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ABSTRACT

The silicon avalanche-mode light-emitting diode (AMLED) opens a route for on-chip opto-electronic
applications in standard CMQOS, both due to its relatively broad spectral overlap with the spectral
responsivity of silicon photodiodes and due to its high speed capability. This work presents closed form
models for the key figures of merit (FOMs) of AMLEDs, namely, current (or power) density, cut-off
frequency, radiative efficiency, and specifically for optical data communication energy cost per photon.
Their derivations are based on one-dimensional analyses of an abrupt single-sided (p*n or n*p) junction
and of a p-i-n diode. TCAD simulations for optimized device structures, including the recently reported
superjunction (SJ) LED, were performed to validate the model. Measurements on single-sided abrupt
junctions and SJ diodes are shown to validate some of the modelled trends. The results show that a p-i-n
or an SJ diode is favorable to a conventional single-sided junction diode for the AMLED design. In
addition, as confirmed for conventional AMLEDs by earlier reports, the results indicate that for a yet
higher efficiency the carrier supply should be increased. For this a combination of a separate minority
carrier injector and SJILED is proposed, referred to as the injection-avalanche CMOS SJLED. However,
more experimental optical data (e.g., absolute photon flux) are needed for a more accurate model
validation.

Keywords: avalanche, CMOS, figures of merit, light-emitting diode, p-i-n diode, silicon, superjunction

1. INTRODUCTION

Light emission from silicon (Si) p-n junctions operating in avalanche breakdown [1], [2] is caused by a high electric field
yielding high energy transitions of electrons to the valence band [3]. Consequently, these junctions exhibit broad-spectrum
electro-luminescence (EL) at short wavelengths (1~350-900 nm), that have a significant overlap with the spectral
responsivity of Si photo-diodes [4], although at a low power efficiency. Avalanche-mode operation is also beneficial from
viewpoint of speed [5]. Combined, avalanche-mode light-emitting diodes (AMLEDSs) open an alternative route towards
intra-chip optical data communication [4], [6]-[11]. However for this several hurdles should be taken for optimal
performance [12]. The first one is that the relatively high power consumption of the AMLED should be minimized. Second,
the speed of the whole system could become an issue, and third, the data transfer should be with a minimal bit error rate
(BER) along with a minimal required energy per photon (¢). For both the BER and ¢, among other things, the optical
efficiency (nrap) 0f AMLEDs should be increased as discussed further in this work. Ways to increase ngap 0f AMLEDS
have been reported [7], [13], for which a physical model, to connect with device parameters, can add further understanding.
Moreover, a small-signal modulation speed of AMLEDs of up to ~20 GHz has been experimentally investigated [5], which
motivated us to investigate the underlying principle. In addition, for determining the power consumption a closed form
model for the avalanche current is needed that in turn could be used for other figures of merit (FOMs).

Therefore in this work, closed form physics-based models for the key FOMs of AMLEDs, namely, the avalanche current
density (J), cut-off frequency (fr), nrap and ¢ have been derived based on one-dimensional (1-D) analyses using a
deterministic local multiplication model [14]. Traditional deterministic local avalanche models (e.g., [15]) of the avalanche
current density J rely on the multiplication factor where the injection or leakage current contribution of only one carrier
(i.e., Jno for electrons or Jyo for holes) is included. By including both Jyo and Jpo, @ more accurate J-V slope near breakdown
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can be obtained [14]. However, for Si our model is applicable for a breakdown voltage Vgg = 5 V. As reported earlier [16],
because of non-local avalanche the effective field, and therefore the EL, of the Si single-sided junction diode will drop for
Vgr < 5V, as was experimentally confirmed in a 65nm bulk CMOS technology [17]. Even so, band-to-band tunneling
[17] could then also play a role which makes the use of Si LED below 5V breakdown less attractive anyway. Therefore
our model in [14] is here extended for the key FOMs in both p-i-n and single-sided abrupt diodes. Model validation is done
using TCAD simulations (Sentaurus, version H-2013.03) for optimized device structures: an abrupt n*p junction, a p-i-n
diode, and the recently proposed p-n superjunction (SJ) LED ([18], see Fig. 1). Further, measured steady-state I-V
characteristics and some optical measurements are also compared.
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Figure 1: The proposed SILED in lateral configuration: (a) Schematic top view layout, (b) schematic cross-section, and (c) a
microphotograph of a realized SILED [18] in an SOI CMOS technology [21]. The red arrow indicates the current flow direction.

2. DERIVATION OF FIGURES OF MERIT

In avalanche-mode (AM) the EL is governed by impact ionization and therefore by the reverse electric field F [16]. To
increase nrap, power efficiency and speed of the LED, the EL-intensity per unit area should be enhanced [19]. Earlier,
enhanced AM-EL was demonstrated with reported intensities up to 200 nW-um™2 by enhancing the carrier injection (or
Jno) using a second emitter [3], [20], and through carrier momentum and energy engineering [19]. Recently, a new type of
AMLED was reported, i.e. the superjunction (SJ) LED [18], realized in a 140-nm silicon-on-insulator (SOI)-CMOS
technology [21], see Fig. 1. The basic idea is based on the reduced surface-field (RESURF) concept [22], [23] which is

>

A
(c)
PN @ eearpg | © | b
| | |
i | :
i s s
i : i
5 N s =~ - SO
-r-g X 0.5+|.|m T % ey 0 X 05um

F(x)=F,(1-x/W,,) =2V/W,,, F(x)=F,=V/W,,

Figure 2 TCAD simulated electric field profiles (with 1-D cross-sections) in a (a) single-sided (n*p) junction, (b) p-i-n
diode, and (c) p-n SJ diode in this case with a pole-width of 0.25 pum (see Fig. 1 (c)). The SJ diode makes use of
depleted alternate p- and n-type regions (repeated several times in the y-direction). For optimum RESURF [26], [30], a
uniform field is formed in CMOS similar to that of a p-i-n diode. The integral of the electric field distribution represents
VR, While the maximum field determines the light output [16]. As can be seen, for the same length of the active region
W the p-i-n (and SJ) diode has (~2%°times) higher Ver compared to that of the n*p diode.
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especially widely adopted in power devices and smart power integrated circuits (1Cs) [24]-[29]. The novelty of the SILED
is to mimic a p-i-n diode by obtaining a (more or less) constant field distribution at breakdown by the depletion width
expansion (“JFET effect”) of multiple alternately placed pn-junctions, which in turn improves the ngap. FOr better
understanding why p-i-n diodes, and consequently SILEDs, have a relatively high ngap we derive some closed form
relations.

The 1-D electric field profiles F(x) at reverse bias for an abrupt n*p junction (F(x) = E,(1 — x/Wy)), and for a p-i-n
diode (F(x) = Fm) are shown in Fig. 2 (a) and (b), respectively. An optimized SJ diode [26] (Fig. 2(c)) is depicted that
ensures a constant field distribution at reverse bias by alternately placing narrow p- and n- regions. In this way, depletion
in the orthogonal dimension (y), i.e. optimum RESURF [26],[30], is achieved. Unlike focusing on the forward voltage (or
on-resistance)-Vgr trade-off, as discussed in [26]-[30] for power devices, we focus on increasing the EL-Vgr dependence.
The latter is achieved by obtaining a breakdown field (Fc) with uniform spatially, which can enhance avalanche-mode EL-
intensity [16]. For our optical measurements, vertical structures with single-sided pn junctions (light received along the x-
direction), and lateral structures for the SJ diode (light received along the z direction) are considered. However, for
optocoupling such structures may be used in various orientations. Note that, there are some additional requirements for the
SJ diode compared to a conventional p(-i-)n diode, as discussed in the appendix.

Under high reverse bias impact ionization becomes important, which is characterized by the ionization coefficients a,, and
ayp, both being exponential functions of F [31]. When the maximum electric field F, > F, the junction is in avalanche
breakdown characterized by a manifold increase in current density J.

For obtaining closed form physics-based relations, Fulop’s model [31] is used typically considering
a, = a, = a, to the avalanche breakdown condition [15]:

fOWa(x)dx = fOW agF7(x)dx =1, (1)

where ap = 1.8 - 1073% cm®V~7 for Si, the active or space-charge region width W equals the multiplication width W, and
depletion width W, for the p-i-n and single-sided abrupt diode, respectively. Wy, is independent of the bias voltage V, while
Wj is a function of V [15]. Note that in this work terms such as active, space-charge and depletion region are considered
to be the same and the terms are used interchangeably without any intentional ambiguity. Further, without less of generality
at breakdown (optimized) fully depleted single-sided junctions are considered, hence Wr, and Wy represent the maximum
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Figure 3 (a) Critical field Fc as a function of breakdown voltage Ver (solid lines: model, open symbols: red diamonds represent SJ
diode TCAD data, red open circles p-i-n diode TCAD data, and black open circles pn diode TCAD data). (b) Ver against device
width or depletion width Wy for the single-sided diode, and multiplication or active width Wr, for the p-i-n diode. The grey zone
indicates more or less where nonlocal avalanche effects play a role.

From Eq. (1), and the fact that fOWF(x)dx = Vgg, We obtain [16]:

_1
FC,pin = (aF ’ VBR) /6, (2a)
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1 _1
Fentp =2 /3(ag - Vgr) ™ /s. (2b)

Hence, at breakdown it can be stated that

1 7
Wy = a5 -,5, (3a)
1 7
W, = 2°/3 -aF/6 v le = 2%, (3b)

Fig. 3(a) shows F¢ as a function of Vgr obtained from Eq. (2) and TCAD simulations. Minor differences are mainly because
in Si a0, # ay,, as used in TCAD. Fc increases for lower Veg, particularly for voltages less than about 10V. This is achieved
by reducing Wy or W, as shown in Fig. 3(b). Notably, for a p-i-n diode the same Fc¢ is obtained for a lower Vgr (i.€., less
electrical power) compared to that for a single-sided diode. The TCAD extracted Fc for the SJ diode is slightly less than
that for the p-i-n diode owing to a less uniform 2-D field distribution (see also Fig. 2 (b),(c)). Proper edge termination (e.g.,
curved electrodes) is needed for uniform breakdown [30], which is outside the scope of this paper.

2.1 Avalanche current density (J)

Our model [14] is extended for both p-i-n and single-sided diodes, assuming a,, = @, = «. Focusing on electrons, we can
derive:

Jn(®) = Juno + J5 @(5) - (Joo + Jno * Mu(W) ) dis, (42)

where the multiplication factor at the space-charge boundary (x = W = Wy v W,,) ata given bias V' < Vg is

]po w 7
1+>=[" ap-F7(x)dx
M W = Jno 0 . 4b
n( ) 1- fOWaF-F7(x)dx (40)
Solving Eg. (4) we obtain for the p-i-n respectively single-sided diode:
]n,pin(x) =Jotv" (Wim)’ (5a)
x \8
Jnp@ = o +y- (1= (1=22) ), (5b)
with
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Figure 4 Modelled (solid lines) and TCAD simulated (open symbols) electron current density profile along the space-
charge region in the n+p junction and p-i-n diode indicated above the graph, at a bias of VR = Ver— 0.2 V and Wy = Wy, =
0.5um. The coordinates are indicated in Fig. 1.
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VBR

1% 7
y= (o o) =) (72) A Ve Ver (62)
(-G )
For convenience sake the following parameter is introduced
_(VRY _ 4 _ (Jpotino
=) =1-(=7), (6b)

which is actually a measure for the ratio between the avalanche current and injection current ((1 — 8)~! equals the
“Ion/Iopr ratio”) of the AMLED.

In Fig. 4 the electron current density against the distance inside the space-charge region is shown for both the p-i-n and
single-sided diode, where the model is compared with TCAD obtained results (Vg = Vgg — 0.2V). Good agreement has
been obtained between the model and TCAD simulated J,(x) for both devices. Interestingly the results show for the p-i-n
diode a linearly distributed current density, which implies that in this case the multiplication region more or less equals the
depletion region (hence W, = W).

Egs. (5)-(6) hold for before and at the onset of breakdown, i.e. the multiplication factor goes to infinity. However once a
high avalanche current is reached, i.e. Vz — Vgpg, the internal resistance of the diode becomes important. This resistance is
mainly determined by the generated charge carriers in the depletion region. Focusing on electrons for the high injection
current density holds then:
Vr—(Vgr—8V)
B e )
0 qunn
where n is the electron concentration and p, is the electron mobility. The fit parameter §V = VBR{l -(1- ,8)1/7} K1V
is needed for numerical reasons. Since practically all electron charge have been formed at high field before any resistive

effects played a role, it can be stated that n = — In_ \vith Vg, 1S the saturation velocity (v, = 107 cm/s) [15].

qVsat

After substituting Eq. (5a) in Eq. (7) it can be derived for the pin or SJ diode that

Ju=Jww =

_ pnyL (VR=(Vgr—5V))
Ju=

a;/evg/Revsatln(ln]onzyL)’ (83.)
and
)
YL = W (po + Jno), (8b)
BR

considering the generated charge carriers at Vg = Vgg — 8V induce the series resistance. For the single-sided diode the
solution can only be obtained numerically, however in practice Eq. (8) could be used for this as well.

2.2 Cutoff frequency (fr)

At avalanche breakdown, the current flow in a diode is dominated by (majority) carriers generated via impact ionization
in the space-charge region. Moreover, drift of those carriers will play a role. The electrons flow to the n+ injector region
and holes to the p+ injector region. Consequently, the small-signal modulation speed is largely determined by the transit
time (zr) of the carriers across Wy and/or Wi, At or near breakdown the field is sufficiently high so that the carrier
velocity reaches saturation [15].
Applying the quasi-static approach for electrons we get :

W on
=q/, a7 9% )
where q is the elementary charge (g = 1.6 - 1079 C), Qs is the integrated quasi-static electron charge (that equals the
integrated quasi-static hole charge) at a given bias Vg across the device, and J is the total current density. The latter

0Q
T = |a—,”
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equals the electron current density at the edge of the depletion layer, hence terminal, which in turn equals the hole
current density at the other side of the depletion layer: | = J,y, = J,0. The cutoff frequency can be calculated according
to fr = 1/2mt¢. The quasi-static approach is valid provided that W < ¢/(ng;fr), where c is the speed of EM waves in
free space (c = 3 - 108 m/s) and ns; being the silicon refractive index.

Again, at high field we have n = — q]—” [15]. By substituting this term in Egs. (5) and (9) we obtain after some
VUsat

manipulation:
1 Wy
TTpin = 3 et (10a)
and
_8Wq
Trntp = 5 et (10b)

which implies that a p-i-n, and in principle an SJ, diode can be operated at about a ~3 higher speed for a given Vgr. Note
that [5] reported a somewhat higher T+, = Wq/Vsqt-

An exercise was done for the TCAD simulated n(x) and J by applying a perturbation of AV in the bias. Subsequently, the
fr was calculated. Good agreement between the model and TCAD (for both p-i-n and optimized SJ) has been obtained,
see Fig. 5, except for some deviation at higher Vgg for the n*p case. The latter is due to the non-uniformity of carrier drift
velocity, caused by the lower F away from the junction (x = 0). Similar TCAD values for fr were obtained deep in
avalanche, indicating that the resistance of the space-charge region does not affect fr.

There are two important remarks though. Firstly, in the analysis presented so far only the electrical response has been
considered. However, at very high frequencies eventually the light emission will be forming the bottleneck rather than
the charge storage. This strongly depends on the radiative lifetime (7gap) Which in turn is governed by the bimolecular
radiative radiation coefficient (tgap X 1/Bgrap): Once 71 < Tgap the fris no longer limited by charge storage rather by
radiative recombination processes. If this was the case, Eq. (9) would not be applicable and then investigating the
switching behavior could be an alternative way for determining Bgap. Secondly, this section only discusses small-signal
behavior as done in [5]. For more power efficient (and possibly robust) solutions it would be better to employ transient
signals to the AMLED such that it is only turned on just at breakdown, and turned off below it [12],[32]. This is also
referred to as On-Off Keying (OOK) [33],[34]. Although the small-signal analysis results in a measure for the ultimate
speed, a more realistic OOK analysis is also needed and requires a separate study.
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Figure 5 Modeled (solid lines) versus TCAD simulated (open symbols) fr against Ver. As W increases with increasing Ver, the transit
time (Eq. (10)) increases leading to a decrease in fr. Further, both TCAD and our model yield a higher fr for both the p-i-n diode
(circles) and optimized SJ diode (diamonds) compared to the conventional counterpart. The grey zone indicates more or less where
nonlocal avalanche effects play a role.

2.3 Radiative efficiency (mrap)

For deriving a relation for the radiative efficiency we need first discuss what determines the radiative recombination rate.
This is certainly not trivial for AMLEDs.
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As reported earlier for conventional (forward biased) LEDs [35] for the radiative recombination rate holds that

R = Bpap (p-n—nf), (11a)

with p is the hole concentration and

E
niz = NCNV . e(_k_?). (11b)

Nc, Ny are the effective densities of states in the conduction respectively valence band, Eg is the bandgap, k is Boltzmann’s
constant (k = 1.38- 10723 ] /K), and T is the ambient temperature.

There are some issues with Eq. (11) though related to AMLEDSs. First, the pn product inside the active region is not
constant. Second, for n; we cannot use the bulk silicon value simply because the energy transitions are more direct and
above Eg. The threshold energy needed for avalanche is Ery~ 3/2 E¢ [36],[37], which is the minimum required energy

E
for a transition. As a result, most probably we can assume that nl2 < e(_%) =~ (. Third, for Si in forward mode Brap=
104 cm?® s [38], [39], however this value could be higher for AM because there are field-assisted energy transitions with
reduced momentum mismatch [19]. A possible complication is that Bg o likely depends on F¢. For higher F values higher
energy transitions are possible resulting in an increased absorption coefficient, that in turn determines Bgap [39]. For
simplicity sake we assume Brap t0 be a constant though, and we consider this parameter to be an “effective” Bgap.

Therefore, the photon emission flux [16] Rop (cm™2s?) can be obtained from the electron and hole concentration profiles
(resp. n(x) and p(x)) according to:

Rop ~ Brap * Jy pCOn()dx = 2842 (7], (0 (¥)dx. (12)

24,2
q°Vsat

After some mathematical manipulation we obtain for the p-i-n diode

~ 72BrADWm (1 1
Rop|pin ~ ] q ”szat ﬁ {2 3 ﬁ}a (133)
and for the single-sided junction diode
~ [2BRaDWa 5 (8 128
Ropipn = J q vy B {9 153 B}’ (13b)

where the total current density /] = y /8, see Eq. (6).

The internal quantum (radiative) efficiency is defined as being the ratio of the flux of photons and that of the charge
carriers:

__ Flux photons qRop
NMrAD = = (14)

Flux carriers ]

and can be obtained for the p-i-n diode by adopting Egs. (13a), (14) and for the pn diode Egs. (13b), (14). Importantly, in
Eq. (13) the applied voltage is considered to be near the breakdown voltage, i.e. 8 — 1 (in practice determined from the
“Ion/Iopr ratio”), hence J > [0 + Jpo-

For the power efficiency it can be stated that [33]

— Pphotons __ Ephotons ~1n . 1 E
RAD QVer A’

np (15)

Pelectrical Eelectrical

with h is Planck’s constant (6.6261-10% J s) and 4 is the wavelength (in our case ~650nm). Ephotons aNd Eelectrical iS the
photon energy respectively electric energy.

As can be seen from Eq. (15), compared to the internal quantum efficiency the power efficiency near breakdown (Vg =
Vgr) shows the same dependencies with the current and recombination processes. The optical or EL intensity can be
obtained by multiplying Eq. (13) with hc/qA.

Finally, particularly for optocoupling we propose another figure of merit which is related to the above Eqgs.:
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{ — Eelectrical — Pelectrical — qVBr
# photons  Flux photons  7ngap’

(16)

with Peiectricar 1S the areal electric power density. This FOM represents the energy cost per photon of the LED and obviously
should be minimized. According to Eq. (16) this should be done by increasing ngap (for a not too high Vegg).

3. EXPERIMENTAL AND DISCUSSION

For validating our model, both quantitatively and qualitatively, there is some experimental evidence as well. A lateral
stack of p-n junctions, each with a pole-width d (Fig. 1) was realized in a silicon-on-insulator (SOI) CMOS technology
to construct an SJLED. This creates junction-folding and increases the areal density of high field regions resulting in a
relatively high EL.

Fig. 6 shows the measured and TCAD simulated I-V characteristics for an SJ diode with d = 0.38 um and a conventional
(lateral) reference diode both with a same active length of W = 2um [18]. As explained earlier, because of the constant
field in the former Ver has increased by a factor ~2%° compared to the conventional diode. Moreover, the TCAD
simulations are in line with the experiments. The leakage current of the conventional diode is higher than for the SJ
counterpart, most probably because of the shallow trench isolation (STI) at the periphery directly contacting the junction
in the former. This results in a reduction of the effective lifetime.

1E-02 g o TCAD
1E-04 ® experiments H

1E-06
1E-08
1E-10

Current (A)

0 10 20 30 40 50

Reverse voltage Vg (V)

Figure 6 TCAD simulated and measured reverse |-V characteristics of a conventional lateral diode and an SILED
(d=0.38 um, T=300K, A=780um?). The measurements were performed with a Keithley 4200SCS.

Fig. 7 shows a comparison of our SILED model (Egs. (5), (7)) with experimental/TCAD data for various SJ devices [18].
The model shows good agreement with the data where mainly two fit parameters are important: 67" and Jno. The breakdown
voltage can be obtained from W (Eq. (3)). Further, Fig. 7(b) shows that for a smaller pole width, in this case improved
RESURF (see appendix), the SJ diodes show a higher Vgr compared to the conventional counterpart.

The connection between the spatial uniformity in F(x,y) and AM-electroluminescence (EL) is evident from Fig. 8, where
AM-EL micrographs are shown for the (lateral) reference diode and three SJLEDs. For reference a top view
microphotograph of such a realized SILED is shown in Fig. 1 (c) from which EL was measured. In particular SILEDs with
a pole width d=0.38 pum show that RESURF leads to a more uniform light emission along the y-axis. The increase in the
EL-area implies an increase in ngap [37] of the SJ-LED. It was estimated that for the optimum SJLED with d=0.38 um
Nrap = 2.67 - 1075, For d=0.58 um F(y) is less uniform than for d=0.38 um. Under a given optical resolution, the non-
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uniformity in the field distribution results in a discontinuous array of EL-spots for a large pole width. Each spot corresponds
to a junction between p-type and n-type fingers.
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Figure 7 Comparison of our avalanche current model (drawn black lines, Egs.(5), (7)) with experimental and TCAD data (closed
resp. open symbols) obtained from various devices: (a) the SJLED presented in Fig. 6 (W = 2um, Vgg = 51V, J,0* A = 3.8 -

107134,6V = 10711V, p, = SOO%A = 780 um?), (b) a conventional LED and three SILEDs with d varying from 0.38

(maximum breakdown voltage), 0.58 and 0.77um (W = 1um, Vgg = 28.4V,Jpo - A = 3.0 - 10714, §V =5-1078V, p, =
500 cm?/Vs, A = 510 um?). The measurements were done with a Keithley 4200 SCS.

Fig. 9 shows a graphical output of the internal quantum efficiency, Eq. (13), and the energy per photon, Eq. (16), against
Vgr for both the p-i-n diode and the single-sided diode. The results show higher efficiencies at the same Vgg, and
consequently lower energies per photon, for the p-i-n diode compared to those of the single-sided diode. As explained
before, this is due the constant field distribution of the former, where the depletion region equals the multiplication region,
while for the single-sided diode mainly the (multiplication) region around the peak field is important. This yields more
light emission spots, thereby an increased EL-intensity [16].

conventional d = 0.38 um
(a)
W =2um W =2 um
d ~ 0.58 um
(e)
W =1pm W =1pum

Figure 8 Avalanche mode EL micrographs obtained from realized LED structures presented in Fig. 1(c) (to the same scale), at a
fixed current = 4 mA at 300 K with a visible-range camera and an integration time of 25 s: (a) a conventional AMLED, and SJILEDs
with (b), (d) pole width d = 0.38um, and with (c) d=0.58 um. Light is received along the z-axis (vertically). Note that the metal lines
on the electrodes screen the light.
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Figure 9 Calculated (a) internal quantum efficiencies and (b) required energy per photon for the p-i-n (Egs. (13a), (14), (16)) resp.
pn (Egs. (13b)-(14), (16)) diode. The following parameters were used: 1 — 8 = 1078, Bgap = 31078 cm3s™%, Jpo + Jpo =

107 A cm™2. The symbols represent experimentally estimated values obtained from a vertical (black square) and lateral

conventional (black circle) LED, and from an SJILED (d=0.38 pum, red diamond to be compared with the p-i-n diode model). The grey
zone indicates more or less where nonlocal avalanche effects play a role.

Generally, for a higher Var, hence larger W, the n(x)p(x) product increases, consequently Rqp increases (see Eq. (12)). J
also increases with V according to Eq. (5), but Rep increases at a faster rate, o J2 (see Eq. (13)), leading to a net increase in
nrap. In addition, there appears to be a tradeoff between the fr and ngap, as reported for forward-bias mode Si LEDs [40]:
the higher ngap (Fig. 9), the lower fr (Fig. 5). This tradeoff is broken by adopting p-i-n diodes or SILEDs. On the other
hand care should be taken especially for Vzr < 10V because of the increase in Fc (see Fig. 3(a)) which could influence
Brap. Fig. 9 shows good agreement with the experimentally estimated 7rap values of a lateral (conventional) pn diode and
the SJ diode (d=0.38 um). For these estimations an on-chip Si photodiode was used. However our model does not include
reabsorption, which implies that the extracted Brap may be different depending on the device architecture and (type of)
measurement. As a result, there is a discrepancy between the model and the experimentally estimated 7rap Obtained from
a vertical diode [41] (using an off-chip photodiode).

Further, for different LEDs the photon flux was measured as a function of the reverse voltage, see Fig. 10. Unfortunately
our equipment was not suited for determining the absolute photon flux, rather we were able to measure a trend. Fig. 10
shows good agreement between the measured (for the vertical diode reported in [41] and a non-optimized SJ diode) and
modeled trends for Rop against V. The inset of Fig. 10(b) shows the emission spectra of the particular SJ diode.
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Figure 10 Measured (symbols) versus modeled (Eq. (13)) trend of the integrated photon emission flux Rop for (a) a
vertical diode [41] and (b) an SJ diode (d=0.8um). Inset: emission spectra for the SJ diode.

Proc. of SPIE Vol. 11043 1104305-10

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/28/2019
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



According to Egs. (13)-(14) nrap has a linear dependence with the injector components Jy, /. Therefore it can be
increased even more by adopting for instance an LED with a separate minority carrier injector as was reported earlier [3],
[19], referred to as the CMOS n*pp* LED. Interestingly, it was reported [42] that the external quantum efficiency of such
CMOS n*pp* LEDs also increases linearly with the injector current.

For yet better FOMs the injection-avalanche CMOS SJLED, i.e. a combination of a separate charge carrier injector and
the SJLED, is proposed. Fig. 11 (a) shows an example in a bipolar transistor configuration. For a high injection current,
hence efficiency, the base Gummel number should be small. A challenge however is to prevent nasty reliability issues
caused by the positive feedback of the impact-ionization generated current in the bipolar transistor. This can be done by
minimizing the current gain of the transistor as well. Other SJ configurations such as LDMOS or FinFET structures could
also be employed. Another example could be to use an LDMOS structure in which RESURF is obtained via isolated
electrodes, i.e. field-plate assisted RESURF [43], [21], see Fig. 11 (b). Also here the current gain of the (parasitic) bipolar
transistor formed should be minimized, while there is sufficient carrier supply to the multiplication region. Finally, in
advanced FD-SOI processes actual p-i-n diodes could be realized. Although in this case the buried oxide layer should be
relatively thick compared to the multiplication length in the Si, which is not obvious on a commercial basis (hence standard

CMOS).
B
\9 l//,///’//’f S G S
et ; ;
E I —— C
e i STI/LOCQS
.
n|p n ln—+ p-body n 27
p- buried oxide (BOX)
BOX p~ substrate
(a) (b)

Figure 11 Examples of injection-avalanche RESURF CMOS devices: (a) Bird’s eye view of a bipolar transistor with SJ
collector region, (b) Schematic cross-section of an LDMOS realized in SOI-BCD processes making use of field-plate assisted
RESUREF [43], [21] via isolated electrodes (source, substrate), thereby obtaining a more uniform electric field distribution.

4. CONCLUSIONS

Closed form physics-based models for the key figures of merit, namely, avalanche current density, speed, radiative
efficiency, and energy cost per photon of avalanche-mode light emitting diodes have been derived. Various optimized
device structures have been evaluated. Good agreement of modeled trends is obtained with TCAD simulations and some
measurements. The results show that in terms of design scalability, power, speed, optical efficiency and energy cost per
photon, for the AMLED design a p-i-n or an optimized SJ diode is favorable to a conventional single-sided junction. In
addition, as confirmed by reported data for conventional AMLEDs, the results indicate that for a yet higher efficiency the
carrier supply should be increased. For this a combination of a separate minority carrier injector and RESURF LED is
proposed, referred to as injection-avalanche CMOS RESURF LEDs. This work can serve as a guideline for device
design and compact modeling of avalanche-mode LEDs, however, more experimental optical data (e.g., absolute photon
flux) are needed for a more accurate model validation and/or parameter extraction.
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APPENDIX

As discussed earlier [26], for having optimal RESURF the F, expansion should be such that at breakdown (1) the
depletion layer edge of each 1-D diode formed by a p- and n-pole should reach that of other 1-D diodes at its opposite
side, and (2) the field perpendicular to the current flow direction of the SJ device (Fy, see Fig. 2) should not exceed the
critical field at breakdown Fc of the 1-D diodes which are formed by the multiple pn poles.

For the perpendicular or y-field it can be derived that:

N
Fy(}’)zpy,m_q_D'yi (A1)

s
with & is the silicon permittivity.
At breakdown the field at the middle of the pole width y=d equals zero, and therefore from Eq. (A1) it can be stated that
Fym = "Eﬂ d < Fe ~3-105V/cm, (A2)
and hence,
ND-dSFC-%zZ-lolz cm™2, (A3)

Eq. (A3) indicates that for optimal RESURF there is a maximum limit for the product of the pole width d and doping
concentration. This also implies that for p- and n-poles different doping concentrations (asymmetric superjunctions) can
be used provided that the pole width is changed according to Eq. (A3).

Finally, in this discussion periodic boundary conditions are assumed: multiple p- and n-poles are infinitely repeated in
the y-direction. However, obviously any device has finite dimensions and so the edge termination of the SJ device should
be taken care of, otherwise premature edge breakdown could occur which is not desired. In our SJLEDs we designed the
edge termination by adopting a half a pole width for the poles that are at the device periphery, and placed them next to
the shallow-trench isolation (STI) regions.
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