, the issue of such variations becomes commerc
important in large-scale production.2

Our paper is organized as follows. In Sec. II we find
appropriate to give a brief review of the relevant data
major PV material nonuniformity effects~which, to our
knowledge, is the first such review ever published!. Section
III introduces new theoretical concepts of random diode
rays and lateral screening in a device underlying the phy
of laterally nonuniform devices. A theory of random diod
systems has never been fully developed and remains in
infancy. We employ a semiquantitative approach aimed
understanding the basic phenomena is random diode ar
In Sec. IV we describe our attempts of developing mo
quantitative theory of random diode arrays. Based on
understanding, in Sec. V we suggest some practical way
blocking the nonuniformity effects. Section VI contains co
clusions.

II. SURVEY OF MESOSCALE NONUNIFORMITY
OBSERVATIONS

Published reports on nonuniformities in thin-film devic
are rare, and to our knowledge have never been review
Yet, the available data show significantVoc and electric cur-
rent variations among nominally identical devices in no
crystalline thin-film structures. They typically represent t
results of device mapping using either direct electrical m
surements or more sophisticated techniques, such as op
beam-induced current~OBIC!, electron-beam-induced cur
rent ~EBIC!, and scanning-tunnelling microscopy~STM!.
Below we briefly review the results for several major ma
rials.

For local microscopicVoc measurements~also termed
surface photovoltage for the case of devices without a m
contact!, drastic lateral variations ranging from 0.2 to 0.7
between different grains were detected by STM for
Cu(In,Ga)Se2 polycrystalline PV device.3 These fluctuations
were attributed to observed local variations in the fi
chemical composition. For similar devices, OBIC revea

FIG. 2. An example of differences in initial efficiencies an
degradations of four nominally identical CdTe/CdS solar cells
the same substrate.
5-2
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microregions of reduced photovoltaic efficiency.4 The latter
do not correlate with visible irregularities and were describ
as lowVoc regions. In large-area CuInSe2 PV modules, long
length scale~millimeter to centimeter! inhomogeneities were
found to correlate with lower device performance.5 In par-
ticular, mapping ofVoc and other parameters revealed no
uniformities in average modules which were not presen
the best modules. They were attributed to macroscopic
perfections such as defects in the glass substrate or con
nants in the film. Considerable variations between nomin
identical Cu~In,Ga!Se2 devices were found.6

For CdS/CdTe polycrystalline PV cells, OBIC~Ref. 7!
and EBIC~Refs. 8–10! showed strong inhomogeneities d
pendent on postdeposition treatments with length sc
ranging from microns to millimeters. For CdTe PV module
OBIC indicated considerable inter-and intra-cell variations11

with the exception of some cases where cells were later
quite uniform.12 Time-resolved photoluminescence in Cd
CdTe solar cells revealed variations in recombination li
time, by a factor of two to three across one cm distance13

Photoluminescence mapping14 also showed considerabl
nonuniformities on a large (;1 mm) scale whose topolog
depends on the excitation laser-beam power. Scanning ba
tic electron emission spectroscopy~a variation on STM! re-
vealed the barrier height dispersion of approximately 0.1
across an area of 10mm2 in a crystalline CdTe/meta
junction.15,16For the polycrystalline CdTe/CdS cell our STM
mapping leads to results17 similar to those for CIGS in Ref
15. Mapping of a polycrystalline CdTe cell fabricated with
high resistance contact18 showed;0.2 V electric potential
variations over a 1 cmlength scale and lateral nonuniform
ties in the temperature field distribution under 1 sun irrad
tion. A typical 10310 cm2 voltage map in Fig. 3 shows bot
the true shunt feature and other lateral nonuniformities. T
short-circuit current in CdTe solar cells also exhibits cons
erable variations especially profound for small area devi
as illustrated in Fig. 4. Nonuniform degradation of sho

FIG. 3. Open circuit electric potential variations of CdS/Cd
vapor transfer deposited sample with intentionally high resis
back contact~10-nm chrome! under low light of 0.01 sun. The main
feature atX54 cm, Y53 cm represents a true shunt with volta
drop down to 0.05 V~cut off in the diagram!.
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circuit current in CdTe cells was noticed in Refs. 19 and
It was shown recently that lateral nonuniformities cause lo
light divergence in CdTe photovoltaic paramet
fluctuations.22 Strong effects of nonuniformity on comme
cial CdTe photovoltaics were discussed in Ref. 21.

For the case ofa-Si:H, changes in photoinduced degrad
tion, defect density and PV parameters were found to dep
on nano-and longer length scales of structu
inhomogeneity.1,23,24Lateral nonuniformities inVoc , j 0, and
other parameters were identified in microcrystalline, mult
rystalline, and polycrystalline silicon.25–31 In particular, it
was shown32–34 that forward current through a multi
crystalline cell does not flow homogeneously and is dom
nated by local sites of diode nature different from the st
dard ohmic shunts.

Schottky diodes have proven to be inhomogeneous e
when based on crystalline semiconductors.35–39This implies
again that barrier-controlled electron transport is expon
tially sensitive to local fluctuations in material paramete
Existing theories attribute such fluctuations either to elec
charge density~which affects the barrier height!40 or to fluc-
tuations in defect concentration that affect the barrier tunn
ling transparency.41 Highly nonuniform charge flow induced
by ionized defects within a crystalline semiconductor jun
tion is evidenced also in the pitted submicron morpholo
obtained by photoetching.42 Due to nonuniformities, an ef-
fective area involved in the current transport becomes
nificantly lower than the geometric area of the me
semiconductor/interface.43

Technologically, nonuniformity length scales rangin
from microns to tens of centimeters can originate from d
ferent process steps. For example, polycrystalline fi
growth kinetics is generically nonuniform. The dispersion
grain sizes translates into variations in the curvatu
dependent impurity gas pressure at grain boundaries w
affects their doping levels and leads to micron-scale nonu
formities. Submicron nonuniformities originate then from t
intragrain fluctuations in doping and stoichiometry.44 Varia-
tions with length scales longer than the grain size are lik
to be due to the postdeposition grain coarsening treatm

e

FIG. 4. Histogram of the short circuit distribution in the dat
base of small (A51 mm2) and standard size (A51 cm2) CdS/
CdTe solar cells under one sun illumination.
5-3
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Wet treatments and droplet dry-up can lead to nonunifor
ties with 100mm to 1 cm scales governed by surface tensi
Module-size length scales originate from nonuniformities
the deposition device. During the complete fabrication cyc
from deposition to final product, nonuniformities of differe
nature and length scales superimpose. We emphasize tha
processes involved are intrinsically nonuniform and thus
eral inhomogeneities of the material parameters in large-a
thin-film devices are unavoidable.

III. UNDERSTANDING LATERALLY NONUNIFORM
DEVICES

The explanation of the lateral fluctuations under consid
ation lies in the device diode nature and in the presenc
the resistive electrode. This is reflected in the equivalent
cuit of random microdiodes in Fig. 5 that we call a rando
diode array. In accordance with the above discussion, e
microdiode in the array is described by the voltage-curr
characteristics of Eq.~2! whereVoc is a random paramete
and fluctuations inj 0 are neglected. The microdiode size
of the order of the nonuniformity length scalel.

In general, the effects of lateral micrononuniformities d
pend on the relationship between the nonuniformity len
scalel and the screening length

L~u!5Auuu/r j 0, ~3!

FIG. 5. ~a! Equivalent circuit of random microdiodes represe
ing laterally nonuniform photovoltaic devices. Fat arrow sho
shunting current (Jw) through the weak diode, with polarity oppo
site to that of the photogenerated currents supplied by the maj
of diodes.L is the screening length.~b! The equivalent two-diode
circuit ~inset! and J/V characteristics of the weak diode~shunting
the currentJw) and its more robust neighborhood~supplying the
current 2Jw). Because of the difference in the diodeVoc’s the
weak diode finds itself under forward biasu.
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where u(,0) is the local fluctuation of electric potentia
The physical meaning ofL is that the fluctuation in electric
potential is balanced by the potential dropj 0L2r across the
resistive electrode of linear dimensionL. The latter applies to
both the cases of one-dimensional (D51) and two-
dimensional (D52) cell ~see Sec. I!. For D51, Lr and j 0L
represent the resistance and current, andr is understood as
the resistance per unit length. ForD52, the resistance is
represented by the sheet resistancer and the current isj 0L2.
The maximum screening lengthLmax corresponds to a dea
shunt (u5Voc). The minimum screening lengthL0 is de-
fined by Eq.~3! with u5kT/e. Generally, the lengthL varies
over a wide range depending on the sheet resistance
photocurrent. For example, given the device characteri
parameters in Sec. I, the screening lengthL0;1 mm under 1
sun illumination. The typical ambient room light~and corre-
sponding currentj 0) is roughly by four orders of magnitud
lower; hence,L0;10 cm andLmax can be as large as 1 m
Note however that both lengths can be shorten significa
by using high resistance electrode~increasingr).22

The screening length in Eq.~3! was for the first time
derived in Ref. 45 to describe shunt and local bias screen
The minimum screening lengthL0 was introduced much
earlier46 in connection with photoeffects in nonuniformly ir
radiatedp-n junctions. Because in Ref. 46L0 appeared in a
formal way, we find it appropriate to give here its intuitiv
derivation similar to that of Eq.~3! above. We start with
recalling that@in accordance with Eq.~2!# a potentialdV
1Voc slightly different from the open circuit voltage,udVu
!Voc , forces the diode currentdV/Roc where Roc
5kT/e j0 is the open circuit resistance. Similar to the de
vation of Eq.~3!, dV is balanced by the potential drop acro
the resistive electrode of linear dimensionL0, i.e. dV
5 j rL0

2r. Substituting herej 5dV/Roc gives

L05A kT

e j0r
~4!

for both the cases ofD51 and 2. Note the main cause of th
difference betweenL andL0: in the latter case the current i
linear in a small deviation of the electric potential fromVoc .
To the contrary, in the case of strong local perturbations
was independent of the potential and close to its satura
value j 0.

Equations~3! and ~4! describe screening of a point pe
turbation. For a system of multiple random diodes, we fi
point out a trivial case when the screening length is mu
shorter than the nonuniformity length scale (l @L) and the
neighboring units are electrically insulated. The observ
quantities then correspond to a locally tested microdio
Note that because the regions at distances larger thanL make
no contribution,L sets the upper limit to the size of an effi
cient cell.

Given the range ofL from ;1 mm to ;1 m and the
much shorter fluctuation length scalel (;1 mm), the oppo-
site limiting case of strongly interacting microdiodes,l !L is
practically important. This case is illustrated in Fig. 5 whe
two diodes in parallel mimic a weak element~low Voc) and

ity
5-4
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its more robust neighbors~high Voc). The former finds itself
under forward biasu and correspondingly strong positiv
current@cf. Eq. ~2!#

j w' j 0exp~ ueuu/kT! ~5!

supplied by the diodes in the surrounding region within
screening length. A weak microdiode robs currents from
large number

NL5 j w / j 05~L/ l !D@1 ~6!

of its more robust neighbors, thereby significantly loweri
the device efficiency. Such nonohmic shunting does not
fect the performance in reverse bias, as do the stan
ohmic shunts.

By expressing the ratioj w / j 0 from Eqs.~5! and ~6! one
can define the characteristic crossover potential

uc5
DkT

e
lnS L

l D , ~7!

between the regimes of weak and strong lo
perturbations.47 Its physical meaning is that a weak bare p
turbationu,uc is completely levelled out~down to the ther-
mal potentialkT/e) by large screening photocurrents in th
rangeL. To the contrary, because there is not enough ph
current, a strong bare perturbationu.uc , cannot be
screened completely; its screened valueu2uc causes notice-
able lateral potential variation.

In particular, a single weak diode whoseVoc is lower than
the surrounding media potential (V̄) by less thanuc , finds
itself under potentialV5V̄. However, a weaker diode o
Voc,V̄2uc will be under potentialV,V̄, that is,

V5H V̄ for Voc.V̄2uc

Voc1uc otherwise.
~8!

The approximation of Eq.~8! is illustrated in Fig. 6.
One other reading of Eq.~8! is that there exists a param

eter

jL[S l

L D D

expFe~V̄2Voc!

kT
G , ~9!

such that the weak diode effects are relatively small wh
jL!1 and are significant whenjL@1.

Equation~6! needs an obvious correction if there are se
eral equally weak diodes in the region of the lengthL. More
specifically, we note that, side by side with the above-defi
L, there is another characteristic length describing the sys
of random diodes. This is the correlation radiusR. Its stan-
dard physical meaning is that the system is macroscopic
uniform on length scales longer thanR. A simple nonrestric-
tive example is a bimodalVoc distribution representing iden
tical weak~low Voc) diodes imbedded in the uniform matri
of more robust units. For the case of bimodal distributionR
is the average distance between the nearest weak diode
estimateR for a continuousVoc distribution we note that, in
accordance with Eq.~2!, the number of significantly differen
04532
e
a

f-
rd

l
-

o-

n

-

d
m

lly

To

microdiodes in the system iseD/kT, whereD is the charac-
teristic width of the distribution. Because each of the diod
has the linear dimensionl, we find R5 l (eD/kT)1/D. The
inequalityR!L is consistent with the available data in Se
II. ReplacingL→R and combining Eq.~6! with Eq. ~5! gives
the maximum local bias~across the weakest microdiode!
and the corresponding screening length in the system:

uw5D
kT

e
lnS R

l D , Lw5L0AD lnS R

l D . ~10!

Thus, a weak diode is biased significantly,uw.kT/e and its
screening length is macroscopically large,Lw@ l .

Spatial fluctuations in the weak diode concentration ca
the electric potential and current fluctuations of the len
scales of the order ofL. To estimate these effects in a syste
of N5(L/R)D@1 weak diodes we note that the relative flu
tuation in their number isdN/N;1/AN;(R/L)D/2. Taking
into account that each weak diode consumes an expo
tially strong relative current exp@e(V̄2Voc)/kT#, one can de-
fine a disorder parameter

jR[S R

L D D

expF2
e~V̄2Voc!

kT
G , ~11!

such that the disorder effects are small whenjR!1 and are
significant whenjR@1. jR describes the relative dispersio
in the weak diode currents. In deriving Eq.~11! all the weak
diodes were, for simplicity, assumed to have the sameVoc

~lower than the average voltageV̄). In Sec. IV the paramete
j'jR is derived in a more rigorous way for a general ca
where weak diodes can have differentVoc’s @see Eqs.~33!
and ~35!# and is shown to be a figure of merit for the wea
diode effects.

FIG. 6. An example of numerically simulated voltage~V! across
a ‘‘foreign’’ diode of open-circuit voltageVoc imbedded into a large

system of equivalent diodes of the open-circuit voltageV̄ each. The
straight line shows the approximation in Eq.~8!.
5-5
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In the above we have been assuming implicitly theVoc
distribution to have an effective cutoff widthD. A conceiv-
able alternative model assumes a probability distribution
open circuit voltages,g(Voc), having a long exponentially
decaying tail. In the latter case the situation is considera
different from that described by Eq.~10!, that is, very rare
but extremely weak diodes will rob the most current. T
correlation length then becomes exponentially large an
determined by the optimum fluctuation that finds the weak
diode with finite probability. This occurs when the produ
g(Voc)exp(2eVoc/kT) is a maximum. Assuming, for ex
ample, the Gaussian distribution with the dispersionD2 this
model yields the correlation radius

R5 l exp@~De/kTAD !2#, ~12!

which at low temperatures can exceed both the scree
radius and the linear dimensions of the device.

For the case ofL@R it is possible to describe the macro
scopic electric potential analytically. ConsiderN@1 diodes
occupying a volume of linear dimensionx!L, but still mac-
roscopically uniform in the sensex@R. Becausex!L, the
resistive potential drop across the domain is relatively sm
and the diodes are under almost the same potentialV̄. The
latter can be found by setting to zero the sum ofN5(x/ l )D

random currents@each given by Eq.~2! with V5V̄],

V̄52
kT

e
lnK expS 2

eVoc

kT D L
N

. ~13!

SinceN@1, the above average is close to the true arithm
average, which can be calculated based on the statistica
tribution for Voc . Following Eq.~13!, the characteristic po
tential fluctuation is

dV5
kT

eANL

d@exp~2eVoc /kT!#

^exp~2eVoc /kT!&NL

, ~14!

where we have taken into account that independent fluc
tions have a linear dimensionx5Lw . Equations~13! and
~14! agree well with the results of numerical simulations. F
example, the uniformVoc distribution with the lower bound
Voc,min and widthD5Voc,max2Voc,min is characterized by

V̄5min@Voc,min1~DkT/e!ln~R/ l !,Voc,max# ~15!

and

dV5D~ l 2/LwR!D/2. ~16!

In particular, the latter estimate explains how applying a h
resistive contact makes the electric potential fluctuations
ible ~see Fig. 3! by decreasing the screening lengthLw .

Because for the opposite case ofR@L the above consid-
eration fails, we develop the effective medium approa
Along the standard lines, the effective medium sought is
imaginary homogeneous system whose parameters coin
with the average parameters of the non-homogeneous sy
under consideration. Consider a single foreign diode emb
ded into a uniform effective medium consisting of identic
04532
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diodes of the open circuit voltageV̄. In our approximationV̄
is the only effective medium parameter. The voltage dropV
across the foreign diode is a function of its bare open circ
voltageVoc and V̄:

V5V~Voc ,V̄!. ~17!

In the original nonuniform system we apply Eq.~17! to an
arbitrary diode and approximate its surroundings by the
fective uniform medium. Self-consistency dictates that,
averaged over all such diodes, the voltageV in Eq. ~17! is
equal to the effective medium open circuit voltage,

V̄5E dVocg~Voc!V~Voc ,V̄!, ~18!

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

To describe the dependence in Eq.~17! we employ the
approximation in Eq.~8!. Using, for simplicity, the uniform
distributiong51/(Voc,max2Voc,min) Eqs.~18! and ~8! yield

V̄5minFVoc,min1
DkT

e
lnS L

l D ,Voc,maxG . ~19!

As applied to the former case ofR@L, the result in Eq.~19!
changes byR replacingL under the logarithm, which make
it identical to that in Eq.~15! and thus adds credibility to the
present effective medium approach.

As a verification of the above concepts we note that r
dom diode array in Fig. 5 can be simulated by numerica
solving the corresponding Kirchhoff’s equations for a giv
random input parameter distribution. In Fig. 7 the calcula
output parameter distributions show indeed weak m
crodiodes (V.Voc) forcing strong positive currents. Unde

FIG. 7. Simulated open-circuit voltage (Voc), electric potential
(V), and transverse electric current~j! distributions in an open-
circuit system of random diodes. Rare strong positive currents
respond to weak diodes balancing the majority of robust diode
rents, which are negative. Note that the robust diode nega
currents are practically the same as they would be under sh
circuit conditions. The correlation radius~R! and the weak diode
screening radius (Lw) are also shown.
5-6
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RANDOM DIODE ARRAYS AND MESOSCALE PHYSICS . . . PHYSICAL REVIEW B 69, 045325 ~2004!
an open circuit, they balance small negative currents flow
through the majority of microdiodes~with V,Voc). The
electric potentialV varies much less thanVoc because its
fluctuations are averaged out overN@1 mutually interacting
microdiodes.

In general, since the balance of currents~rather thanVoc)
determines the average macroscopic potential, the wea
ode contribution is exponentially significant; in particular,
strong inequalityV̄,^Voc& takes place. In other words, un
der open-circuit conditions, the recombination of photog
nerated electrons occurs mostly through weak diodes, as
posed to the ideal system where the recombination
spatially uniform. The degree of nonuniformity in localVoc
needed to cause the above qualitative difference is as lo
severalkT/e, well within the observed range of theVoc fluc-
tuation data~see Sec. II!. Micrononuniformity effects are
determined by the length scales of the order of the ab
introduced screening length,L;1 mm to 1 m, which may
be comparable to the devices size; we call these eff
mesoscale.

IV. TOWARDS A QUANTITATIVE THEORY OF RANDOM
DIODE ARRAYS

A problem of random diode arrays introduced in t
present work, is a new nonlinear problem that properly
longs in the theory of disordered systems. Its quantita
analysis is quite involved and has not been fully develop
In fact, our semiquantitative estimates in the preceding s
tions were aimed at partially substituting for such an ana
sis. In this section we describe one more rigorous appro
to the problem.

The electric potential distribution in the diode circuit
Fig. 5 can be described more quantitatively based on
ideal diode equation~2! and the Ohm’s law

¹ i52 j 0FexpS e~w2Voc!

kT D21G , ~20!

r i52¹w, ~21!

wherei is the lateral current~current density! in the resistive
electrode forD51 (D52), w is the electric potential, and
j 0 is the specific transversal currents~per length forD51 or
per area forD52) defined in accordance with Eq.~2!.

For the case of a point perturbation in the uniform syste
Eqs.~21! reduce to the dimensionless form

¹2f5exp~f!21, ~22!

where

f5
e~w2Voc!

kT
, y5

x

L0
, L05A kT

er j 0
, ~23!

and ¹ is calculated with respect to a new variabley. Note
that Eq.~23! reintroduces in a more rigorous way the min
mum screening lengthL0. The solutions to Eq.~22! were
analyzed for different types of point perturbations in Ref. 4
04532
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For a nonuniform system we consider the case of stron
interacting diodes,l !L and assume uncorrelated disord
We use the dimensionless units of Eq.~23! where Voc is
replaced byV̄ defined in Eq.~13!. In these units, the inequal
ity l !L becomesl !1. It is convenient then to introduce
random variable

z5expS 2
e~Voc2V̄!

kT
D 21, ^z&50, ~24!

whose correlation function has the form

^z~0!z~r !&5Bd~r !, B5const. ~25!

Hered(r ) is the delta function of the coordinater in the film
plane.@Because of the microdiode finite size,d(r ) should be
understood as having a small yet finite widthl !1].

In place of Eq.~22!, we now have

¹2f5~11z!exp~f!21. ~26!

Given the statistics forz Eq. ~26! can be used to derive th
distributions for the electric potential and current. From t
perspective of the theory of disordered systems, Eq.~26!
represent a new nonlinear problem. Our approach to its
lution is somewhat similar to the well-known adiabatic a
proximation and utilizes the inequalityl !1. We present the
electric potential as a superposition of the short-range (fs)
and long-range (fL) components,

f5fs1fL , ufsu!1, ^fs&50. ~27!

fs has the characteristic space scalel !1. Its amplitude is
assumed to be small, since the neighboring microdio
separated by distancel and correspondingly small electrica
resistance are at almost the same electric potential; the sm
ness condition is derived below@see Eq.~38!#. The long-
range component is not necessarily small and is appr
mately constant on the scale ofl.

Linearizing Eq.~26! in ufsu!1 and averaging over a re
gion of linear dimensionx such thatl !x!1 leads to the
equation for the long-range component

¹2fL5~11^fsz&x!exp~fL!21. ~28!

In accordance with the central limit theorem, a random qu
tity ^fsz&x should obey the Gaussian statistics. Its fluctu
tions are relatively small, since the averaging is taken ove
large number of microdiodes.

Eliminating the terms absorbed by Eq.~28! and neglect-
ing fs in its right-hand side, linearized equation~26! be-
comes

¹2fs5z exp~fL!, ~29!

wherefL is considered constant. A system of coupled eq
tions ~28! and ~29! describe the long-range and short-ran
components of the electric potential.

We start by finding the average^fsz&x that appears in Eq
~28!. This is achieved through the correlation functio
^z(0)fs(r )&, which turns into^fsz&x as the distance is se
5-7
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to the minimum length scale,r 5 l . To estimatê z(0)fs(r )&
we multiply Eq.~29! by z(0) and then average. This leads
the Poisson equation

¹2^z~0!fs&x5Bd~r !exp~fL!, ~30!

whose particular solution is

^z~0!fs&x5exp~fL!H Bur u/2 for D51

~B/2p!ln r for D52.
~31!

Constants that may appear in its general solution mus
determined from the boundary conditions.

Because Eq.~29! is restricted to the regionr !1, the stan-
dard boundary condition is hard to impose. Offering an
ternative is the observation that, in the absence of other c
acteristic lengths, the correlation betweenz and fs should
decay over distancesr approaching the correlation lengthL
@L51 in the units of Eq.~23!#. We take the latter observatio
as a boundary condition. The required decay automatic
follows from Eq.~31! for the case ofD52 where the loga-
rithm decreases asr→L. For D51, a negative constan
needs to be added to the solution in Eq.~31! to ensure the
decay.@The latter analysis of̂z(0)fs& can be easily verified
for the case of a small disorder where Eq.~26! becomes
linear in f.#

Substituting into Eq.~31! r 5 l and adding2BL/2 for the
case ofD51, yields

¹2fL52
1

4j
@exp~fL1 ln 2j!21#21

1

4j
21, ~32!

with

j5
B

2
•H 1 for D51

~1/p!ln~1/l ! for D52.
~33!

We observe that, while aimed at describing random dio
arrays, Eq.~32! does not contain random variables. As e
plained in what follows, the factors that account for the d
order are different for the cases of small and largej.

One immediate result of the above analysis is that th
exists a critical disorder,jc51/4, such that the electric po
tential and current distributions are qualitatively different f
the cases ofj,jc andj.jc . In the case of subcritical dis
order j,jc one can calculate the average potential in
system by setting the left-hand-side zero in Eq.~32!:

^f&5 lnS 12A124j

2j D . ~34!

This solution fails whenj.1/4. Furthermore, analyzing th
correctionsdwL[w2^w& by perturbation technique, it is
straightforward to see from Eq.~32! that the characteristic
length scale and amplitude of nonuniformities diverge aj
approachesjc51/4. Below we consider the cases of subcr
cal and supercritical disorder separately.

The parameterj is a figure of merit for the nonuniformity
effects in the system under consideration. To explain
physical meaning we consider the case of bimodalVoc dis-
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tribution where weak diodes are found with a probabil
c(!1). The coefficientB in Eq. ~25! can be then estimate
~in conventional units! as

B;cS l

L D D

expF2
e~V̄2Voc!

kT
G . ~35!

Taking into account also the estimatec; l /R, it is straight-
forward to see thatj'jR , where the average distance b
tween the weak diodesR and the disorder parameterjR were
discussed in Sec. III@see Eq.~11!#. Hence,j represents the
relative dispersion of the weak diode bare currents.

Subcritical disorder.The required averagêz(0)fs&x was
calculated in the above through the correlation funct
^z(0)z(r )& defined for the infinite system in Eq.~25!. As
was discussed after Eq.~28!, the finite size effects will make
B a Gaussian random quantity with the relative standard
viation of the order of (l /x)D/2; l D/2!1. For smallj!1 the
right-hand side in Eq.~32! f (f) is dominated by a contribu
tion that is inversely proportional toj and the variationsdj
become important source of randomness. Because the l
are small, so are the variations inf. They satisfy the linear-
ized equation~32!, that is

¹2dfL5^f&A124jdfL2dj exp̂ 2f&. ~36!

We conclude that fluctuationsdf obey Gaussian statistic
and are small in the measure ofdj. As an illustration, shown
in Fig. 8 is a distributiondf(x) numerically simulated for a
system of random diodes with subcritical disorder. It ha
smoothly varying shape similar to what is typically consi
ered random potential in the existing theory of disorde
systems~see, for example, Ref. 48!.

Supercritical disorder.To understand the case ofj.jc we
note that the right-hand side of Eq.~32!, f (f) ~and thus the
curvature¹2f) is everywhere negative. The negative curv
ture exponentially increases in absolute values asf increases
above its maximumfm5 ln(1/2j). This means that the spec

FIG. 8. 1D fL distribution for the case of subcritical disorde
numerically simulated for a random diode circuit with a uniform
distributedVoc . The diode number plays the role of the linear c
ordinate. The distribution is characterized by the avera
^eVoc /kT&510 and the corresponding standard deviation 2. N
the scale of fluctuations,udfLu!1.
5-8



i
rv

o

ap
e
i

e
su
la
as
g
e

tie
b
h

th

p
fo
ti

of

n
e

ea
-

ca

re-
pec-

mi-
ak-
he

ve
ge
s.
of
n
ak

g.

ar-

f

e

s
a de

hy
dal

RANDOM DIODE ARRAYS AND MESOSCALE PHYSICS . . . PHYSICAL REVIEW B 69, 045325 ~2004!
trum of f cannot span much beyondfm , since any increase
in f ~i. e. positive¹f) is strongly limited by exponentially
large negative¹2f.

For largej@jc and f,fm we find f (f)'21. There-
fore, f(r ) is close to a negative curvature paraboloid and
unbounded below. This is consistent with the above obse
tion that the averagêw& is not defined for the case ofj
.jc . The unbounded spectrum exists in the framework
the approximation employed.

We now consider lower boundary effects beyond that
proximation. The lowestf in the system corresponds to th
weakest diode. In the framework of our approximation,
exhibits a singularity where¹f undergoes a finite chang
and the electric potential cannot be decomposed into a
of long-and short-range components. Taking such singu
ties into account, we conclude that the electric potential h
piecewise continuous structure. It is formed by a set of ne
tive curvature paraboloids~far from weak diodes where th
approximation of smoothly varying potential is valid!, con-
nected in a singular way at weak diodes. The singulari
take place at the diodes that are the weakest in the neigh
hood of screening length size each. This understanding
been confirmed by our numerical simulations for both
cases of 1D~Fig. 9! and 2D~Fig. 10! random diode circuits,
which show, indeed, randomly located negative curvature
raboloids forming cusps in connection points. Note that
the case of supercritical disorder the electric potential spa
nonuniformity is mainly due to random spatial distribution
weak diodes.

If the Voc distribution is not a bimodal, then the locatio
of singularities needs to be further specified. A diode weak
in its screening length neighborhood (Voc5Voc,min) will ob-
viously cause a singularity. On physical grounds, a less w
diode at distancer in the neighborhood will cause a singu
larity if its Voc is less thanVoc,min1j0rr2 to make it a local
current sink. While consistent with the results of numeri
modeling this remains a plausible assumption.

FIG. 9. A fragment ofVoc and reduced electric potentialf
distributions for the case of supercritical Gaussian disorder num
cally simulated for a 1D random diode circuit. Note the singularf
shapes in the proximity of minima, which coincide with the lowe
Vocs, and the parabolic coordinate dependence of almost the s
curvature far from the minima.
04532
s
a-

f

-

t

m
ri-
a

a-

s
or-
as
e

a-
r
al

st

k

l

Note that the piecewise continuous type of disorder
vealed in the above study is rather unusual from the pers
tive of the existing theory of disordered systems.48 This
unique feature adequately reflects the fact that random
crodiodes in the array are exponentially different. The we
est of them dominate the electric potential distribution in t
system and make all more robust units immaterial.

As an example consider one implication of the abo
theory, which is the statistics of stronger-than-avera
‘‘shunting’’ currents in a system of random microdiode
The probability of finding no weak diode in the region
large radius r .R is given by the Poisson distributio
exp@2(r/R)D#, whereR is the average distance between we
diodes. Because the amplitude of electric potentialdf is
parabolic inr, we getdf}r 2. The electric current can be
expressed asJ;df/(rr (22D)) whereD51,2 @see the dis-
cussion after Eq.~3!#. As a result the probability distribution
for the current takes the form

g~J!}exp~2J/J0! for J.J0 , ~37!

for both the cases ofD51 and 2 whereJ05 j 0RD5const .
This prediction is verified by numerical simulations in Fi
11: good agreement is obtained.

The above-developed approximation is based on line
ization of Eq. ~26! with respect tofs , and remains valid
when ^fs

2&!1. Multiplying Eq. ~29! by fs(0), averaging,
and taking into account Eqs.~31! and ~33!, yields

^fs
2&5j exp~2fL!. ~38!

The criterion^fs
2&!1 is obviously satisfied for the case o

subcritical disorderj!1. For the alternative case ofj@1
we take into account that the spectrum offL is confined to
the regionfL& ln(1/2j). As substituted in Eq.~38! this gives

ri-

t
me

FIG. 10. Reduced electric potentialf distribution for the case of
2D supercritical disorder numerically simulated for a random dio
circuit of 31331 diodes. Note the piecewise continuous topograp
with cusp shapes in the proximity of minima and the paraboloi
coordinate dependence far from the minima.
5-9
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V. G. KARPOV, A. D. COMPAAN, AND DIANA SHVYDKA PHYSICAL REVIEW B 69, 045325 ~2004!
^fs
2&&1/4j, which satisfies the criterion̂fs

2&!1 in the far
supercritical regionj@jc51/4. Our approximation fails in
the critical regionj;jc .

One practical consequence of the above established
sition between the regimes of strong and weak fluctuation
that atj,jc the system can combine a high degree of
electric potential uniformity with tangible current loss.
particular, the nonuniformity related loss can still be sign
cant if the device is seemingly uniform.

Because in the weak fluctuation regime the electric pot
tial V is almost constant across the device and can be
proximated byV̄, the device current-voltage characteristi
becomes

j

N
5 j 0H expFe~V2V̄!

kT
G21J . ~39!

The number of microdiodesN is proportional to the device
size and thus the right-hand-side represents the current
sity. The definition in Eq.~13! predicts the latter quantity
fluctuations to be proportional to 1/AN. This explains the
observed difference between small and large cell fluctuat
in Fig. 4. The size dependent average in Fig. 4 points at
correlation radiusR exceeding at least the smallest cell siz

We shall end this section by noting that the above
proximation, while giving a consistent picture of the elect
potential distribution in a system of random diodes, lea
many important questions unanswered. Those of the stati
of random electric potential and currents, the boundary c
ditions for finite systems, and integralI -V characteristics
seem to be the most appealing ones. Answering that q
tions will make it possible to further verify our approac
experimentally.

V. BLOCKING THE EFFECTS OF NONUNIFORMITIES

As a semiconductor thin-film device is deposited, n
much can be done to improve its disordered structure.
known remedies are chemical treatments~such as CdCl2 for
CdTe photovoltaics! and anneals, which increase and equ
ize grain sizes and otherwise promote uniformity. Here

FIG. 11. Distribution of ‘‘shunting’’ electric currents in a syste
of random diodes with supercritical disorder: numerical simulatio
~histogram! vs an analytical fit of Eq.~37!.
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would like to point toward other remedies, which, whi
keeping the semiconductor structure intact, can significa
reduce the device nonuniformity. As is seen from Fig. 5,
steeper theI /V curve in the forward bias regionV.Voc , the
stronger the impact of a weak diode.~In particular, the ex-
ponential bias dependence in Eq.~2! led to the exponentially
strong weak diode effects as discussed above.! The exponen-
tial steepness is known to reduce to a linear bias depend
when there is a considerable series resistance added t
elemental diode. Hence, increasing the series resistance
mitigate the detrimental effects on micrononuniformities. W
verified the latter argument by numerically simulating t
circuit in Fig. 5 with series resistances added to each of
random diodes: a significant suppression of the electric c
rent and electric potential lateral fluctuations was indeed
served.

The above prediction of the beneficial role of series res
tance has two practical implications. First, the general qu
for decreasing the device series resistance may not be j
fied in all cases. While this minimizes the ohmic loss, it c
simultaneously promote losses due to micrononuniform
effects. The analysis above shows that the series resist
should be carefully optimized to compromise between
ohmic and the micrononuniformity-related losses. Such o
mization should open opportunities in thin-film device en
neering.

The second implication has to do with buffer-lay
effects,49 which, while proven generally positive, rema
poorly understood. We recall that the buffer layer is genera
a resistive, thin layer placed between the semiconductor
TCO. Because of its small thickness, it does not add muc
the device series resistance. In the meantime it is know
minimize current losses in the device and in some case
improve the device stability. From the perspective of th
paper, a beneficial effect of the buffer layer is that it ad
series resistances to the weak diodes~or shunts!. In under-
standing this effect it is crucial to take into account the ch
acteristic micrononuniformity sizel. The series resistance o
the ‘‘clog’’ added by the buffer layer to a weak diode o
shunt,r bl} l 22 is significant for small size micrononunifor
mities, but may have no effect on nonuniformities of cons
erable lateral dimensions. Hence, the same buffer layer
or may not have positive impact on the device performa
and stability, depending on details of the device technolo
affecting the micrononuniformity length scale. We belie
that the buffer layer should be optimized based on the de
uniformity characteristics.

Finally, we note that the above-discussed physics not o
explains how nonuniformities are detrimental to device p
formance and stability, but also suggests a certain way
levelling them out. Namely, because the surface poten
~local Voc) under the light varies across a semiconduc
film, electrochemical treatments sensitive to the electric
tential will act differently at different spots. When proper
chosen they should deposit clogs onto the weak diode s
while leaving the robust parts of the film practically intac
thus eliminating the most significant sources of nonunif
mity effects. It is likely that in such treatments have alrea
been found in several cases by trial and error. In particu

s

5-10



in
pr
ou
ar
en
ro
-

a
a

c
e

de

e
-

n
i-
-
lm
c

te
a

-
e
r-

s
rr

s
ity

el-
uld
an-
the
eir
ge
l
all
an-
aic
le,
ies.
nt
s

h is
ign.
of
en-
lp

in
red
this

lly
ed

nt
ors
ll
rer,
le

.
s

or

l.

ll

d

s

rgy

t,

d

F.

ppl.

RANDOM DIODE ARRAYS AND MESOSCALE PHYSICS . . . PHYSICAL REVIEW B 69, 045325 ~2004!
that might explain why different precontact treatments,
cluding weak etches and exposure to organics have a
found effect on device parameters. We believe that
present consideration provides the understanding to se
effectively for the desired treatments. In our most rec
work50 we have verified the above prediction of the elect
lyte treatment effect: a; 50% increase in the device effi
ciency was found.

VI. CONCLUSIONS

While the specific features caused by inhomogeneities
discussed in Sec. II above, we would like to briefly summ
rize the main experimental observations.~1! Lateral varia-
tions in measured device characteristics, such as voltage,
rent, OBIC, EBIC, photoluminescence, and carrier lifetim
~see references in Sec. II and illustration in Fig. 3!. ~2! Varia-
tions between the characteristics of nominally identical
vices ~Figs. 2 and 4! most recently described in Ref. 22.~3!
Device efficiency loss affecting both laboratory and comm
cial devices.21,52,53~4! Nonuniform degradation affecting de
vice lifetime under illumination or electric bias.19–21

In summary, we have shown the following.~1! Because
large-area semiconductor devices are intrinsically nonu
form, their physics is qualitatively different from that of m
croelectronics.~2! The nonuniformities show up in many dif
ferent types of experiments and for the majority of thin-fi
semiconductors.~3! Their length scales cover a broad spe
trum ranging from microns to meters.~4! We have found a
characteristic screening length that ranges from millime
to meters and explains how a microscopic nonuniformity c
affect macroscopically large areas in the film.~5! Our theo-
retical model~of random diodes! explained some of the ob
served features, such as parameter fluctuations betw
nominally identical devices; photovoltaic fluctuation dive
gence under low light; nonuniform device degradation.~6!
We have predicted a phase transition between the regime
weak and strong nonuniformities and established the co

*Electronic address: vkarpov@physics.utoledo.edu
1S.M. Sze,Physics of Semiconductor Devices~Wiley, New York,
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361-362, 258 ~2000!.

4G.A. Medvedkin, L. Stolt, and J. Wennerberg, Semiconduct
33, 1037~1999!.

5J. Ermer, R. Gay, D. Pier, and D. Tarrant, J. Vac. Sci. Techno
11, 1888~1993!.
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77, 283 ~2003!.
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sponding critical parameter.~7! Our consideration here ha
suggested certain ways of overcoming these nonuniform
effects.

Our present consideration was mostly restricted to an
emental PV cell. Another closely related application sho
be mentioned where the concepts of nonuniformity and r
dom diode arrays can be extremely important, which is
macroscopic circuitry of large area PV modules and th
field arrays. A typical PV module is composed of a lar
number (;100) linear cellsin series. Because of the cel
diode nature, these series will be very sensitive to sm
variations in the cell parameters; hence, the problem of r
dom diodes in series. Furthermore, in the field, photovolt
arrays form more complex circuits where, for examp
blocks of many modules in parallel are connected in ser
Again, since the modules have slightly differe
characteristics,2,51 the latter systems will belong to the clas
of random diode systems. A relevant theoretical approac
needed to understand their physics and optimize the des

We hope this work will facilitate more systematic study
nonuniformities in large area electronics. We believe that
hanced understanding of the nonuniformity effects will he
to improve thin-film device performance and stability
many applications. We also hope that a class of disorde
systems—that is, the random diode arrays presented in
work—will attract more attention to become a practica
important challenging problem in the physics of disorder
systems.
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