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Calibrated microscopic measurements of electroluminescent emission spectra of reverse biased

multi-crystalline silicon solar cells in a wide range of photon energies E (0.8 eV �E� 4 eV) are

reported. The observed spectra originating directly from point-like sources exhibit a broad

maximum around 0.8 eV followed by a high photon energy tail. A model for intraband emission

accurately fits microscopically measured spectra obtained from single point sources. Furthermore,

we do not find significant features from interband recombination. From the fits to the intraband

transition model, we extract an effective charge carrier temperature of around 4000 K for all

investigated spots. The analysis also yields the different depths of the sources, which are shown to

be consistent with the dimension of the space charge region. From the areas around the

point sources, we observe indirect emission of internally reflected light. Due to the multiple

paths through the wafer, this indirect emission exhibits a maximum at a photon energy

slightly lower than the band gap energy Eg. We demonstrate that global, non-microscopic

measurements are strongly influenced by this indirect radiation and therefore prone to

misinterpretation. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824099]

I. INTRODUCTION

Reverse biased electroluminescence (ReBEL) in silicon

p-n-junctions is a well-known phenomenon, which has been

studied mainly in the 1950s and 1960s.1–8 More recently, the

observation of ReBEL in multi crystalline silicon solar cells

and the concern about the long-term stability of those devices

brought the issue back into the focus of research.9,10 Imaging

of ReBEL provides additional information compared with for-

ward biased electroluminescence (EL) imaging,11 which is a

well-established quality control tool in Si photovoltaics.12

Forward biased EL emission is essentially homogeneous over

the area of the solar cell with small variations due to locally

varying minority carrier lifetimes and due to resistive and op-

tical effects.13 In contrast, ReBEL emerges from very small

and bright spots with most of the device area being non-

emissive. This bright emission under reverse bias originates

from local pre-breakdown sites, which start to emit light in

some cases already at applied voltages V � �5 V, and more

commonly at V � �12 V. Thus, breakdown occurs in practice

at much lower absolute reverse bias than expected for an ideal

p-n-junction or solar cell with a base doping concentration

NB¼ 10�16 cm�3 (V¼�60 V).14

Intensive research in recent years led to the identifica-

tion and characterization of three breakdown types in typical

multi crystalline silicon solar cells, differentiated by their

tangible causes in the cell. The three causes are aluminum

contaminations on the surface (type 1),15 FeSi2 precipitates

in grain boundaries (type 2),16,17 and etch pits in acidic

etched solar cells (type 3).18 Since type 2 spots appear in

recombination active zones, which remain dark in a forward

biased EL image, these spots can easily be distinguished

from types 1 and 3, which do not influence forward EL.

The excitation of the carriers is attributed to Zener tunnel-

ling in the cases of types 1 and 2, while for the Schottky contact

between FeSi2 and absorber of type 2, thermionic emission19

also plays a role.20 Finally, for type 3 avalanche breakdown was

found to happen due to the sharp etch pits. Their small tips cause

edged curvatures of the p-n-junction which strongly increase the

electrical field of the space charge region, thus significantly

decreasing the breakdown voltage.14 In the case of etch pits

(type 3), avalanche multiplication factors up to four were experi-

mentally observed.21 All three mechanisms imply an exponen-

tial dependence of the current on the voltage drop over the

breakdown site. However, this dependence is masked by the se-

ries resistance in the emitter and the base of the solar cell.22,23

While the research for the causes of the defect emission

under reverse bias reached a satisfactory status with the char-

acterisation of the three types,10 there is no clear understand-

ing of the light generation process. A key to find a proper

model of the processes happening is a reliable ReBEL spec-

trum. The first calibrated ReBEL-spectra in p-n-junctions

diffused and grown into silicon single crystals showed emis-

sion mainly in near infrared (NIR) with a high energy tail

extending to photon energies larger than 3.3 eV.2 This part of

the spectrum makes ReBEL visible to the naked eye. Recent

calibrated measurements of ReBEL in multi-crystalline sili-

con solar cells22 demonstrated a spectral behaviour very sim-

ilar to those earlier results. Reference 22 also showed the

presence of an emission peak around the band gap energy of

silicon and, additionally, demonstrated that the size of the

individual emitting centres is well below the resolution limit

of an optical microscope.
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The present paper uses a calibrated spectral analysis of

ReBEL in an extended range of wavelengths k from

k¼ 1600 nm up to k¼ 300 nm. We show that, for all types

1–3 of breakdown sites, the measured spectra are quantita-

tively explained by the theory of Baraff24 and Haecker25 for

intraband transition. Fitting the theory to our experimental

data yields the temperature T* of the hot carriers as well as

the depth dS of the emission source. Both parameters were

determined in relation to spot type and onset voltage VO for

a series of breakdown sites. A distinct feature of the emission

at the photon energy corresponding to the direct band gap of

silicon is explained by the increase of reabsorption rather

than by an increase of (interband) emission. We further find

that the dominant peak at the (indirect) band gap energy

measured with non-microscopic methods stems from back-

ground radiation which is not emitted from the breakdown

site directly to the surface but via reflection at the back sur-

face. This indirect radiation extends into the sub band gap

energy range of Si and shows clear features of free-carrier

absorption.

II. EXPERIMENT

The monochromator (Czerny-Turner-configuration)

used for our experiments provides two exits, allowing the

parallel use of a silicon-CCD (charge-coupled device)-cam-

era for the visible wavelength rage and an InGaAs-PDA

(photo detector array)-line-detector for the infrared, up to

wavelengths k� 1600 nm. Both devices are Peltier-cooled.

The spectra at energies E above E¼ 3 eV were measured

using the second order of the monochromator grating com-

bined with a DUG11 short-pass filter (cut off at 400 nm).

For the investigation of greater areas with diameters up to

2 mm the macroscopic setup, i.e., achromatic lenses of the

adequate wavelength range are used. A higher spatial resolu-

tion is achieved with a microscope, which reduces the field of

view to Ø¼ 20 lm (50� microscope objective). The typically

used magnification factors are 1� (“macroscopic”) and

30� (“microscopic”) (Fig. 1).

For enabling comparison and interpretation of the meas-

ured data, the spectrometer was calibrated using a tungsten

halogen calibration lamp. However the different properties of

the calibration lamp, which is an area source and the point-

like ReBEL emission complicate the correction process and

require particular attention. The astigmatism of the off-axis

monochromator causes a signal on the spectrometer camera,

which diverges towards the edges of the detector and therefore

resembles a bow tie. This is especially problematic when a de-

tector of low height, like the InGaAs detector array, is used

and the ReBEL signal outgrows the detector. For the calibra-

tion lamp, a similar issue arises for high magnifications, i.e.,

the use of a microscope. Therefore, it has to be ensured that

the detector captures the light completely, which may require

to use only the central part of the detector.

III. THEORY

This paper uses two different models to explain the

measured data theoretically. The first model assumes inter-

band recombination between carriers that are in equilibrium

with each other but not with the lattice. Let us assume

recombination of pairs of these hot electrons and holes with

an effective temperature T* at a depth x underneath the sur-

face of silicon. Then the contribution of this source at the

surface of the silicon wafer is given in Boltzmann approxi-

mation by26

d/ðEÞ / aðEÞexp½�aðEÞx�exp
�E

kBT�

� �
dx; (1)

where kB is the Boltzmann constant. The term exp½�aðEÞx�
takes reabsorption into account, a(E) is the absorption coeffi-

cient as a function of photon energy E. Integration of Eq. (1)

over the radiating volume extending from ds to dsþDx yields

UðEÞ / f1� exp½�aðEÞDx�gexp½�aðEÞds�exp
�E

kBT�

� �
:

(2)

We assume the (unknown) extension of the source (Dx) to be

very small, thus the term 1� exp½�aðEÞDx� in Eq. (2) can

be linearized (1st order Taylor polynomial) and the final

equation used for our simulation reads

UðEÞ / aðEÞexp½�aðEÞds�exp
�E

kBT�

� �
: (3)

Because an absolute photon flux UðEÞ is not of interest, the

only independent variables are the temperature T* of the hot

carriers (not the lattice) and the source depth dS causing

reabsorption.

The works of Baraff24 and Haecker25 provide the basis

of the second model we use to discuss our measurements.

Here, we stop using an occupation probability conceived for

a quasi-equilibrium situation but take into account that a

large flux of charge carriers moves parallel to a high electric

field. Baraff calculates the distribution functions f(E) of the

accelerated carriers for energies E above and below ioniza-

tion threshold Ei. For the high energy part, an analytical solu-

tion for the occupation probability can be found which reads

f ðEÞ � ðE=EiÞ�a�
exp �ðE� EiÞ

kBT�

� �
: (4)

FIG. 1. Scheme of the used spectroscopy setup. The electroluminescence

emission is coupled into the monochromator by an achromatic lens and

finally reaches the Si CCD or InGaAs PDA detectors. Two modes may be

chosen: The macroscopic setup is used for the investigation of greater areas

(Ø� 2 mm), where the field of view is defined by a lens (f¼ 50 mm). With

the microscope, the field of view can be reduced to Ø¼ 20 lm.
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The hot carrier temperature T* and is used as one of the fit-

ting parameters of this model. The exponent a* depends on

kBT* via a quadratic equation system, that can only be solved

numerically. For further details, we refer to the original pa-

per.24 For typical values of kBT* determined in this study, a*

remains rather constant around a*¼�0.23. While no ana-

lytic solution can be written down for the distribution func-

tion for energies below threshold Ei, the numeric calculation

is straight forward and again shown in Baraff’s work.24

Haecker takes the above distribution functions and

applies them to direct intraband transitions of hot holes (no

interband electron-hole-recombination). If we use Haecker’s

solution for the emission and multiply it with the same reab-

sorption term as used in Eq. (2), we obtain

UðEÞ � E3:5 f ½E=ð1� m1=m2Þ�exp½�aðEÞdS�: (5)

In silicon, the ratio of the effective masses m1 and m2 of

the light and heavy hole bands is m1/m2¼ 0.29.25 Further

required constants are the energy loss per hole collision

Er¼ 63 meV25 and the mean free path for ionizing collisions

li and the mean free path kR¼ 7.6 nm25 for collisions loosing

energy to phonons. We assume li to be three times27 as long

as kR, while the actual value has no significant influence on

the outcome of the simulations.

IV. RESULTS

A. Analysis of an individual type 1 spot

Fig. 2 shows a microscopic spectrum of type 1-ReBEL

from NIR to VIS, measured with the InGaAs-PDA and the

Si-CCD, respectively. In the UV energy range (E	 3 eV),

the microscope optics show fluorescence and stray light, so

only the macroscopic setup with UV-grade quartz lenses

could be used. However, comparisons of microscopic and

macroscopic measurements show no differences in the VIS

range (1.4 eV �E� 3 eV). We therefore assume that the

macroscopic measurements are also consistent with micro-

scopic measurements for higher photon energies E.
The curve has its maximum at the low energy end of our

measurement range, where however the gradient is still

smaller than zero, i.e., the global peak of the spectrum is

probably at smaller photon energies. Since there is signifi-

cant emission at energies below the smallest, indirect band

gap energy of silicon, the radiating transitions take place

within the valence- or conduction bands, respectively (intra-

band transitions).

In the visible range, the spectrum follows an almost ex-

ponential path with a slight curvature in this semi logarith-

mic plot, until it reaches the ultraviolet, where silicon has

two direct bandgaps (Edg,1¼ 3.4 eV, Edg,2¼ 4.2 eV).28

However instead of showing an increase or a shoulder at the

direct bandgaps, the spectrum even decays faster around

3.3 eV. Especially, this feature will now be discussed with

both models described above.

In Fig. 2, the measured curve is firstly compared with a

calculated Baraff-Haecker-fit [Eq. (5), solid red line in Fig. 2]

and shows a very good agreement over the entire measure-

ment range. The used intraband model is not affected by the

direct band gaps and therefore does not produce an increased

emission at the corresponding energy. Instead, a shallow

source depth dS¼ 9 nm reproduces the reabsorption kink at

the direct band gap energy perfectly and the temperature T* of

the hot holes amounts to T*¼ 3550 K. According to

Haecker,25 the threshold energy Ei is estimated to be in the

range Eg�Ei� 1.5 Eg. In the present case, the best fit to the

infrared region of our measurement is achieved for Ei¼Eg.

In principle, also interband recombination [Eq. (3),

dashed green line in Fig. 2, T*¼ 1850 K, dS¼ 9 nm] can be

applied to the high energy region of the spectrum. However,

the strong rise of the absorption coefficient aðEÞ at the direct

band gaps of silicon causes on one hand an increase of the

emission, and on the other hand also a strong increase of the

reabsorption. To reproduce the measured data, both effects

would have to be balanced out. We found out that this would

only be possible, if the term 1� exp½�aðEÞDx� in Eq. (2)

was already in saturation due to a long length Dx of the radi-

ating volume. Our calculations show that a length

Dx> 200 nm would be required. Taking the width w of the

space charge region as an upper limit of Dx, smaller numbers

are expected.

The presented type 1 spot is caused by a Zener junction

between the n-emitter and the region below the aluminum

contamination, which are both highly doped. The width of

the space charge regions of such devices is on the order of

w¼ 40 nm.29 Therefore, we conclude from our data that

ReBEL emission is caused only by intraband transitions and

interband transition between conduction and valence band

does not play a significant role.

B. Analysis of individual spots of types 2 and 3

In Sec. IV B, the parameters temperature T* of the hot

holes as well as the source depth dS are investigated regarding

FIG. 2. Combined ReBEL-spectra of a type 1 spot, measured with InGaAs

PDA (blue triangles) and Silicon CCD (black circles). The measured curve

shows a continuously decreasing course towards the UV, featuring a slight

kink at the direct band gap energy Edg,1¼ 3.4 eV. A comparison of the meas-

ured spectrum with the modeled intraband transitions shows a very good

agreement over the entire energy range. Contrarily, the interband recombina-

tion model shows a distinct shoulder at the direct band gap energy, which is

not found in the measurement.
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spot type and onset voltage VO. The Baraff-Haecker-Model

will be used to fit the measured spectra.

Fig. 3 shows exemplary microscope spectra for each

spot type appearing on the very same acidic etched mc-Si so-

lar cell. The light emitted by the type 1 spot has by far the

highest relative share of visible light, exceeding the photon

flux of the other two types by a factor of 100 at the high

energy end of the measurement (E¼ 2.5 eV). Using the

Baraff-Haecker-approach, the three spectra were modelled

and fitted with results shown in Table I and Fig. 3. The dif-

ference between the three spectra is mainly due to different

defect depths dS. In contrast to type 1, the other types are

located deeper below the surface at dS� 4 lm. The hot

carriers of all types have fairly similar temperatures

T*¼ 3660 K 6 5%. Note that only the source depth dS, i.e.,

reabsorption is responsible for the bigger curvature of

the spectra of deeper origin, while the temperature T*
only changes the slope over the entire VIS-UV-range. Each

set of dS and T* has an error of about DdS¼6 0.2 lm and

DT*¼6 200 K.

C. Onset voltage

The onset voltage VO is defined as the smallest applied

voltage causing the respective defect to emit light. As

another important distinguishing feature of a ReBEL spot

besides the spot type, the influence of the onset voltage VO

on the parameters temperature T* and source depths dS will

be investigated in the following. We present a type 2 spot se-

ries originating from an alkaline etched mc-Si solar cell and

a type 3 spot series from an acidic etched mc-Si solar cell.

Measurement and analysis of the ReBEL spectra were

carried out as above, but only the results for the temperature

T* and the source depth ds will be displayed in the

following.

As shown in Fig. 4, the temperatures T* of this series

are in the same range as those above and are distributed quite

closely around T¼ 4100 K 6 14%. Furthermore, the meas-

ured defect depths dS are small compared with the thickness

d � 200 lm of the solar cell and are calculated to be 1.9 lm

� dS� 3.2 lm (type 2) or 2.3 lm � dS� 7.2 lm (type 3).

This result corresponds well to the dimension of the space

charge region at the applied voltages �18 V�V��10 V.

This conclusion requires a consideration of the etched sur-

face features and therefore both alkaline- and acidic surface

textures are discussed in the following segment.

The height of a surface feature of a solar cell can be

measured under a microscope by shifting the focal plane of

the instrument. For acidic etched solar cells, height differen-

ces of the surface structure of more than 10 lm are found,

while the lateral sizes are in the sub micrometer range.

Therefore, the escaping ReBEL light travels partly through

air and silicon and the measured source depth dS must be

understood as an effective result. Contrarily, the measured

source depths dS of alkaline textured solar cells can be taken

as the actual distance from the surface, because the surface

features are usually much bigger than the ReBEL spot size.

However, their surface is covered with pyramids. The emit-

ter is diffused conformally as is therefore also the space

charge region [inset in Fig. 4(a)]. On its way to the surface,

the ReBEL emission has to cross the space charge region

diagonally, whose effective thickness deff is therefore

FIG. 3. Individual spectra and respective fits of individual breakdown sites

corresponding to the three spot types 1–3, measured at the same acidic

etched mc-Si solar cell with an applied voltage V¼ 16 V. The data are nor-

malized and fit parameters given in Table I.

TABLE I. Fit parameters for the reproduction of the measured spectra of the

three spot types depicted in Fig. 3.

Temperature T [K] Source depth dS [lm]

Type 1 3800 0.01

Type 2 3500 3.5

Type 3 3700 3.8

FIG. 4. (a) For the presented type 2 and type 3 series (alkaline and acidic

texture, respectively), typical values for the temperature T* of the hot car-

riers are close to T*¼ 4100 K 6 14%. (b) The values of the source depth dS

of the individual type 2 (black squares) spot accumulate around dS¼ 2.4 lm,

while the type 3 (red triangles) shows diverse source depth in the range

2.3� dS� 7.2 lm. The inset in (a) sketches the effective dimension of the

space charge region for alkaline textured solar cells.
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increased. With this consideration, we find that the calcu-

lated source depths dS are located in the space charge region.

The differences of the spectra of all ReBEL spots are

mainly due to different source depths and small variations of

the temperature of the hot carriers. We therefore conclude

that the light generation process can be modeled with an

intraband transition ansatz and is always the same, disregard-

ing the generation process of the hot carriers.

D. Indirect radiation due to internal reflections

Our microscopically measured ReBEL spectra exhibit a

maximum at 0.8 eV (Fig. 4). This is in conflict to earlier

work,7,22,25,30,31 where a peak of the emission at the band

gap energy of silicon was reported. This finding led to the

conclusion that interband recombination plays an important

role at least in this spectral range.

However, all these results were obtained with integral

measurements and cannot distinguish between radiation that

originates directly from the spot and possible indirect radia-

tion that could, in the spectral range of low absorption of sili-

con, also stem from light that is first reflected at the back

contact before it is emitted at the front surface.

Fig. 5 shows microscopic (10� NIR lens) ReBEL

images of the three spot types taken with a 16 bit peltier-

cooled InGaAs-PDA-camera, having a sensitivity range

extending from 0.75 to 1.3 eV. For the type 1 spot (a), we

see that there is a halo-like emission with a radius of about

100 lm in the vicinity of the direct emission. The

ReBEL-spots are about three orders of magnitude more

intense than the indirect emission. Nevertheless, the indirect

emission visualizes clearly the surface structure of the cells,

i.e., the “carpet pattern” of the acidic etched cells (a,c) and

pyramids of the alkaline etched cell (b). Though the signal-

to-noise-ratio is not satisfying, we may estimate the integral

intensities of direct and indirect emission to be the same.

Fig. 6(a) shows the spectrum of the background emis-

sion, which was measured around a type 1 spot under a

microscope, while the main emission was covered with an

acuminated wire (see inset). The background spectrum rises

strongly at E¼ 1.2 eV and reaches its maximum at the band

gap energy of silicon. Afterwards, the intensity decreases

slowly towards the infrared end of the measurement range.

The red curve in Fig. 6(a) is obtained from a macroscopic

FTIR measurement of the complete type 1 emission using an

extended InGaAs-detector. The “dark field” spectrum (with

wire) and the global, macroscopically measured spectrum

are equal in the range of 0.8–1.2 eV showing that the macro-

scopic measurement is dominated by the indirect emission.

The spectrum of the direct emission is also plotted for

comparison.

Fig. 6(b) shows the absorptance of a fragment of the

same acidic etched mc-Si solar cell on which the type 1 spot

is found. The absorptance is measured using a photothermal

deflection spectroscopy (PDS) setup.32 The absorption is

reduced for energies below the band gap energy and the free

carrier absorption of the doped wafer33 increases continuously

towards low photon energies. The indirect emission spectra in

Fig. 6(a) resemble a mirror image of the absorptance of the

cell, which indicates that the indirect emission spectrum

obtains its shape, i.e., its maximum from a decrease of reab-

sorption by the wafer rather than from an increase of emission.

The indirect light has therefore travelled a long way through

the wafer, losing all photons with energies that are absorbed

significantly in silicon. We suggest that the indirect emission

is regular ReBEL, which is both reflected at the surface and

emitted towards the bottom of the solar cell where it is

reflected back to the surface. Part of the light then leaves the

device as sketched in the inset of Fig. 6 and contributes to the

macroscopic ReBEL spectra.

FIG. 5. Microscopic ReBEL images of (a) a type 1 spot, (b) type 2, and

(c) type 3 spot with strongly enhanced contrast. Besides the well-known

spot-like emission, we find a wide halo-like emission around the spots. The

indirect radiation is about three orders of magnitude weaker than the spots.

To achieve a reasonable signal to noise ratio for these pictures, the direct

emission (spots) was overexposed by a factor of ten and one hundred images

were combined.
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V. CONCLUSION

The extended spectral measurement range achieved in

this work allows reliable conclusions about the light genera-

tion processes of the reversed biased electroluminescence of

multi-crystalline Si solar cells. We detected infrared radia-

tion at photon energies below the smallest band gap of sili-

con at Eg¼ 1.12 eV and no sign of increased emission at the

direct band gaps of silicon in the ultraviolet (Edg,1¼ 3.4 eV

and Edg,2¼ 4.2 eV). Both facts are strong arguments against

interband recombination and favour intraband transitions of

hot holes and/or hot electrons, at least in the mentioned

energy ranges E< 1.12 eV and around E� 3.4 eV and

E� 4.2 eV. The intraband model of Baraff and Haecker24,25

yields a good fit to measured spectra over the complete mea-

surement range.

Numerous ReBEL spots were investigated and evaluated

with the Baraff-Haecker-model with respect to their spot type,

surface texture and their onset voltage VO. All spots exhibit a

similar temperature T* of the hot carriers and the depths of

the sources is found to be in the space charge region, when

the surface features of the respective cells are accounted for.

Internal reflections of inward emitted light cause an indi-

rect, halo-like luminescence around the point-like ReBEL

spots. The indirect intensity is weaker by three orders of

magnitude than the direct emission. Nevertheless, if spec-

troscopy is conducted non-microscopically, the indirect

emission causes increased relative intensities at energies

around the indirect band gap of silicon.
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FIG. 6. (a) Spectrum of the ReBEL background radiation measured with a

monochromator-system. A strong increase of the emission is seen around

the band gap energy of silicon Eg¼ 1.1 eV, which corresponds well with

the decrease of the absorptance of the cell which was measured with PDS

(b). Furthermore, the background radiation spectrum and the

non-microscopic ReBEL measurement of a FTIR (including ReBEL main

spot and background emission) resemble each other. The inset describes

the extraction of the background radiation by shadowing the bright

point-like emission with a wire and the suggested propagation of the indi-

rect emission through the cell.
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