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This paper studies the effective electrical size and carrier multiplication of breakdown sites in

multi-crystalline silicon solar cells. The local series resistance limits the current of each breakdown

site and is thereby linearizing the current-voltage characteristic. This fact allows the estimation of

the effective electrical diameters to be as low as 100 nm. Using a laser beam induced current

(LBIC) measurement with a high spatial resolution, we find carrier multiplication factors on the

order of 30 (Zener-type breakdown) and 100 (avalanche breakdown) as new lower limits. Hence,

we prove that also the so-called Zener-type breakdown is followed by avalanche multiplication.

We explain that previous measurements of the carrier multiplication using thermography yield

results higher than unity, only if the spatial defect density is high enough, and the illumination in-

tensity is lower than what was used for the LBIC method. The individual series resistances of the

breakdown sites limit the current through these breakdown sites. Therefore, the measured multipli-

cation factors depend on the applied voltage as well as on the injected photocurrent. Both depend-

encies are successfully simulated using a series-resistance-limited diode model. VC 2015

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921286]

I. INTRODUCTION

Breakdown in solar cells and-modules may be harmful

for affected devices, possibly leading to the destruction of

the cell or module. A likely scenario is the partial shading of

a module. In this case, the fully illuminated solar cells in a

string build up a photovoltage that will then be applied as a

negative bias to a shaded cell connected in series. Therefore,

intense research into the reasons and the physical under-

standing of breakdown were undertaken, especially for

(multi-) crystalline silicon solar cells.1–8 Like in other

silicon-based electronic devices, breakdown causes the emis-

sion of visible light, the reverse biased electroluminescence

(ReBEL).9,10 It is therefore possible to investigate and locate

the occurring high currents not only with (Lock-in) thermog-

raphy2 (LIT) but also with CCD cameras offering higher spa-

tial resolution.

For multi-crystalline silicon solar cells, three classes of

defects causing breakdown were identified: aluminum con-

tamination on the cell surface4 (type-1), iron silicide precipi-

tates in grain boundaries5,6,11 (type-2), and strongly curved

p-n-junctions (type-3). The latter being caused by either etch

pits in acidly etched cells7 or at sites of preferred phospho-

rous diffusion in grain boundaries of cells with alkaline tex-

ture.12 A p-n-junction with a radius of curvature of around

300 nm was shown to reduce the breakdown voltage to

around VO¼�12 V13 (at a doping concentration

ND¼ 1016cm�3). For the breakdown types 1 and 2, the exci-

tation of the carriers was attributed to Zener tunneling or

thermionic field emission. Using carefully calibrated

emission spectra, the light generation process was recently

shown to originate from phonon-assisted intra-band transi-

tions of holes and electrons within the valence- and conduc-

tion bands, respectively.14

The determination of the breakdown mechanism, i.e.,

avalanche breakdown or Zener tunneling was approached

via light intensity–voltage characteristics8 (U-V characteris-

tics) and new thermography methods (temperature coeffi-

cient dark LIT, TC-DLIT, and multiplication factor

illuminated LIT, MF-ILIT).2 While U-V characteristics of

macroscopic regions measured by a CCD-camera indeed

showed “hard” and “soft” exponential behavior, which were

interpreted as avalanche- and Zener-type breakdown, respec-

tively, microscopic investigations falsified those conclu-

sions.15 U-V characteristics of all individual breakdown sites

are linearized by a local series resistance, such that the expo-

nential nature of the reverse current is only visible in the

very early stages of the breakdown. Thus, a growing number

of spots in a larger field of view will yield a superlinear re-

gional U-V characteristic. The origin of the series resistance

is expected to be current crowding8,16,17 towards (and from)

the defect. While earlier investigations4,14 unveiled that the

spot sizes are smaller than 1lm, i.e., below the resolution of

an optical set-up, the present work analyses a large number

of spots of all types by a simple model and finds typical radii

on the order of 100 nm.

Another approach to identify the breakdown mechanism

is measuring the local current amplification with the MF-

ILIT technique.2 In Ref. 2, the injected light generated cur-

rent was multiplied up to a factor of 4 in certain cell areas.

This observation was considered to be proof of avalanche

breakdown. However, the used spatial resolution of
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640� 512 pixels applied to a (15.6 cm)2 solar cell area is

equivalent to an area of (300 lm)2 per pixel. Taking the

above mentioned defect size into account, most of the pixel

area is not covered by breakdown sites and therefore does

not contribute to the amplification of the injected current,

implying that the values determined using MF-ILIT must

necessarily be much too low. This is of particular relevance,

if these results are used as evidence against avalanche multi-

plication in type-2 breakdown sites. The present work over-

comes the limitation of spatial resolution by applying a

microscopically focused laser beam, which is scanning the

area of a breakdown site while recording the generated cur-

rent (laser beam induced current (LBIC)).

The present publication shows that three points have to

be considered in order to measure a current amplification—

(i) The reverse voltage must be sufficiently high to allow

breakdown to happen locally; (ii) the current through the

defect must not have reached its series resistance limitation;

and finally (iii) the photocurrent must be as low as possible

to avoid disturbing the local physics, i.e., if the light beam

induced current is high enough to push the defect into series

resistance limitation, the measured current multiplication

will be reduced. The highest multiplication factors, we were

able to measure, are around 30 for type-2 and 100 for type-3

spots. Though the initial breakdown mechanism of type-2

spots may indeed be Zener tunneling, but it is certainly fol-

lowed by carrier multiplication.

II. EFFECTIVE ELECTRICAL DEFECT SIZE

To obtain the local currents of the individual breakdown

sites, we measured the global ReBEL intensity UG of a sam-

ple with a camera at different applied voltages V while re-

cording also the respective global current I. After an onset

phase, the global current I is linearly correlated to the global

ReBEL intensity UG of the cell [Fig. 1(a)]. This correlation

allows us to view the ReBEL intensity as a measure for the

local electrical current and individual breakdown currents IS
are obtained using the ratio I / UG. The series resistance lim-

ited U-V characteristics of individual spots yield local cur-

rents up to I¼ 0.6mA, which correspond to 100 intensity

units in Fig. 1(b). The inverse slope DV/DI of the depicted

IS–V characteristics equates to the individual series resist-

ance of the breakdown site RS.

We therefore measured typical breakdown site series

resistances RS ranging between 10 kX�RS� 40 kX. The

physics of the present breakdown site is similar to the current

crowding or spreading resistance at small electric contacts.

A hemisphere with a radius r (defect) embedded in semi-

infinite solid (p-type base with resistivity qB¼ 1X cm) has a

contact resistance8,16

RS ¼
qB
2pr

: (1)

The other hemi-sphere in the emitter can be neglected

because of the much lower resistivity of the material with the

higher doping density (qE¼ 0.006X cm).18 The estimated

defect radii consequently range between 40 nm� rd� 160 nm.

III. ANALYSIS OF CARRIER MULTIPLICATION

A. Experimental set-up

We measure the carrier multiplication using an LBIC

setup based on a HeNe-Laser with a wavelength of

k¼ 633 nm. The light source is focused with a 50� micro-

scope lens, and the samples are mounted on a computer con-

trolled scanning table. With an applied voltage V�� 10V,

we usually observe a reverse current around 100mA (sample

size� 10 cm2), which is also quite noisy. Therefore, the

comparably low additional photocurrent IPh was measured

with a lock-in amplifier.

Fig. 2(a) depicts the measuring process with the modu-

lated laser focused on the sample with a FWHM radius of

1 lm. As discussed in Sec. II, the radius of the defect is

between 40 nm� rd� 160 nm. For simplicity reasons, we

assume that carriers generated directly above and below the

defect are diffusing towards the breakdown site and are also

accelerated in its high electric field. This cylinder is called

“electrically active region” in Fig. 2(a). Consequently, only

the share a of the total photocurrent IPh is amplified. Figure

2(b) shows a suitable equivalent circuit describing the situa-

tion. The breakdown site is represented by a diode in the

FIG. 1. (a) After a start phase the global ReBEL intensity U and the global

cell current I correlate linearly, which is also assumed to hold on the micro-

scopic scale. It is therefore possible to calculate the local breakdown cur-

rents IS�US using the ReBEL spot intensities US (b). For the depicted

spots, 100 intensity units correspond to IS¼ 0.6mA. (b) Reprinted with per-

mission from Schneemann et al., Phys. Status Solidi A 207, 2597 (2010).

Copyright 2010 John Wiley and Sons.15
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dark and an additional branch under illumination that repre-

sents the photocurrent that is amplified with the factor m in

the breakdown site. The current Id through the diode in the

dark and the multiplied share of the photocurrent maIPh,ref

add up to the current Ii through the defect under illumination

(Ii ¼ maIPh;ref þ Id). Here, IPh,ref is the reference photocur-

rent measured in a defect free region.

In parallel to the current through the defect, there exists

a current not flowing through the defect. This current is

assumed to be negligible in the dark. Therefore, only the

photocurrent in this area is considered, and it is given by

(1� a) IPh,ref. The total photocurrent is therefore given by

the sum over all branches minus the dark current, i.e.,

IPh ¼ Ii � Id þ ð1� aÞIPh;ref : (2)

It has to be noted that the currents are all assumed exponen-

tial functions of the voltage, and they are limited by series

resistances that are shown in Figure 2(b). In order to study

carrier multiplication, we can define an empirical, i.e., meas-

ured multiplication factor M and try to determine the micro-

scopic multiplication factor m in the breakdown site from it.

This empirical multiplication factor could be defined as the

ratio of two easily measurable quantities as

M ¼
Iph

Iph;ref
: (3)

We can now calculate the dependence of M on m by insert-

ing Eq. (2) and the definition for Ii into Eq. (3). We then

obtain

M ¼
maIPh;ref þ 1� að ÞIPh;ref

IPh;ref
¼ 1þ a m� 1ð Þ: (4)

The exact location of the breakdown site is found with

an x-y-scan of the approximate area. We restrained ourselves

to a step size of 0.5 lm, which is approximately half the laser

spot size.

B. Multiplication factor vs. applied voltage

Any additional photogenerated current increases the

voltage drop VR over the series resistance RS, thus reducing

(for constant applied voltage V) the defect voltage VD, which

determines the multiplication factor M. Consequently, (a) the

laser intensity should be as low as possible and (b) the

applied voltage V should be low enough, preventing the

breakdown current from being completely series resistance

limited.

Figure 3(c) shows the ReBEL image (applied voltage

V¼�15V) of a type-2 spot series on an alkaline etched mc-

Si cell compared to the correspondent representations of the

LBIC measurements taken at applied voltages of V¼�11.5V

(b) and V¼�15V (a). The light generated current in Figs.

3(a) and 3(b) was divided by a reference photocurrent IPh,ref
taken from an inactive area on the same crystal grain, yielding

the measured multiplication factor M. When the ReBEL

image (c) is compared to the LBIC result taken at the same

applied voltage (a), only a weak correlation is observed, with

the strongest LBIC signal at locations of weak ReBEL inten-

sity. A look at the intensity–voltage characteristics of the

brighter spot would show that their current is already series re-

sistance limited. We therefore reduced the applied voltage

FIG. 2. (a) Origin of the measured data: the electrically active region is

assumed to be a cylinder with �100 nm diameter, ranging over the entire

depth of the cell. This implies that carriers generated above and below the

defect are also forced to transit the high electric field region. The laser is

focused on the surface with a spot size �1 lm2. The illuminated area is

therefore bigger than the active area. Consequently, most photons are not

multiplied, and the measured multiplication factor is just a lower limit. (b)

The equivalent circuit diagram of the experiment setup. An external power

source holds the system at a constant voltage V. In the dark, the external

voltage V is divided into the defect voltage VD and the voltage drop VR over

the series resistance RS. Under illumination, the share a of the photogener-

ated current is multiplied in the defect (filled circle), being limited by an

additional series resistance RS2. The rest (1� a) of the laser light is absorbed

in the second arm, which is assumed to be defect free. The voltage drop,

generated by the current flowing over the resistor RM, is measured with a

lock-in amplifier.
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until the ReBEL spots of interest are hardly detectable. The

resulting LBIC representation (b) now shows an excellent cor-

relation to the ReBEL image. The four marked spots 1–4

were chosen to investigate the dependence of the multiplica-

tion factorM on the applied voltage V in more detail.

Fig. 4(a) shows the multiplication factor M of the four

breakdown sites chosen in Fig. 3, plotted versus the applied

voltage V. At lower absolute voltages, the carrier multiplica-

tion M is slightly above unity and rises until the gradient of

the spot current reaches its maximum. As depicted in Fig.

4(b), the spot current IS and multiplication factor M increase

rapidly together until the current limitation of the series re-

sistance RS takes effect. The spot current IS becomes linear

for V<�12.5V, the carrier multiplication M has a maxi-

mum and then drops to values between 1.5�M� 2. Note

that the additional amplified photocurrent also causes addi-

tional ReBEL, which is proportional to the carrier multipli-

cation M.

The same behaviour is found for type-3 breakdown sites

caused by etch pits on cells with acidic texture. However, no

significant multiplication is found for type-1 breakdown sites

caused by aluminium contaminations on the cell surface.

C. Multiplication factor vs. reference photocurrent

For the results presented above, the reference photocur-

rent IPh,ref was about as high as the breakdown current IS
without illumination at the applied voltage Vmax of the maxi-

mum multiplication Mmax. Due to the series resistance limi-

tation of the overall current through the breakdown, it is

expected that the amplitude of the photocurrent influences

the measured carrier multiplication M. We therefore sequen-

tially reduced the laser intensity with suitable neutral density

filters and repeated the scans of the defect with the applied

voltage V¼Vmax. Note that a reduced laser intensity, i.e.,

reference photocurrent IPh,ref requires a longer measurement

time t, i.e., t� 1/I2Ph,ref. Thus, the lowest laser intensity

where measurements were possible within a reasonable time

(�2 days, 5� 5 data points) still corresponds to an illumina-

tion of roughly 10 suns.

FIG. 3. (a) An LBIC measurement of a type-2 spot series at an applied volt-

age V¼�15 V. The respective ReBEL image, pictured with enhanced con-

trast (c) taken also at V¼� 15V, shows only a rough correlation to the

LBIC result in (a). However, if the applied voltage is reduced to the extent

to which the spots are barely detected anymore (V¼� 11.5V), the LBIC

image (b) shows a perfect correlation to (c). It becomes clear that laser gen-

erated carriers are only multiplied in breakdown sites, which are very close

to their onset voltage. The four spots (marked 1–4) are investigated further.

FIG. 4. (a) The four type-2 spots (cf. Fig. 3) show relatively sharp maxima

of their measured carrier multiplication M above their onset voltage VO. (b)

A comparison of the multiplication factor with the respective spot current IS
(plotted on a logarithmic scale) shows a growth of both values until the spot

current becomes high enough and the series resistance limitation sets in. The

spot current is linearized, and the measured multiplication factor M drops to

a constant value of 1.5.
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Fig. 5 shows the measured multiplication factor M of

two type-2 and type-3 breakdown sites versus the light gen-

erated reference current IPh,ref. As the laser intensity or

rather the reference photocurrent IPh,ref is reduced by three

orders of magnitude (logarithmic x-axis), the measured

multiplication factor M rises continuously to values as high

as M¼ 94 for type-3 and M¼ 35 for type-2 breakdown

sites. Though we found higher multiplication factors for

type-3 spots, more measurements would be needed to draw

a general conclusion of stronger carrier multiplication for

breakdown type-3.

IV. EMPIRICAL MODEL

In this section, we develop an empirical model to

explain the dependences of the measured multiplication fac-

tor M on the applied voltage V and on the reference photo-

current IPh,ref. In the dark, we assume the breakdown current

Id to sustain an exponential amplification of the reverse leak-

age current I0 regarding the applied voltage V

jIdj ¼ I0 exp ½bð�V � RSId þ VOÞ�: (5)

Note that the onset of the exponential behaviour takes place

at the onset voltage VO and is limited by a series resistance

RS. The exponential constant b describes the hardness of the

breakdown site. The result provided by the lock-in amplifier

is the difference between dark current Id and illuminated

defect current Ii plus the not amplified share of the photo

current

jIij þ ð1� aÞIPh;ref � jIdj ¼ MIPh;ref ; (6)

which is by definition the product of injected reference pho-

tocurrent IPh,ref and the measured carrier multiplication fac-

torM.

Our model adapts the lock-in principle by adding a par-

allel current source to the dark current, when illuminated

[Fig. 2(b)]. We assume that the equivalent circuit of the

breakdown site in the dark is a series resistance limited

diode, described by Eq. (5). For the illuminated case, we

have to add a parallel current path in the model [Fig. 2(b)]

with another series resistance RS2 to fit both measurements

(M vs. IPh,ref and M vs. V) with the same parameter set. The

illuminated current can now be modeled as

Ii ¼ I0 exp ½bð�V � RSIi þ VOÞ�
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

~Id

þ aIPh;ref exp fb1½�V � RSIi þ VO � RS2ðIi � ~IdÞ�g:

(7)

~Id represents the current through the diode under illumi-

nation, which differs from the current in the dark by the dif-

ferent voltage drop over the series resistance (IiRS vs. IdRS).

The first modeling step acquires the parameters of the break-

down site in the dark b, I0, and RS from the respective meas-

ured current-voltage characteristic [see Fig. 4(b)] using

Newton iteration. Continuing with the same numerical tools,

Eq. (7) is evaluated for varying reference photocurrents

IPh,ref at the experimentally determined voltage of maximum

multiplication Vmax. Figure 6(a) shows a very good

FIG. 5. Multiplication factor M —photocurrent IPh,ref—diagram of exem-

plary type-2 and type-3 sites. The light-generated- and afterwards amplified

current is limited by the local series resistance RS. The illumination intensity

is reduced with neutral density filters. All graphs in this diagram show an

increase of the multiplication factor M towards smaller reference photo cur-

rents IPh,ref. The highest measured amplification is M¼ 94 for type-3 and

M¼ 35 for type-2, but no saturation is reached towards lower IPh,ref.

FIG. 6. (a) Comparison of the measured multiplication factorM and its mod-

eled dependence on the reference photocurrent shows an excellent agree-

ment of both curves. (b) Using minor modifications, the same fit parameters

achieve a good reproduction of the behavior ofM vs. the applied voltage V.
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agreement between simulation and measurement. The de-

pendence of the multiplication factor M vs. the photocurrent

IPh is treated first, because it turned out that this part of the

simulation is more sensitive to parameter variations than the

dependence of M on the applied voltage V. The previously

acquired parameter set (I0, a, b, b1, RS, and RS2) also repro-

duces the voltage dependency well [Fig. 6(b)]. However, a

shift DV of the modeled peak position Vmax on the order of

DV�6 0.1V is necessary. The reason may be that measure-

ments of multiplication factor M and the breakdown current

Id in the dark can hardly be performed at the same time,

causing some errors. The parameters for the depicted simula-

tions [Figs. 6(a) and 6(b)] are presented in Table I.

The parameters in the first row of Table I are the ones

used for the fit in Fig. 6(a). In order to fit the dependence of

the measured multiplication factor M on the applied voltage

V [Fig. 6(b)], b1¼ 8.4V�1, and a¼ 0.004 require minor

changes as shown in the second row of Table I.

Using the resulting series resistance RS¼ 10.2 kX of the

dark current-voltage characteristics to calculate the electrical

radius of the respective breakdown site using Eq. (1), yields

r¼ 150 nm. If only the a real overlap between defect and

laser (rlaser� 1lm) accounts for the share a of the incoming

light which is multiplied, it will be around a� 0.02. We

therefore assume that only roughly a quarter (a¼ 0.005) of

carriers generated above and below the defect are travelling

through the multiplying region.

V. DISCUSSION OF THE THERMOGRAPHY METHOD

The multiplication factor illuminated thermography (MF-

ILIT)2 uses pulsed illumination of a reverse-biased solar cell

to measure the spatially resolved current in the sample. The

multiplication factor is proportional to the ratio of an image at

a high reverse bias, for example, Vhigh¼� 15V and an image

taken at lower reverse bias, for example, Vlow¼� 13V,

where no ReBEL is seen. However, when a 640� 512-pixel

thermo camera images a (156mm)2 solar cell, the resolution

is 104lm2/pixel. A single defect with less than 0.01lm2

active area would require a multiplication factor > 106 to be

detected. Our LBIC method with its spatial resolution of

�4lm2 has a significant advantage in terms of detecting

defects and therefore should yield even higher multiplication

factors than we reported. But defects rarely appear spatially

isolated, especially etch pits are observed in large numbers

per area. Furthermore, our measurements indicate that etch

pits may show LBIC signals without being identified as break-

down sites due to ReBEL emission. A sufficient density of

type-3 sites, i.e., etch pits, may be one condition to measure

carrier multiplication with MF-ILIT. Note that our prelimi-

nary MF-ILIT measurements on the samples later studied by

LBIC did never show any carrier multiplication, possibly

because of the low number of defect sites per area.

Furthermore, the lowest laser intensity for our LBIC

measurements approximately corresponds to 10 suns while

MF-ILIT is usually performed at 0.1 sun. Indeed, Figs. 5 and

6 show that the carrier multiplication factor M increases

strongly when reducing the light intensity. However, our

model indicates a saturation of the measured multiplication

factor around M� 150 at approximately 1 sun illumination.

According to the estimation given above, still a density of

defect sites on the order of 104/cell area projected onto a

pixel is required for measuring multiplication factors around

4 as reported for the MF-ILIT method.

VI. CONCLUSIONS

The high spatial resolution of an LBIC scanning method

using a focused laser beam allows the investigation of carrier

multiplication of single ReBEL spots. We directly measure

multiplication M of the injected photocurrent with factors up

to 35 (type-2) and 94 (type-3), and no multiplication for

type-1 breakdown sites. We successfully model our measure-

ments using two parallel, series resistance limited diodes,

which yield the share a of the injected and multiplied photo-

current. This share must be on the order of a¼ 1/200,

according to the simulations. It is, therefore, reasonable to

suggest that the actual multiplication factors m¼M / a are at

least around 5000, especially for type-2 breakdown sites,

which were so far assumed not to exhibit carrier multiplica-

tion but only Zener tunneling. We do not deny the existence

of Zener tunneling for type-2 sites as an initial process, but

our results show that it is followed by avalanche multiplica-

tion. The discrepancy of our results to previous methods like

lock-in thermography is mainly explained with an insuffi-

cient spatial resolution of previous method.
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