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Abstract—A new model for a 1D Si-based light-emitting p-i-n
diode (LED) is presented, describing DC electrical characteristics
and the internal quantum efficiency (n1qr) as a function of the
applied bias, showing good agreement with the simulation results.
An optimization scheme, based on the model, shows improved
mqe for engineered heterojunctions by reducing the diffusion
current.

I. INTRODUCTION

Silicon LED’s are regarded as a potential solution for the
anticipated interconnect bottleneck [1]. In literature, so far
modelling the light emission in silicon have been minimal [2]-
[4]. In this paper we study the 1D p-i-n LED in forward bias
mode, as schematically shown in Fig. 1. The band diagram
indicates that inside the active (or intrinsic) region of the LED
holds that (1) the electron (Ery) and hole quasi-Fermi levels
(Erp) are constant, (2) that the full applied voltage (Vp) is
across this region. Consequently, for the pn-product in the
active region holds:
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where w7 is the thermal voltage, and n; is the intrinsic
carrier concentration. The pn-product is quite important in
understanding the radiative recombination.

II. DC CURRENT MODEL AND EFFICIENCY OF SI-BASED
LED

The total DC current flowing through the LED can be regarded
as the sum of diffusion current Jp;g and the recombi-
nation current inside the active region of width W. The
recombination current is found by integrating the Radiative
(RRad ), Shockley-Reed-Hall (Rgru ) and Auger (Rauger )
recombination rates [5] through the active region times the
elementary charge q :
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Fig. 1. A schematic drawing of a 1D p-i-n diode showing the principle
of light emission (top figure). Its simulated band diagram at forward applied
bias is also shown (bottom figure). The carriers are injected from the heavily
doped injector regions into the active (or intrinsic) region. Their recombination
results in light emission. In the band diagram, Ec and Ex; are the conduction
and valence band energies.

Where,BRraq is the radiative recombination coefficient. 7.g
is the effective SRH life time and C,, and C,, are the Auger
parameters. Now the total current is given by:

JTotal = Jpif + JRRad + JR,SRH + JR,Auger- )

To find niqE it is essential to find the radiative component
of the diffusion current (Jp;f Rad ) as well. Using continuity
equations and applying the correct boundary conditions :
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where L;, and Ly are the physical lengths of the injector
regions. N, Np are the acceptor and donor impurity concen-
trations. T, Rad, Tp,Rad, are the radiative life times of the elec-
trons and holes. L,, ,, = /Dy p, - T p is the diffusion length
found applying Mathiessen’s rule. Jp;g sra and Jpig Auger
are found by changing the radiative life times in Eq. (6) with
respective SRH and Auger life times. Jp;g Auger dominates
diffusion current Jpig . Now, miqr can be found analytically
by :
JR Rad + JDiff Rad
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III. SIMULATION RESULTS

The model derived for niqr is validated through Sentaurus
device simulations [6]. For the calculations W was taken as
1 um. The p+ and n+ injector regions are uniformly doped
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Fig. 2. Simulated (open symbols) and modelled (drawn lines)J-V" Curves
of a 1D silicon p-i-n diode (W=1 ym, Ly = Ly, = 3 um). The total current
density Jrota1 and the radiative current components Jpig Rad and Jg Rad
are only plotted. Jpif Rad > JR,Rad, indicates more light from the injector
regions.
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Fig. 3. Simulated (open symbols) and modelled (drawn lines) J-V
Curves of a 1D Sij_,Ge,/Si diode. The SiGe layer was asssumed to be
260nm 21% Ge was used here with a band gap of 0.96eV (W=0.6 um,
Ly=L7;=7 pm). The total current density Jrota1 and the radiative current
components Jp;r Rad and Jr Raq are only plotted. Jg Rad > JDiff ,Rad>
increasing the M1QE.

with 10¥%cm™3. The following Si parameters were used:
Braq = 107" cm3s™! [7], 7eg = 2.5-107%s, C,, = 1.83 -
10 3'embs~! and Cp = 2.81-1073'emOs~1! [8]. Fig. 2 shows
the J-V characteristics of the LED. Jtotal sJRr,Rad »JDiff,Rad
found by the model is in good agreement with the simulations.

IV. OPTIMISATION

Several figures-of-merit could be optimised. First, for in-
creasing the light intensity inside the active region Jg Rad
should be increased. When we employ SiGe in the active
region (See Fig. 3), for a given on-current density Jon, the
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Fig. 4. Simulated (open symbols) and modelled (drawn lines) J-V Curves
of a 1D Siyj_;Cy/Si/Si;—,C, diode. Sii_;Cy band gap=1.4eV, with
35% C [9]. W=0.6 um, Ly=L}=7pm. The total current density Jrotal
and the radiative current components Jpig Rad and Jg Rad are only
plotted.Jg Rad > JDiff,Rad, increasing the NiqQE.
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Fig. 5. The simulated (symbol) and modelled (lines) niqr values for all
LEDs studied. The n1QE,Active Of Si is also plotted. Using heterojunctions
like SiC/Si (dark grey) or Si/SiGe (grey) the niqEg of the Si-based LED can
be improved.

on-voltage Von drops, but the increase in n; increases the
light intensity (at a greater wavelength). In the case of wide
band gap injectors, e.g. the Si;_,C,/Si/Si;_,C, LED (See
Fig. 4), Jpig drops since n; drops in the injector regions and
consequently Vp=Vpon increases. This simply increases the
pn-product and hence the light intensity (Eq. (1), Eq. (2)).
Second parameter to be optimised is niqr. The reduction in
Jpir (= Jpiff, Auger) increases the efficiency. A p-i-n structure
in a "wide-narrow-wide” band gap configuration increases the
MqQe. When properly tuned, Jroa1 Will be determined only
by the recombination current inside the active region, and in
such a case, the niqr will be optimal and equal to the (ideal)
efficiency of the active region (11QE,Active). The Miqe Which
can be found according to Eq. (7), is plotted for our Si, SiGe/Si
and SiC/Si LED’s in Fig. 5. The maximum 71qg, of the Si LED
is around 0.6% only. However, 1iQE,Active 10 Si reaches upto
5.0%. By reducing the Jp;g (or by making it less important),
the efficiency 7iqr can be increased up-to MQE,Active -

V. CONCLUSION

In summary, we have developed a dc current model describing
the J-V and internal quantum efficiency of a 1D Si-based
LED. Using the same model, we have also described the
optimisation of a 1D Si-based LED . An un-optimised Si LED
gives an niqe of 0.6% which could be increased towards 5%
by reducing the diffusion current density.

ACKNOWLEDGMENT

This work is partially funded by the Dutch Ministry of
Economic Affairs in the framework of the MEMPHIS project.

REFERENCES

[1] D. Miller, Proc. of the IEEE, vol. 97, no. 7, p. 1166, july 2009.

[2] Z. Bin, Proc. of SPIE, vol. 6838, pp. 68 381G-1, 2007.

[3] T. Dekorsy et al., Applied Physics A, vol. 78, pp. 471-475, 2004.

[4] T. Stoica and L. Vescan, Semiconductor Science and Technology, vol. 18,
pp. 409416, 2003.

[S5] O. Heikkild et al., J. Appl. Phys., vol. 105, p. 093119, 2009.

[6] Synopsys Sentaurus Device User Guide, Version a-2008.09 ed., 2009.

[71 M. Levinshtein et al., Eds., Handbook Series on Semiconductor Param-
eters. World Scientific, 1996, vol. 1.

[8] D. B. M. Klaassen, Solid-State Electronics, vol. 35, p. 953, 1992.

[9] S. T. Chang, J. Appl.Phys., vol. 92, p. 3717, 2002.





