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Abstract—A model to explain the current dependence of the external Wi [N ls Jao Js
guantum efficiency of GaAs LED’s is presented. First, this efficiency
increases with the current due to the relative increase of the diffusion
current in the total current; then, it remains constant since the diffusion v
current becomes dominant and finally, decreases due to series resistance =8 Metal contact Y=S

effects, in absence of thermal effects. —

Fig. 1. Cross section of one of the elemental units that constitutes the IRED.
|. INTRODUCTION On the right, our assumption as to how the current density flows through the

evice is shown. Also shown is the elemental volume that is used to solve

. It has be_e_n reported n Solme papers that, in practlcgl _G % current continuity equation. On the left, an equivalent circuit is sketched,
infrared emitting diodes (IRED's), the external quantum efficiencie units ofr; being© - cn?, andV; the voltage drop in the junction.

first increases, reaches a maximum and then decreases with the
injected current [1]—-[3]. Also, it has been reported [4]-[6] that there
is a sublinear characteristic of light intensity (equivalent to a drdgfstribution in the device take the form
in efficiency) as a function of current, at high currents. One of the 1 dVg i
references [4] explains that the drop in efficiency is due to thermal I = T on dz () = Va(r) =y s (2) @
effects, and others [1], [2], [6] attribute the drop not only to thermal
effects but also to the influence of series resistance effects. Anotérere Ve is the voltage in the emitter referred to ground; the
paper [7] presents an analysis for the external quantum efficierRfitter resistivity and» = psWs, ps being the base resistivity.
at low currents. However, these papers do not include an explidiie current continuity equation applied to an elemental volume as
model of the external quantum efficiency, as a function of the currelie one showed in Fig. 1 is
density, that shows the influence of series resistance effects on the 1 Ts  d®Ve(a)
efficiency. The purpose of this paper is to deduce such an expression s _ 7B # — RrJgr(r)=0 3
and explain our experimental results on the basis of the derived di ts di
theory. where R, = pu/tr is the emitter sheet resistivity. The boundary
conditions necessary to solve the equation abové’a(@) = V' and

Il. THEORETICAL MODEL dVe/dz(S) = 0, which reflect the fact that a voltagé has been
iié:iplied to the emitter metal electrode and the fact that, by symmetry
considerations, there is no current flow through the plare S.

To carry out the analysis we consider the device as a paral

interconnection of rectangular unit cells, periodically spaced in:the . . . .
9 ' P Y sp : The unit cell may also be considered as a parallel interconnection

direction by2.S. We also restrict the analysis to a simplified structur f two diodes: one under the metal and another under the uncovered

con5|st|ng of an em_ltter and a ba§e region. we assume that the Cunga}on. The considerations above refer to the last diode. The current
flows horizontally (in thex direction) in the emitter and vertically

. R . : . density under the metal electrode is assumed constant awdhd
(in the = direction) across the junction and in the base. When t y

. ; . . ) . . given by.Jpo = Jg(0). So the current injected is
current flows in the emitter, there is a voltage gradient in this regi yJBo 5(0) I
depending onr due to the presence of the emitter lateral resistance. _ i
Therefore, we assume that the currents in the emitter, in the base and I'=Ampo+ // To(x) duv dy “)
across the junction are only functionsaf Then, the current density Ag

that flows across the junction takes the form Jso can be an initial given excitation condition or calculated from (1)

Vi(x) Vi(x) and (2), forx = 0, if the given initial variable isV. A,,; represents
2, + Jor exp v, (1)  the area covered by the metal electrode and the uncovered area
and therefore, the area through which the external emission of light is
where V;(z) represents the voltage drop across the junction apassible. The integral of (4) allows one to define an average emitter
Vi = kT'/q. The first component represents the nonradiative recorodrrent,./ 4. If equation (4) is divided by the total device are4,
bination current in the space charge region and the second one,wleecan writeJ = Fir.Jpo + (1 — Far).Ja, whereFy, = Ay /A and
recombination current in the neutral regions that is mainly radiativeepresents the fraction of the area covered by the metal.
For low injection, currents in the emitter and base neutral regionsThe set of (1)—-(3) has been extensively studied in [8] and its
cause a voltage drop that can be determined by Ohm’'s law. Tgeneral solution, valid for our case study, can be found there. We
current density in the emitter and thedependence of the voltagereproduce here this solution adapted to our present notation and sign
conventions. The solution consists of a) An expression.fior[8,
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Fig. 2. Structures of the fabricated diodes: (a) GaAs homojunction and @BaL . As heterojunction.

TABLE |
PARAMETERS OF THE FABRICATED DIODES

Diode | K(%) | Fu | Jor (Adem®) | Jo (Alem®) | Adent®) | d(pm) | Re(€/D) | r(Q cm?) | 1(Q em?)
2345 | 092 [0.09] 13107 | 5310™ | 0.11 10 1827 | 3710° | 52107
4345 | 088 [0.09] 13107 | 5310™ | 0.11 10 1827 | 3710° | 5210°
R46-1| 6.0 [0.09] 3.010%° | 7.010" | 0.11 10 55.4 1410° | 1.110°
R49-7] 30 [0.15] 3.010% | 7.010™ | 0.01 10 55.4 4410* | 1.110°
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Fig. 3. Current dependence of the external quantum efficiency, theoretical (solid line) and experimental (symbols). The scalaxis titethe left is for
the diodes with the structure shown in Fig. 2(b) and the scale inytagis at the right is for the diodes with the structure shown in Fig. 2(a).

where Jgs = Jg(S) andr. = RgS*, and b) A relationship to external quantum efficiency as
calculate.Jgs as a function of/zo [8, Eq. (B3)]

—1/2 Iy = K// Jo1 exp ‘/‘]‘(rq ) dx dy
7 Fac (T8 Jae — 17 Vi
Vi |Jms 5 Jrs — V4 X
—1 | Jes JBs Vi 1/2 J) = Ion _ K ff Jo1 ex —‘](l) dx d; 7
- cos —(1- S A — g, Next (J) = = - o1exp ———=dxdy (7
|:JBO < JBO) Vi — 7’bJJ:35:| (2rs) 1 AJ i Vi
a1 Vi—rmdBO _ o 12
- cosh <m i JBs ) = (2re) ©®)  where K is a proportionality constant.

The study has been carried out into different ranges of current
It will be assumed that only the diffusion component of the totah order to simplify (1), (5), and (6) and determine the analytical
current flowing under the uncovered area is effective for radiaekpressions for the external quantum efficiency (7) in each of these
emission. This allows us to write the light intensify, and the ranges.
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1) Region | (Low Currents):In this case, the series resistance efexternal quantum efficiency, measured as explained, is shown in
fects do not show up and therefore, there is a uniform distributidfig. 3 by symbols. The theoretical external quantum efficiency for
of the current. Hence, all the-current components are constant anthese devices, obtained from the model, explained above, with the
equal and given bysq = J4 = J = I/A. The resulting expression parameters given in Table I is plotted by solid lines. It can be observed
for next(J) is obtained from (1) and (7) that there is a satisfactory agreement between experiment and theory.

1)} @

(1

2) Region Il (Medium Currents)At high enough currents, one We have obtained the functional forms for the current dependence

may consider the space charge recombination current negligiblR®n the external quantum efficiency, in the different regions of
compared to the diffusion current and the external quantum efficieriy¢ variation of the current. At low current values, the increase
tends t0nex 11(J) = K(1 — Fu). in’ efficiency with the current is explained by the presence of the
3) Regionﬁlll-A (High Currents):ln the third region, where the SPace charge recombination current (fundamentally non radiative) in
series resistance, or non uniform distribution of the current effedf2 total current. At high currents, the drop of the efficiency, that
begin, for the common situation in which > , and for current @PPears in absence of thermal effects, is explained by nonuniform
densities greater tha¥;, /r., (5) and (6) can be approximated to givedistribution of the current (series resistance effects) throughout the
) device. The theoretical equations obtained present a good agreement
[ 2V
Ja=4/JIBo Tl- 9)

with experimental data.
If we assume again that the space charge recombination current is
negligible then the external quantum efficiency can be expressed as

2
:]02

"~ 2Jo

4Jo1J

— =
JO'Z

7]cxt,1(J) = If(l - FM) 1

IV. SUMMARY
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consists of an AlGa —..As heterojunction doped with silicon in both
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