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The Avalanche Mode Superjunction Light-emitting
Diode

S. Dutta, Student Member IEEE, P.G. Steeneken, V. Agarwal, J. Schmitz, Senior Member IEEE, A.J. Annema,
and R.J.E. Hueting, Senior Member IEEE.

Abstract—Avalanche-mode light-emitting diodes (AMLEDs) in
silicon (Si) are potential light sources to enable monolithic optical
links in standard CMOS technology, due to the large overlap
of their electro-luminescent (EL) spectra with the responsivity
of Si photo-diodes. These EL spectra depend on the reverse
electric field. We present, for the first time, AMLEDs employing
the superjunction (SJ) assisted reduced surface field (RESURF)
effect which increases the uniformity of their electric field
profile. Consequently, the EL area of these lateral devices is
significantly enlarged as compared to conventional AMLEDs.
Electrical and optical measurements demonstrate RESURF, as
predicted by TCAD simulations, and show a direct link between
EL-intensity (optical power per unit device area) and the field-
profile. Contrary to a conventional AMLED, the breakdown
voltage of the SJ-LED scales with the device length. Further, the
brightest SJ-LED, with a lateral intensity of ~30 mW cm~2 at an
electrical power (Pamiep) of 0.1 W, shows a 2-fold higher internal
quantum efficiency and a 3-fold higher EL-intensity compared
to the conventional AMLED for the same Pap gp-

Index Terms—avalanche breakdown, RESURF, silicon, electro-
luminescence, LED, photo-diode, internal quantum efficiency.

I. INTRODUCTION

The avalanche-mode light-emitting diode (AMLED) is a
potential candidate as a silicon (Si) based light source in
high speed monolithic optical links in standard Complemen-
tary Metal-Oxide-Semiconductor (CMOS) technology [1]-[7].
This is primarily due to two features. Firstly, the electro-
luminescent (EL) spectra of AMLEDs have a significant
overlap with the spectral responsivity of Si photo-diodes, as
compared to that of forward biased LEDs. Secondly, AMLEDs
can be modulated at high speeds (~ 20 GHz) [8], which is
governed by the short carrier transit time (~ 10 ps) across the
depletion region via electric field-assisted drift. In contrast,
switching speed of forward biased LEDs is limited by their
intrinsic RC-delay and the reverse recovery time [9]. Values
in the order of 1 MHz was reported in silicon-on-insulator
(SOI) LEDs [9]. The electro-luminescence in avalanche-mode
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(AM-EL) is governed by impact ionization [10] and hence,
by the reverse electric field F [11]. The main challenge,
however, has been the relatively lower radiative efficiency
of AMLEDs (~107%) [3] as compared to that of forward
biased LEDs (~1073) [12], which can be compensated by
integrating them with single photon avalanche diodes (SPADs)
[13] as detectors, which are sensitive to a few photons.
Nevertheless, higher optical emission intensities are desired
in AMLEDs because the attainable bandwidth of optical links
is critically dependent on the EL-intensity of the LED [14].
Recently, enhanced avalanche-mode light emission has been
demonstrated through enhanced injection (current density) [3],
[15], carrier momentum and carrier energy engineering [14]
with reported intensities up to 200 nW pm~2.

In this work, we propose a new way to improve the spatial uni-
formity of F and consequently the internal quantum efficiency
(IQE) of the LED in a standard 140 nm silicon-on-insulator
(SOD-CMOS technology [16]. This is achieved using the
superjunction (SJ) assisted reduced surface-field (RESURF)
concept [17]-[20]. Although the SJ concept has been used in
Si power devices [21]-[23] to overcome the breakdown volt-
age (VBRr) versus on-resistance (Ron) trade-off, it has not been
used in light-emitting diodes (LEDs). The proposed avalanche-
mode SJ-LEDs are lateral multi-finger diodes. We show that 1)
RESUREF is obtained in a standard SOI technology, where Vgr
can be tuned by the designer via device scaling; 2) a uniform
electric field-profile directly translates into uniform AM-EL
over the device area (A); 3) the EL-intensity (optical power
per unit area) increases with increasing field-uniformity; 4) a
higher IQE and a higher EL-intensity can be achieved with the
SJ-LED for the same electrical power (PamLED) as compared
to a conventional AMLED.

The rest of the paper is organized as follows. Section II
describes the theoretical background and the structural design
of the SJ-LEDs. Section III discusses the electrical and optical
behavior of the SJ-LEDs along with an implementation exam-
ple of a monolithic lateral optical link designed in the same
technology. Section IV summarizes our conclusions. Section
V contains an additional insight into the EL spectra of the
SJ-LEDs.

II. THEORY AND DESIGN OF DEVICE
A. Background

Fig. 1 (a) shows the schematic top-view and the sketch of
the triangular field-profile F'(x) of an abrupt, symmetric p-n
junction [24]. The superjunction diode consists of alternate p-
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Fig. 1. Schematic top-view of device and field profiles for (a) an abrupt
symmetric p-n junction, and (b) a 2D superjunction diode, which increases
the uniformity of the magnitude of F(x,y). Light is emitted from (x,y) only
if |[F(x,y)| exceeds the critical field Fy;, as indicated by the regions Ax;yq and
Ayrag- The direction of current Iampep flow is indicated by the green dashed
arrows.

and n-doped fingers as shown in Fig. 1 (b). Optimal RESURF
is obtained when the charge in the p-type and n-type fingers
is balanced [19]:

q-dD-ND+(fq)-dA-NA:O, (D)

where g is the elementary charge, d is the finger width, N is
the doping concentration, and the subscripts A and D repre-
sent acceptor and donor species respectively. To simplify the
design procedure, we choose a symmetric SJ with No=Np=N,
and thereby equal finger widths da=dp=d to satisfy eq. 1.
Moreover, a more uniform field-profile is obtained when the
fingers are fully depleted along the y-axis at a reverse bias
V < VBR, where VpR is the avalanche breakdown voltage. This
leads to a profile F(y). The fingers at the edges are terminated
at a width of 0.5d, to ensure charge balance and symmetry.
At full depletion, the following condition holds:

4.8V
Waep =/ ——— =d 2
dep qN ) ()

where Wy, is the depletion width, and &s; is the silicon
permittivity.

It is well-known that avalanche breakdown initiates via
impact ionization, that accelerates the electron-hole pairs to
energies in excess of the band-gap. Upon transition to the va-
lence band, certain fraction of these high energy electrons emit
photons, a process described [10], [11] as avalanche-mode
electroluminescence (AM-EL). Further, AM-EL is isotropic
and occurs from a point (x,y) if |F(x,y)| exceeds the critical
field Fi¢. In silicon, the EL-spectra has been shown to peak
in the visible range which is attractive from the point-of-view
of efficient detection via Si photo-diodes owing to the large
overlap with their spectral responsivity. In particular, SPAD
based detectors in Si, which are sensitive to the photon-count
can offer high speed optical data communication [13] if the

IQE of the LEDs can be enhanced for a given device area.
This is the objective of this work.

B. Design

Fig. 2.
diode segment showing a symmetric p-n junction, and (c) the vertical cross-
section.

(a) Die micrograph of DI, (b) blow-up of the top-view of a single

(b)

Cathode
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Fig. 3. (a) Die micrograph of D4, (b) blow-up of the top-view of a single
diode segment showing the symmetric p-n finger pairs terminating at a width
of 0.5d on both ends of the y-axis, and (c) the vertical cross-section.

Lateral conventional p-n diodes D1 and D3 have been
designed as reference devices. Superjunction diodes D2, D4,
D5 and D6 are designed with parameters as listed in Table I.
For diode D1, Fig. 2 (a) shows the die-micrograph, (b) shows a
blown-up schematic top view, and (c) shows the vertical cross-
section. The diode consists of symmetric p- and n-type doped
layers with an implant dose of 5x10'> cm~2 that penetrate
to a depth of ~0.25 um into a 1.5 um thick p-type (~10"
cm~3) epitaxial Si substrate. This results in an effective doping
mean doping N of ~ 2x10!7 cm™3 in the p- and n-layers.
A medium trench isolation (MTI) encloses the device, which
along with the buried oxide (BOX) layer, provides galvanic
isolation from neighboring devices. The handle wafer beneath
the BOX layer is not shown for clarity. Fig. 3 shows the same
for the SJ-LEDs. The n' and p' regions are separated by
a length L, and are separated from the SJ region by an n
and p layer respectively, in order to prevent the formation
and premature breakdown of n*p or p*™n junctions. In the



TABLE I
LIST OF TEST-DEVICES SHOWING GEOMETRICAL DESIGN PARAMETERS,
BREAKDOWN VOLTAGES AND VARIANCE ACROSS DIFFERENT DIES.

Device L d Area: Ver (V): Die
(um) (um) A (umz) Measured  variance

[TCAD] (%)
DI (pn) 2 - 780 29.0 [30.1] 3.6
D2 (pn) 2 0.384 780 50.0 [49.0] 3.9
D3 (pn) 1 - 510 25.8 [26.0] 2.2
D4 (pn) 1 0.384 510 28.4 [29.2] 2.6
D5 (pn) 1 0.576 510 27.6 [28.7] 4.8
D6 (pn) 1 0.768 510 26.6 [26.3] 1.8

SJ-LEDs namely, D2, D4, D5 and D6, d and L have been
varied as listed in Table I. The shallow SJ implants provide low
attenuation for the vertically emerging light. Further, silicide
protection masks are used on the entire active area except the
electrodes to facilitate the off-chip vertical measurement of
the EL-spectra via a spectrometer. Light can also be detected
on-chip via integrated photo-diodes, which will be discussed
later in section III-B.

III. ANALYSIS AND RESULTS

A. Electrical characteristics
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Fig. 4. TCAD simulated field profiles |F(x,y,z)| for (a) D1 at V=35V,
showing a peak field at the junction (similar to D3 with L=1 um), (b) D2 at
V=52 V: SJ diode with L=2um and d=0.384 pm, showing RESUREF, (c) D4
at V=40 V with L=1pum and d=0.384 um, and (d) D6 at V=35 V with L=1um
and d=0.768 um. Similar profiles are obtained for D5 and D6, hence D5 is
omitted for brevity. The coordinate axes are shown for each device separately
for clarity.

Fig. 4 shows the TCAD [25] simulated 3-D field profiles
of the designs, while Figs. 5, and 6 show the profiles along x
and y axis respectively. The peak field Fy, is at the junction
in a conventional p-n diode (Fig. 4 (a)), while in an SJ-diode,
with suitably chosen d and L [26], for a given V, the
fingers deplete along y faster than along x, leading to full
depletion (Fig. 4 (b)), obtained for L=2 um and d=0.384
um. Charge balance results in field peaking at the opposite
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Fig. 5. TCAD simulated field profiles F(x) at V=35V for DI (blue), showing
a peak field at the junction, at V=52 V for D2 (green), where full depletion
is obtained. In D4 (red) and D6 (black), as d reduces, F(x) becomes more
uniform. The p* edge is at x=0. The respective F;; values are indicated with
the dashed lines.
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Fig. 6. TCAD simulated field profiles F(y) at V=52 V for D2 (green), showing
its hyperbolic shape and more uniformity as compared to a single p-n junction
(blue) of a similar size (as a guide to the eye) at a suitable V. Pinch-off of
the depletion regions in the fingers (eq. (2)) occurs at V < Vgg.

corners [26] of the p and n fingers. The spread in the field
profile increases the width of the region where F(x,y) > Fy,
thereby increasing the width of the EL-region in avalanche
breakdown. The TCAD simulated values of F are indicated
also in Fig. 5. Full depletion along y also increases the
spatial field-uniformity as shown in Fig. 6. For a given L, as
d reduces, F(y) becomes more uniform and spreads more
as shown in Figs. 4 (c), (d), 5 and 7. Full depletion of
the fingers along y in D2 occurs at a bias V =5 V when
condition (2) is satisfied. This leads to a sharp drop in the
measured capacitance C [28] as observed from the measured
C-V characteristics in Fig. 8. Thus, less charge removal is
needed for a fixed change in C in D2 as compared to D1. The
zero bias capacitance C(V = 0) is about 2.5 times higher in
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Fig. 7. TCAD simulated field profiles F(y) at V=40 V for D4 (blue), and at
V=35V for D6 (green). Values are normalized w.r.t. the individual minimum
F(y) for comparison. As d reduces for a fixed L, the field "non-uniformity”
reduces.

D2 than in D1 owing to a higher number of junctions (= 25)
for the same device area A. As a visual example, the TCAD
simulated 2-D field profiles for the SJ-LED D2 are shown in
the insets at V=2 V, where there is partial depletion, and at
V=20 V, where there is full depletion.
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Fig. 8. Measured reverse C-V characteristics of D1 (blue) and D2 (green).
The full depletion along y-axis due to RESURF leads to a sharp drop in
C [28]. This occurs when condition (2) is satisfied. The insets show the
TCAD simulated 2-D view of the field profile F(x,y) of D2 at V=2 V (partial
depletion) and V=20 V (full depletion).

RESUREF also leads to a change in the Vgr of the devices.
Fig. 9 shows the TCAD simulated versus measured -V
characteristics of D1 and SJ-LED D2 at 300 K, showing a
good agreement in the Vpr, which has been defined [27] at
I=1 pA. With more RESURF in D2, Vgr is higher than in
D1, while both have the same doping levels and device area. A
VgRr of about 50 V is also in agreement with the 2-D analytical

model in [26] with L= 2 um and d=0.384 um. The reverse
leakage current is higher in D1 than in D2 (with RESURF),
which can be explained by a lower effective carrier lifetime
(~0.1 us) in D1 than in D2 (~10 us). This is possibly due to
the different edge termination of the p-n junction in D1, where
the shallow trench isolation (STI) layer directly interfaces the
junction along the x-axis leading to a higher chance of trap-
assisted recombination.
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Fig. 9. TCAD simulated and measured reverse /-V characteristics of D1 and
SJ-LED D2 at 300 K. Measurement is done using a Keithley 4200 SCS. Vgr
has been defined [27] at I=1 uA.

Fig. 10 compares the measured with TCAD simulated Vgr
for D2 to D6. For d=0.384 um, as L is halved from 2 ym in
D2 to 1 um in D4, VR also reduces nearly by a factor of 2.
An increase in measured Vgg is also observed as d reduces
for a given L=1 um, as observed in diodes D3 to D6, due to
increasing field uniformity. This trend is also in agreement
with the analytical model in [26]. Note that in all diodes,
a positive temperature coefficient of the measured Vgr was
observed (shown for some diodes in the inset of Fig. 10),
which confirms avalanche breakdown.

B. Electro-luminescent characteristics

The measured AM-EL spectra of D1 and D2 at 300 K for
IamLEp=4 mA and 8 mA are shown in Fig. 11, and those of
D3, D4 and D6 are shown in Fig. 12. The light is coupled
vertically from the die into an optical fiber feeding an ADC-
1000-USB spectrometer from Avantes. Emission is observed
in the range 400 nm < A <870 nm with a peak at A ~
650 nm, where A is the free space photon wavelength. The
spectra were modeled for conventional single-sided junctions
wrt. V and F earlier [11], [29]-[31]. Ripples are observed
in the spectra, in particular, in the range 600 nm< A <800
nm. This is predominantly due to Fabry-Perot interference in
the ~10 um thick inter-metal dielectric present on the top of
the devices, which is experimentally verified as described in
the Appendix. For the same device area, the EL-intensity is
higher in D2 than in D1, due to a higher field uniformity in



50 ‘ D2 W Measured|

_ L=2pum OTCAD
a 32

% 45 s . g; 7 ]
?.j ?%30 : gg
g 40 é,zs 4 : z ¢ il
= c |¥ °
g H o .m
p 2 2 o .
s 35 E0 " ]
(=] -
2 L=1pm 20 20 40 e0_ 80
=} D4 Ambient Temperature: T (~ C)

o 30 Q D3:
o Q D6  Ref.p-n
25 ‘ ‘ .

0.384 0.576 0.768 D3

Finger width: d (um)
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the avalanche mechanism of breakdown.

D2. Further, for L=1 pum, as d reduces, a higher uniformity and
increased spreading in F(x,y) leads to a higher EL-intensity
in D4 as compared to D6.
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Fig. 11. Measured AM-EL spectral irradiance at 300 K for D1 and D2 at
Iamiep=4 mA and 8 mA. The spectra are measured vertically using a 50
um multi-mode optical fiber feeding an ADC-1000 USB spectrometer from
Avantes.

Fig. 13 shows the relative comparison of the AM-EL
intensity (optical power per unit device area) w.r.t. electrical
power Pamrep for the SJ and reference AMLEDs, evaluated
at a fixed Iampep=4 mA. For L=1 um, as d is doubled from
D4 to D6, a nearly 50 % increase in the EL-intensity is
obtained. This also leads to an increase in Vgr and thereby
PamrLep- Similar reasoning holds for L=2 pum. Further, the
EL-intensity of D2 is less than that of D4, which can be
explained by the lower value of F, [11] as seen from TCAD
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Fig. 12. Measured AM-EL spectral irradiance at 300 K for D3, D4 and D6 at
IamLED=4 mA. The spectra are measured vertically using a 50 gm multi-mode
optical fiber feeding an ADC-1000-USB spectrometer from Avantes.
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The connection between the spatial uniformity in F(x,y)
and AM-electroluminescence is further evident from Figs. 14
(b), (¢) and (d). In D2, RESURF leads to a more uniform
light emission along the y-axis. The increase in the EL-area
implies an increase in the IQE [32] of the SJ-LED. In D6,
F(y) is less uniform than in D4 (see also Fig. 7). Under a
given optical resolution, the non-uniformity in field results
in a discontinuous array of EL-spots in D6. Each spot
corresponds to a junction between a p-type and n-type finger.
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Fig. 14. (a) Schematic top-view of the complete SJ-LEDs showing the
location of the fingers and the electrodes. AM-EL micrographs (to the same
scale) at a fixed Iamrpp=4 mA at 300 K with a visible range camera and an
integration time of 25 s are shown for (b) D2, (¢c) D4 and (d) D6. Light
is received along the z axis (vertically). In D6, each discontinuous spot
corresponds to a junction between a p-type and n-type finger. Note that the
metal lines on the electrodes screen the light.
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Fig. 15. Schematic top-view of the test optical link used in the measurement.
The active areas of D4 and the PD are separated by 20 pum.

C. Implementation in an integrated lateral optical link

Since AM-EL is isotropic, photons can also be detected
laterally by an integrated PD (with a limited extraction effi-
ciency 1), which is a standard vertical n™p junction separated
from the AMLED by 20 um along y-axis via a 0.4 um thick
shallow trench isolation (STI) layer as shown in the Fig. 15.
The STI layer between the LED and the PD provides a low-
attenuation optical path [7]. An electrically insulated vertical
poly-Si column serves as a contact between the epitaxial Si
and the handle wafer (shown in purple in Fig. 15). This contact
provides heat sinking [34] to reduce thermal coupling [7].
A quantitative measure of the brightness of an AMLED in
the lateral direction (y-axis) is obtained from the measured

I-V characteristics of the PD at various /amrgep, as shown
in Fig. 16. The presence of a non-zero short-circuit current
Isc and an open-circuit voltage Voc confirms optical coupling
[7], [33]. Isc increases proportionally with /anvpep and hence,
the incident EL-intensity. Thus, Isc is a measure of the
EL-intensity in the given direction. The optical power Fyp
intercepted by the PD is transduced to photo-voltaic power.
The maximum photo-voltaic power delivered to a load is given
by the product Isc - Voc [33]. Considering that the high internal
quantum efficiency of detection of photons in the visible range
by a Si PD, we can say that the product Isc - Voc is a lower
bound estimate of Popt. Subsequently, a quantitative measure
for the EL-intensity (Iop) of the LED along y-axis can be
defined as:

Popr  Isc-Voc
Asw-n  Asw-n’
where Agw is the sidewall area of the EL-region of the
AMLED normal to the optical propagation (y-axis), and 7
is the geometrical extraction efficiency (dimensionless) of the
optical link. Subsuming self-absorption in Si, Fresnel reflec-
tions at two Si-SiO; interfaces, and the solid angle (aperture)
subtended by the PD at the AMLED, 7 is calculated to be ~
0.4 %.
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Fig. 16. Measured /-V characteristics of the on-chip PD consisting of a
vertical abrupt n*p junction when illuminated with the avalanche-mode SJ-
LED D4 at various /ampep. Optical generation in the PD junction leads to a
non-zero short-circuit current Isc (at V=0). The magnitude of Isc increases
with increasing Iampgp and hence EL-intensity.

Using this photo-conductive measurement technique, we can
compare the EL-intensity of our brightest SJ-LED D4 with
a conventional np AMLED in the same technology. The
die micrograph and the EL-micrograph of the conventional
AMLED are shown in Fig. 17. The field and consequently EL
dominates over the perimeter of the n' active area.

Fig. 18 shows the measured Isc of the PD when illuminated
by the SJ-LED D4 and a conventional n™p AMLED in
the same technology with a Vgr of 16.8 V. Since Isc is
proportional to the EL-intensity, therefore the IQE of each
LED is proportional to the ratio Isc/IamLep. At IamMLED=4



Fig. 17. Top-view (left) and the AM-EL micrograph (right) of the conven-
tional ntp AMLED at Iayep=4 mA. The field and hence EL dominated
over the perimeter of the n™ active area.

mA, a 2 times higher IQE is obtained from D4 as compared
to the conventional AMLED. Note that the same PD for the
same separation is used to detect photons from both the LEDs.
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Fig. 18. Comparison of the PD short-circuit current when illuminated by
the SJ-LED D4 (blue) and a conventional n*p AMLED (red) in the same
technology with a Vgr of 16.8 V, showing a ~ 2 times higher IQE for D4 at
a given Iamep=4 mA.

Fig. 19 compares the AM-EL intensity along y-axis of the
SJ-LED D4 with that of the conventional n™p AMLED versus
PamiLep. For the same Pampgp, the EL-intensity of D4 is ~
3 times higher than that of the conventional AMLED. This is
the result of enhancement of the AM-EL region that is linked
to the field-profile over the device area.

IV. CONCLUSIONS

Avalanche-mode light-emitting diodes employing the su-
perjunction (SJ) assisted reduced surface field effect have
been presented for the first time. The devices have been
optimized for a higher uniformity in the electric field profile
that increases the internal quantum efficiency of avalanche-
mode electroluminescence. From spectral measurements, the
intensity is shown to increase with increasing field-uniformity.
Further, from on-chip photo-conductive measurements of the
avalanche-mode superjunction light-emitting diode (SJ-LED)
with the highest observed intensity, it is shown that a higher
internal quantum efficiency is obtained as compared to a
standard avalanche-mode n*p LED. Further, for the same
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Fig. 19. Comparison of the AM-EL intensity along y-axis of the SJ-LED
D4 (blue) and the conventional n*p AMLED (red) versus Payigp. For the
same Pampep, the EL-intensity of D4 is ~ 3 times higher than that of the
conventional AMLED.

electrical power, the intensity of the particular SJ-LED is
3 times higher than that of the standard n*p LED. The
avalanche-mode SJ-LED is a promising light source for high-
speed optical links, when integrated with detectors sensitive
to the photon-count (e.g. SPADs).

V. APPENDIX

The measured AM-EL spectra of our SJ-LEDs exhibit
significant ripples, in particular within 600 nm< A <800,
with local crests and troughs located at specific wavelengths,
irrespective of the device under test (DUT). Similar
phenomenon was reported earlier [11] in DUTs covered
with a thin pure boron layer, but with relatively reduced
ripple-amplitudes. In this work, the Si-surface of the SJ-LEDs
are covered by a ~10 um thick multi-layer inter-metal
dielectric (back-end). This layer, despite having negligible
optical absorption, acts as a composite Fabry-Perot cavity
owing to its different refractive index (= 1.4) in contrast to
that of Si (= 4.0). Prior to coupling through the optical fiber,
the optical path of the vertically emitted photons consists of
the back-end and the 0.25 um thick Si present between the
junction plane and the oxide interface. In order to demonstrate
the transmission spectrum of this optical path, we use the
principle of reciprocity of light propagation, by operating the
DUT (SJ-LED D4) as a PD to transduce light into measurable
photo-current.

The optical set-up for this experiment is shown in Fig. 20
is used. Wide-spectrum light from a halogen source is passed
through a bifocal convex lens, which creates a parallel beam
and filters out IR wavelengths (A >900 nm) to reduce heat
propagation. The beam is collimated with an entry slit of a
monochromator, which is a mirror assembly consisting of a
diffraction grating with 1500 lines/mm. The grating creates
a spatially resolved continuous line spectrum, which is then



projected onto a mechanically tunable exit slit. The position
of the exit slit is then varied to select a specific A. The
position of the 0" order maxima of all colors coincide, thereby
producing visible white light at the lowermost position, whose
spectrum is shown in Fig. 21. The 1% order maxima follow
subsequently, in order of increasing A. The gap-width of
the exit slit can be optimized to allow sufficient intensity
to exit, while maintaining a tolerable finesse (sharpness) of
the selected spectral line (as desired by the experiment).
We use a gap-width of 0.5 mm in this work, and select
spectral lines in steps of AA=5 nm. The emerging light is
subsequently coupled to the optical fiber (the same one is used
in measuring the EL-spectra) to illuminate the DUT, operated
as a PD. The measured Isc for different A is proportional to
the incident intensity, thereby yielding a relative measure of
the transmission spectrum of the optical path as shown in Fig.
21. The positions of the ripples are in good agreement with
those obtained in Figs. 11 and 12.
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Fig. 20. Schematic of the experimental set-up used to measure the transmis-
sion spectrum of the inter-metal dielectric stack covering the SJ-LEDs. The
SJ-LED is operated as a photo-diode by illuminating it with light at finely
resolved wavelengths (= 5 nm). The measured short-circuit current

-
[

—+—Reference halogen source
—Normalized Photocurrent

-

o
©

Normalized spectral irradiance
o o
FS o

o
[

fo 500 00 700 800 900
Free space wavelength (nm)

Fig. 21. Normalized spectral irradiance (blue) of the 0" order white light
from the monochromator used as an optical source to test the transmission
spectrum of the back-end. The normalized photo-current (green) of the test
diode is a relative measure of the transmission efficiency around a given
optical wavelength.
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