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Abstract. This article is devoted to a theoretical evaluation of the transient behavior of a
light emitting diode with a resonant cavity called the resonant cavity enhanced light
emitting diode (RCELED). The used analytical model is based on applying the convolution
theorem for a step input signal and the transfer function of RCELED in the presence of
photon recycling. Influence of the efficiency of extraction due to photon recycling on the
output optical power is analyzed. The target parameters characterizing the transient
behavior are investigated. A traditional light emitting diode with no photon recycling is
compared to a diode with photon recycling. The obtained results show the improvement of
the output optical power and the rise time with the increase of extraction efficiency and in
the presence of photon recycling in the light emitting diodes. The light emitting diode
considered here reaches the highest steady state output power within 2 ns. Therefore this
diode model may be used for fast speed and high optical gain applications such as in
thermal imaging systems and short reach optical interconnects.
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1. Introduction

Light emitted by an active region can be reabsorbed
within this region again. The generated charge carriers
can then recombine emitting new photons. This process
enhances the internal quantum efficiency and is called
photon recycling. By photon recycling, the overall
external quantum efficiency of a device is enhanced since
the carriers have a higher opportunity to produce photons
that escape from the cavity. The photon recycling effect
takes place in thick active regions. The increase of inter-
nal quantum efficiency is defined by the number of gene-
rated photons in the guided mode and the characteristic
absorption length of this mode, which depends on the
absorption coefficient of the active layer [1].

Presence of resonant cavity in the LED structure
increases the emission efficiency due to the constructive
interference of light inside the cavity, by which light
generation towards the surface enhances. Moreover, the
cavity improves the propagation characteristics of the
optical modes matching with the cavity length, while the
other modes are suppressed. Up to now, photon recycling
has been observed in devices with the active layers of
direct band gap IlI-V semiconducting materials. The

photon recycling phenomenon has received a great
attention because of its role in controlling the carrier
lifetime as well as its prevalence in some semiconductors
having large optical absorption coefficients [2].

According to the concept and theory of the photon
recycling effect, there is no little doubt that this effect is
able to enhance absorption and improve the quality of
semiconductor devices. Photon recycling within light
emitters is achieved by using thick active layers, bottom
mirrors with higher and top mirrors with lower
reflectivity [3].

Resonant cavity enhanced light emitting diodes
(RCELEDs) have been proposed to solve the problem of
wide divergence angles in conventional LEDs. The main
idea of RCELEDs is to confine the generated sponta-
neous light within a resonant cavity to improve the
wavelength selectivity and the divergence angle.
RCELED can be integrated at the bottom side of a
photodiode for single fiber bi-directional transmission in
plastic optical fiber link applications [4]. Compared to
LEDs, RCELEDs have several advantages including
narrow spectral widths, stable peak wavelengths at
different current injections, superior directionality, high
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extraction efficiency, and better output coupling
efficiency due to relatively coherent output light.
RCELEDs have improved characteristics as compared to
those of conventional LEDs, while preserving the inherent
LED advantages [5]. The reflectivity of RCELED
reflectors is lower as compared to that of Vertical Cavity
Surface Emitting Laser (VCSEL), which means lower
manufacturing cost and operation below lasing mode [6].

Optical confinement characteristics of an InGaN
RCELED structure was analyzed by adding the top
dielectric distributed Bragg reflector (DBR) and the
bottom DBR structure [7]. Spectral windows at 510 and
570 nm resulted from I11-V nitride semiconductors with
reduced temperature sensitivity are more suitable for
automotive environments. Directional emission pattern
and narrow spectral width were obtained for the structure
consisting of an InGaN active layer with porous bottom
DBR and dielectric top DBR, having the optimum layer
spacing to match the cavity configuration [6-8]. Such
observation offers a different view on conventional 111-V
semiconductor LEDs and lasers [9-12]. The cladding
layer cavity can improve the conversion quantum
efficiency and the spectral stability in a wide range of
injected current values [7, 8, 13].

In this paper, transient behavior of RCELED is
analyzed. The article goal is to evaluate the speed and the
rise time of this device upon receiving an incoming
signal. Furthermore, the effect of the resonant cavity on
the device speed is addressed. The study is based on the
transfer characteristic function in application to
RCELED. The output power, output derivative and rise
time are calculated using the forward and backward light
components. The paper is organized as follows. Section 2
presents a transient response analysis using the
convolution theorem. The obtained results are explained
and analyzed in Section 3. The conclusion and references
are presented in Sections 4 and 5, respectively.

Fig. 1 shows a schematic view of RCELED. The
RCELED consists of a single cavity sandwiched between
two DBRs. The top and bottom DBR mirrors comprising
4 pairs of p-doped layers are grown to finalize the reso-
nant cavity structure. The total thickness of the RCELED
structure is about 13 um. If the period of the alternating
layers is of sufficient value, most of the incident light
will be reflected and the layers will act as a high-quality
reflector. Alternatively, the light reflected from the layers
can superimpose and form constructive interference.

Output Light

/]
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ctive Region
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Fig. 1. Schematic structure of RCELED.

2. Theoretical analysis

There are two components of light extracted by the
device under consideration. The first component is the
light emitted from the active region through the layers in
the forward direction. The second component is the light,
which is reabsorbed and re-emitted again in the forward
direction. The latter process is called photon recycling.
The external quantum efficiency of RCELED as a
function of frequency f is calculated as follows [14, 15]:

(),

is the external quantum efficiency
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due to the first light component and nR°E-EP(f) is the

external quantum efficiency caused by the second light
component, respectively. These characteristics can be
evaluated as
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MNint 1S the internal quantum efficiency, lq is the diffusion
length, R is the extraction efficiency, o; is the absorption
coefficient of a p-type confinement layer in the
RCELED, and o, is the absorption coefficient of a
n-type confinement layer in the RCELED, respectively.

In the case of a; < ay, the expression above can be
reduced to
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Applying the convolution theorem described in
[16, 17] to a step input current with the amplitude I;, and
a time domain of the transfer function of external
quantum efficiency, the time domain of optical output

power is obtained as follows:
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t
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where nEEP(1) is the external quantum efficiency at

a time X that can be expressed as
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Applying convolution to nRCE-EP(L) and 1;,(t-2)
the optical output power is obtained as

’(]fmnt JrRnint )t
1§

Nint lin

= J1-e
1-Mjn + R

P(t) (10)

To estimate the output derivative of the optical
output power in order to determine the device speed, we
differentiate Eq. (10) with respect to time obtaining the
following expression:
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The time to reach 0.9 of the final output optical

power is calculated as follows:
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We consider excitation of RCELED by a
rectangular pulse II(t) of the width b described by the
following function:

H(t):{

In this case, the output power takes the following form:
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and the output derivative is calculated as
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Results and discussion
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and

an

3.

The device parameters used in the calculations are as
follows: nine=1, li;y=10 mA, Iy =4 pum, and R, being the
ratio of the quantities of extracted photons and photons
inside the LED, ranges from 0 to 1. Increase of the
extraction efficiency of RCELED leads to a few steps of
photon transformation before emission. The transient
behavior of the optical output power of a conventional
LED at different values of the extraction efficiency R is
shown in Fig. 2. It can be seen from this figure that the
output power increases with time until reaching a steady
state value. This value increases with the extraction
efficiency R and internal quantum efficiency n,. The
plots in Fig. 1 are obtained in the absence of photon
recycling. Therefore, the output optical power is small as
compared to that in the presence of photon recycling. To
increase the light extraction efficiency, the reflectivity on
the bottom side of the LED structure must be improved.
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Fig. 2. Transient behavior of conventional LED at different
values of R.
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Fig. 3. Transient behavior of RCELED at different values of R.
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Fig. 4. Output derivative versus time at different values of R.

At the same time, the reflectivity of the emission side has
to be reduced. This built-in reflector serves to prevent
photons from being emitted through the bottom side and
to redirect them to the emission side.

Fig. 3 shows the transient response for RCELED at
different values of R. The output power response grows
with the increase of R. To increase the extraction
efficiency R, DBR should be located at a small
distance under the quantum well (QW) active region.
Semiconductor materials may be used to form such DBR
structure. GaAs/AlGaAs system is the most effective and
well-developed for creating semiconductor DBRs. The
generated photons are reflected to enhance the extraction
efficiency in the forward direction and achieve better
coupling efficiency with the coupled optical waveguide
or photonic integrated circuit.

The sensitivity of RCELED at any instant is defined
as the slope of the output characteristic curve at this
instant. The derivative of the output optical power sets
the variation of output sensitivity with time. Moreover,
this derivative is considered as the device speed charac-
terizing the rate of the change of the device output optical
power with time. The output derivative with respect to
time at different values of R is shown in Fig. 4. It can be
seen from this figure that this derivative decreases with
time. At higher extraction efficiency, more time is
required than at lower extraction efficiency due to the
increased output which needs higher arrival time.

The rise time versus the output power at different
values of R is shown in Fig. 5. It can be seen from this
figure that increase of the extraction efficiency R reduces
the rise time and, hence, the device speed. Presence of
photon recycling increases the output optical power and
at the same time reduces the rise time, which reaches the
steady state response value. Moreover, combination of
the DBR materials plays a major role in controlling the
rise time. At very small lattice mismatch between the
used materials, growth on the substrate can be done
directly without inducing any cracks or dislocations.
Furthermore, this combination can provide excellent
reflectivity when contrast in the refractive indices
between the DBR materials is large enough.

Fig. 6 shows the variation of output optical power
versus extraction efficiency R at different values of inter-
nal quantum efficiency. The internal quantum efficiency
is a measure of conversion efficiency of injected
electrons into emitted photons. The extraction efficiency
is zero when the light generated inside the structure is
entirely recycled without exiting from the RCELED
structure. At this, R is the total light intensity having
exited the RCELED structure without recycling. Increase
of R means more light emission and less photon recycling
inside the structure and vice versa. In RCELED, DBR can
be well integrated within the semiconductor layers,
mainly being composed of alternating semiconductor

Rise Time, T, ns

Optical power, p(t), mw

Fig. 5. Variation of rise time versus output power in the final
state at different values of R.
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Fig. 6. Variation of optical output power versus extraction
efficiency caused by photon recycling.
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Fig. 7. Variation of optical output power versus extraction
efficiency with and without photon recycling.

layers. The refractive index of each subsequent layer is
different. Light incident on these layers is partially
reflected and refracted. If the period of layer alternation
is sufficient, most of the incident light will be reflected.
In this case, the layers act as a high-quality reflector.

A comparison between a conventional LED and
LED with photon recycling is shown in Fig. 7. It is clear
from this figure that the photon recycling LED exhibits
higher improvement of the output power than the
conventional LED. Moreover, photon recycling causes
nonlinear dependence of the output power on the
extraction efficiency R, which is different from the
respective linear dependence for conventional LEDs. For
RCELED, the improvement of the output power is
caused by the reflectivity, which is dominated by the
difference in refractive indices between two different
materials and the number of periods in DBR. Hence, the
output optical power can be enhanced by increasing the
number of pairs in DBR or by carefully choosing the
materials with higher difference in their refractive
indices. In general, such materials would provide high
optical power at only a few pairs in DBR.

4. Conclusion

In this article, transient behavior of a light emitting diode
with a resonant cavity is theoretically evaluated. The
device considered here is called the resonant cavity
enhanced light emitting diode (RCELED). Increase of the
extraction efficiency R improves the output optical power
and reduces the rise time and, hence, the device speed. A
comparison between a traditional light emitting diode
without photon recycling and the one with photon
recycling is also presented. The obtained results show
that the photon recycling LED exhibits higher
improvement of the output power and rise time as
compared to the conventional LED. Photon recycling
causes the nonlinear LED characteristic, different from
the linear one for conventional LEDs. The light emitting
diodes considered here are very useful for the
applications implying fast speed and high conversion
efficiency, such as in thermal imaging systems and intra-
chip optical interconnects.
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AHaJi3 nepexiiHUX XapaKTepPUCTUK CBITJIOBMIIPOMIHIOYOIO0 1i0/a 3 MiICU/II0I0YUM 00’ €MHHMM Pe30HATOPOM

Sh.M. Eladl, A. Nasr

AHortanis. Lls crarts npucBsYeHa TEOPETHYHIM OIHII NepexifHOi MOBEAIHKH CBITIOBHUIIPOMIHIOIOYOTO Jioja
3 00’€MHUM PE30HATOPOM, SIKMH HA3MBAETHCS CBITIIOBHUIPOMIHIOIOYHH JTi0]T 3 MiACHIIOI0UYNM 00’ €MHUM PE30HATOPOM.
Bukopucrana aHamiTHYHAa MOJENb I'PYHTYETHCS Ha 3aCTOCYBaHHI TEOPEMH 3TOPTKH Uil CTYIIHYACTOI'O BXiJHOTO
CHTHANy Ta IepeaBajbHOI (YHKIIi Takoro ndiona 3a HasSBHOCTI perupkyisamnii ¢oroniB. [IpoananizoBaHo BIIHB
e(eKTUBHOCTI EKCTpaKiii 3a JOIMOMOrol0 pPeUUpKy/Isinii (OTOHIB Ha BHUXIIHY ONTHYHY IMOTYXHiCThb. JlociiJpkeHo
LTbOBI TapaMeTpH, II0 XapaKTepH3YyIOTh IMEpeXiAHy IMOBeAiHKy. IIpencTaBieHO MOPIBHSIHHA MK 3BHYAHHM
CBITJIOBUTIPOMIHIOIOYMM JiofoM 0e3 penupKyiinii (OTOHIB Ta AiofOM 3 peuupkyisidiero ¢oroHiB. Otpumani
pe3yiapTaTH CBiAYaTh TPO IOJIMIIEHHS BHUXIAHOI ONTHYHOI TMOTY)XHOCTI Ta 4Yacy HApPOCTaHHSA 31 30UIbIICHHIM
e(eKTUBHOCTI EKCTpaklii Ta 3a HasBHOCTI PELUPKYISLii (OTOHIB y CBITIOBUNPOMIHIOIOUMX Jioxax. Buxigna
MOTYXHICTh PO3MVITHYTOTO CBITJIOBUTIPOMIHIOIOUOTO Ji0Jla JOCATAaE MAaKCHMAJIBHOTO CTAI[iOHAPHOTO 3HAYEHHS
npotsirom 2 He. OTxe, 1i01 Takoi MOJeJi MOYKHA 3aCTOCOBYBATH 3a HEOOXIAHOCTI OTPUMaHHS BHCOKOI MIBUAKOCTI Ta
OINITHYHOTO ITiICUJICHHS, HAIIPUKJIA)] Y TEIUIOBI3IHHUX CUCTEMAax Ta ONTHYHKX 3’ €HAHHAX 3 MMM PajiycoM Jii.

KaiouoBsi ciioBa: nepexinHa XapakTepuCTHKa, CBITIOBHIIPOMIHIOIOUHH 10]1 3 ITiACHIIIOI0YNM 00 €MHUM PE30HATOPOM,
po3mnoiieHnii OperTiBChbKUi BiOUBay, €PeKTUBHICTh €KCTPAKIIii, BHYTPIIIHIA KBAHTOBUH BUXI/I.
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