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Transparent current spreading layers for optoelectronic devices
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In this paper we develop a simple model based on a leaky transmission line to assess the electrical
performance of transparent current spreading layers for application to surface light emitting diodes.
Figures of merit suitable for device design are obtained and these are applied to a range of material
systems reported in the literature. These calculations show that materials with electrical
characteristics approaching ultimate performance limits can be achieved. Furthermore, calculations
of the electromagnetic absorption of conducting layers show that further improvements should be
possible by selecting materials with the highest possible majority carrier mobilities, which enable
films of greater thickness to be grown while maintaining high transparency, leading to very low
spreading layer resistances. Ways of achieving improved mobility are also discus&a04©
American Institute of Physic§DOI: 10.1063/1.1786674

I. INTRODUCTION Figure 1 illustrates a surface emitting LED typical of most
device structures investigated to dafeA transparent con-

A critical consideration in the design of semiconductorductin soreading laver is arown. or deposited. onto the up-
devices is the requirement to inject current into the structure gsp g lay 9 : P ' P

) . . L er semiconductor surface of the LED. In the case of
in an efficient manner. The metallic bond witer intercon- P . : X . )

. . AlGalnP devices, the inclusion of a spreading layer is essen-
nec) does this through two elements: the ohmic contact an

. . ; ial since the upper surface is normally a low dogety/pe
the current spreading layer. This paper deals with the seconr%agion_ It is low doped owing to the difficulty of incorporat-

of these issues, specifically the design of transparent currenlr-]g heavyp doping into the layers during growth. A circular

spreading layers suitable for the use in optoelectronic de- : .
vices such as surface emitting light emitting diode&Ds) metal contact, of radius, is then placed at the center of the

chip, onto which is attached a bond wire. With this simple
and lasers.

The function of the current spreading layer is to ensur eometry, the diode currehyf is both injected directly across

he junction below the contaét,) and also spread out radi-

that the injected current is spread as evenly as possible acrogﬁ,y through the current spreading lay@y, as illustrated in

the whole active “near surface” area of the device. For conj:ig_ 1, wherely=I +1, As the current spreads radially, a

ventional electronics, this is achieved by the use of appropriz - ion of I (i.e., ) continually leaks across then junc-

ate highly conductive metal layers. For optoelectronic de—ion This, in turn, produces light, part of which is emitted
vices, such layers present severe limitations due to their Iac#on'] the <'jiode th;ough the trans;;arent conductor

of transparency to light. Alternative “transparent” conductive The process of current spreading has been rﬁo deled us-
layers are necessary if light is to be extracted from the diodel. g a lossy transmission line modeas shown in Fig. 1 and

In some cases, heavily doped semiconductors with a bal ig. 7 in the Appendix. In such a system, a figuré of merit
gap Eq larger than that of the active junction region of the neéds to include three.elemerm's)'the fracti,on of the diode
device have been grown epitaxially onto the semiconductor '

to form the spreading layer. An example psdoped GaP

grown on AlGalnP device structuréé.Conductive layers of TABLE I. Calculated values oR, rq, andf for a selection of transparent
thicknesses up to 1am have been grown in this way. When layers of excellent performance reported in the literafsee Ref. 4 These

epitaxial growth is not possible, deposited Iayers of Wideare for indium tin oxide(ITO), indium oxide (I0), cadmium tin oxide

. L ) . (CTO), and indium zinc oxid€1ZO). The calculations were carried out for
band gap materials Su_Ch as md'ym tn 0X|d§0) have the layer thicknesses listed in the thickness colutn

proved to be very effective alternatives. Some exan*’lﬁleé
such systems are summarized in Table I. In this paper, conMaterial t(um) R5(Q)  ry(um) f T (approximately

sideration is given to the optimum design of these layers for

. . ) 1.0 2.0 100 4.0 0.9
use in optoelectronic devices. o 05 15 114 45 0.85
CTO 1.0 1.7 107 4.3 0.85
IIl. A “FIGURE OF MERIT” FOR DESIGNING LED 120 0.7 114 a2 L7 0.9
SPREADING LAYERS ITo 0.7 2:5 89 36
ITO 0.07 25 28 11
In order to design optimal transparent spreading layers 62 25

for ?Urface emitting_ LEDs, the igentification Of_ a figur_e of &alue corrected for diode conductan@g and the low dopeg-type series
merit could be an invaluable aid for the device designerresistance.
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e . 1(F) o \| —K4(ar) ~ —= exp(- ar), (1)
metal | Id i spreading Ry Va
contact ™ I |layer

whereK;(x) is the first order, modified Bessel function of the

]%/‘//f ,,IC\MS second kinda:\s’@, andC is a constant. Equatiofl) is

low doped p-region valid in the limit whenary>1 for the regionr =r; for the
: region defined by <r, the metal contact is assumed to be an

n-region equipotential surface, with constant current dengjtyead-
ing to an injected current into the junction beneath the con-

depletion

~ 2
region tact of l.= 7rgJe.

We define the radial decay length=a~'=(R;G)™?
which is the radial distance from the contact edge where the
current density has fallen to &/of its value at the edge of
the contact. From EqA2), the spreading resistance for a
circular metal contact of radiug, is then approximately

R~ o2, @
277[‘0 G

The equivalent circuit for the whole diode is shown in
Fig. 7 of the Appendix, including the two components of
currentsl; andlg that make up the diode currehjt Sincel,
leads to very little light output since it is associated with light
generation beneath the metal contact, a useful figure of merit

o ) ) ~is therefore the fraction
FIG. 1. A schematic diagram of a typical AlGalnP surface light emitting

spreading layer

</

spreading layer

diode. The side view shows the current spreading layer sitting on top of the | 1 1 2 1 or

basicpn junction diode. Also shown are the total currépeaind the compo- f=3~ — 2 = _d. (3)
nentsl injected into the spreading layer ahdcrossing the junction imme- I Gﬂ-rg Rs 1o \;’RDG o

diately below the metal contact. The plan view shows a circular metal con-

tact of radiug, along with the radial distanaemeasured from the center of Numerical values of 4, R;, andf all provide useful mea-

the contact. sures of the effectiveness of the current spreading layers, and

are interrelated by Egg2) and (3) above. For example, a
current that is injected into the spreading layer, ig., !arge valu_e ofry Woul(_JI indicate that th_e layer is effective in _
=1./14 or, equivalently, the fraction of the spreading current/tS SPreading properties, and can be increased by decreasing
to the current injected beneath the contact, ife)J/I, the sheet resistand® of the spreading layer. The conduc-

=g/(1-g), (ii) the effectiveness of the layer in spreading thetan.CeG per qmt area IS deter_mlned b)./ the LED .junctlo.n
; o - resistance at its bias point and is a function of the diode drive
current radially, andiii) the transmission coefficient of the

. . currentl .
spreading layer for emitted photons. Ignoring for the moment the effects of the series resis-
tance of thepn junction, the diode forward conductance is
approximately

A. Spreading resistance Gy = (%_)Id =G}

Consider the first two of the above elemeits., (i) and _ _ _ .
(i)]. The Appendix presents a simple analysis of a leakyand the sheet resistance is defined tdRoe p/t=(qnuet) ™
transmission line model for the case of a circiae., two-  HeNCe,

dimensional(2D)] geometry, as illustrated in Fig. 7 of the 172

. : . 1 KT nut
Appendix. An even simpler 1D current spreading geometry  ry= — =~ (4)
is also described for a square or rectangular contact. For their VRoG lg

cur_rent spreqdlng prope_rtlgs, the s_olutlons for both 9€0ML | v+ for a constant diode currdit
etries approximate to a similar functional dependence of cur-
rent falloff with distance from the edge of the metallic con- 2rg U
tact. This paper will concentrate on the more complex — f=""" (Nueh)™. (5)
circular geometry since it closely approximates the basic sur- 0

face emitting LED structures reported to dafethough the  Equations(4) and(5) show that the effectiveness of the cur-

1D model is suitable for some laser diode structures. rent spreading layer increases as the square root of the free
Equation(Al) in the Appendix gives the approximate electron density, electron mobilityu,, and layer thickness
radial distribution of the spreading currelgtr) as t. These conclusions will be discussed later in the paper.

Downloaded 07 Jul 2011 to 131.251.133.28. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 96, No. 8, 15 October 2004 Porch et al. 4213

B. Transparency of a spreading layer 2m* 0?1 e
: .  Se) = e
A conducting medium is transparent to electromagnetic Z.¢° n n

waves provided that the photon energy does not exceed trwh
band gap of the material. For the transmission of visible light
of free space wavelength in the range 390—780 nm, a ba
gapEy>3.2 eV is required. Sinc&y~3.75 eV for indium
tin oxide® (ITO), this condition is satisfied for ITO, and will
also form the base criterion for alternative contenders for th
role of transparent spreading layers. A small selection o

S?(‘[n ﬁ ?\I trllietigtaSt rferS UItSItare Sun:r?nazﬁe?itlr: :*I'arbdm(bre skin depth and enhances the transparency of the film. This
© e.”? re Sr ghS\t,Jv Vesru ?ha?pei id reti ne ?ﬁj ted i rminéields the comforting situation that increasing the dc mobil-
ere are, Nowever, other considerations that dete of an ITO film provides superior dc propertiésnd hence

the ultimate transparency of a spreading layer. These includ%rrent spreading in LED applicationahile also aiding its
(i) absorption by free electrons, a(it) absorption by defects optical transparency.

which produce impurity levels within the band gap. To quantify this discussion, assuming that=1.6

X 10 ecm® and 7=3.3X10%s sets the plasma wave-
lengthh,~1 um (i.e., in the near infrargdand the dc mo-
1. Absorption by free electrons bility at ue~50 cn?V~1s™ [also assuming that(0)~3r
~ 1014 s]. Transmission of red light at 700 nfwhich will
yield a lower limit of the skin depth in the optical spectrum
since &(w) = 1/w?] has an associated skin depth of Leh
calculated using exact analygisxr about 2.0um using the
approximate analysigq. (7)]. Hence, there will be less than
13% decrease of the optical power due to electromagnetic
absorption in ITO films in the visible spectrum for film thick-

(7

ereZ,~ 179 is the wave impedance of ITO in the limit

> wp, M* ~0.35m, is the effective mass of conduction

and electrons, and is their scattering time at optical fre-
guencies. Hence, the simple functional dependences of Eq.
7) show that while increasing leads to a reduction in the

%kin depth and an associated reduction in the transparency of
he film, an increase in dc mobility actually increases the

A conducting film will be transparent if the frequenay
of the incident light exceeds the plasma frequeagy(as-
suming also, of course, théaiw <E,), but otherwise highly
reflecting. In this statement, it is assumed implicitly that the
thickness of the filnt is less than the electromagnetic skin
depth & (this point will be reviewed beloy It has been

shown that the optical properties of ITO are fairly well de- nesses up to around 100 rfite., up to abouw/14, so that

scribed by the Drude model of a free electron Yaslsing the optical power transmitteTi~ exp(~2t/ 8) ~ 87%]. The dc

the Drude model it can be shown that a film is nonreflectweconductivity of the film iso(0) =nque~1.3x 10* S cn, s0

§hat a film of thicknes$=100 nm would have a small sheet
resistance oR;=1/0(0)t=8 (), an encouraging value for
t%urrent spreading layers.

If electron mobilities in excess ofi,~50 cn?V1s?
could be achieved while maintaining the high free electron
density(but keeping the plasma edge in the infrgriebn the
n (cm™) < 1.6 1077/\§ (nnd). (6)  benefits for current spreading layers would be twofaig:

For efficient transmission of the whole visible spectrum?learly’ the dc conductivity would be increased, thus reduc-

(including red light of wavelength up to 780 nyithe free ing the sheet resistance, kiif the skin depth would also be

electron density should therefore not exceed 2 d’ncreased, allowing thicker films to be grown, and even fur-

x 1071 cm™3. To allow a suitable “safety margin,” the plasma ther reducing the sheet resistance. For example, exact calcu-

wavelength is assumed to beun (i.e., in the near infrareg lations of the skin depth show that for the red light transmis-

in which case the maximum tolerable free electron density i%ion’ if the dc mobility could be_ increased by a factor of 2 for
Ninax= 1.6X 107 e, ixed n then the skin depth increases by the factor 1.97

Published dafi’ suggest that this value has already been[Slmple modeling using Eq(7) predmts a factor.of 2 in- .
attained in amorphous ITO, indium oxidk®), and cadmium creasé One would then expect this factor of 2 increase in

tin oxide (CTO) layers deposited on glass. To maximize thethe. mobility t(.) enable a factor of 4 deqrease n the sheet
dc conductivity o(0)=nau.=ncPH0)/m* of such layers, r§5|stance Whlle.preservmg the same optical properties of the
and hence reduce the dc spreading resistance for LED-basBHn’ a very significant result.
applications, clearlyn cannot be further increased without
shifting the plasma edge to within the visible portion of the
spectrum. Therefore, the issue of how the electron mobility A second source of photon absorption is impurity energy
me=q7(0)/m* can be further increased in thesdype layers levels within the band gap arising from crystalline defects
needs to be addressed, together with the effects of this irend impurity complexes in the films, which lead to photon
creased electron mobility on the optical properties of ITOabsorption at energiesEy. Such impurity centers have been
layers. observed to occur in both sputtered and thermally deposited
Porchet al.” have addressed this issue by calculating thethin ITO films® and could account for the absorption seen.
skin depthé as a function of mobility and carrier density at Absorption gives “as-deposited” films a yellgaputtereglor
frequencies above the plasma edge, the most important resgitay (evaporateflappearance, and can be partially removed
being by the same annealing process used to improve the conduc-

\p=2mc/ wp, Wherew, is the plasma frequency. Using values
from the literaturé for 1TO, the free electron density for
optical transparency at some incident free space waveleng
\o Must satisfy the equation

2. Absorption by defects and impurities
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FIG. 3. A schematic of a herring bone geometry device, an alternative to the
simple circular geometry used in the basic structures shown in Fig. 1. Ref-
erence 1 gives other examples where the ratio of peripheral length to contact

60 , . . . — . . area is optimized.
0.0 0.2 0.4 0.6 0.8 1.0
Film Thickness (um) below the figure of 8% per micron achieved by the best

reported techniques. Results from sputtered fifs and
FIG. 2. A plot of the transmission coefficiefitas a function of the ITO  magnetroh have already achieved this gdar.** Sputtering
!sayr(;r tgi:kgs_f_i fg;etwgefx”ed":aes;"'lp'isiei ?ﬁr g‘f,ﬁoifec’ngﬁnpey;f’e'gm and vacuum evaporation are preferred techniques for film
iti . , i u - . . .
tr?err)r:al e?/aporzra(ted Iayesege(Ref. ?(data szt B, clozed circlesThese are deposmon be(f‘ause thEy are compatlble with present semi-
typical of the range of values reported in the literature and indicate thaconductor device technology.
excellent results can be obtained with low sheet resistaineesR =2 ).

IIl. MATERIAL AND DEVICE DESIGN
tivity and electron mobility of the ITO. The fact that im- CONSIDERATIONS

proved transmittance occurs simultaneously with increase
free carrier density, coupled with the fact that the improve
carrier densityn=10?*cm is below the value of 1.6 Equations(3) and(4) provide the figures of merit and
X 10?1 cm2 calculated earlier as the critical upper lirfiiq.  r for the design of the current spreading layers in a surface
(6)], would suggest that the major source of absorption iremitting LED of circular contact geometry, both of which are
these films is due to defect/impurity levels, rather than frommaximized by minimizing the sheet resistariRe, i.e., by
free electrons in the conduction band; this is also in agreemaximizing the productnuct)¥2. However, as discussed in
ment with the discussion of the preceeding section, where ithe preceding section, increasing eithesr t can give rise to
was shown that the optical skin depth in the films was largea reduction in transmittance.
(typically >1 um). The consequence of impurity/defect cen- One remaining factor in Eq3) that can be varied is the
ters is the unacceptably large value of absorption observed icontact radiug,. The fractionf is proportional torgl and
some sputtered and thermally evaporated Ié’yerfs ITO hence increases ag decreases. This is simply a conse-
compared with those reported which have been fabricated bguence of increasing the ratio of the contact perimeter,2
other technique$®** to the contact arear2. As a design parameter, this is very

A plot of two reported sets of data is shown in Fig. 2. Up limited for the simple case of a circular contact for two rea-
to film thicknesses of around Am the transmittance curves sons. First, there is the practical issue of the minimum con-
can be fitted approximately to a straight line tact area being dictated by the bond wire contact. Second, as

T(t) = T(0) - At ®) the 'contact radius, dgcreases, the total light em!tting area

' (which scales approximately agrq) decreases, which in ef-

where T(t) is the transmittance at depth T(0) the corre- fect reduces the total optical output power of the diode.
sponding value at the surface, agdthe absorption coeffi- The maximization off is better achieved by using alter-
cient. The values oB obtained for the two curves shown in native contact geometries which suit more favorably the cri-
Fig. 2 are 0.19um)™! (thermally evaporated and teria of increasing the ratio of the contact perimeter to the
0.08(um)™* (spray pyrolysis The lower experimental fig- contact area without the penalty of a loss of emission area.
ure of about 8% per micron for the spray pyrolysis techniqueThe review by Kish and Fletchkdiscusses alternative con-
is an excellent result, but the absorption of the thermallytact geometries. Another contender is the “herring bone” ge-
evaporated ITO is too high for practical applications. Thereometry shown in Fig. 3. This can also combine a high emit-
is, however, evidence that the annealing of films in an inerting ratio of peripheral length to contact area. The separation
atmosphere improves the transmittafic@he thermally of the spines by a distance @would ensure that the whole
evaporated layer in Fig. 2 was deposited on a heated sulghip outside of the metal contact emitted evenly. To achieve
strate (at 250 °Q but had not been subjected to any postthe full effect, the metal contact between the bond and the
deposition annealing. Using a heated substrate improves tlextreme end of a finger must have an excellgr., low
transmittance of the layers substantially. Nevertheless, thealue) of sheet resistance to ensure that the metal surface is
present result of about 19% per micron is still too high. Themaintained as an equipotential surface. This is necessary to
objective must be to reduce absorption to a level of around dkeep the voltage drop between the contact bond and the ex-

. Maximizing the current spreading
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treme end of the metallization very smaléss than about transmittance when extrapolatedtte0. The corresponding
0.01 V), which would ensure that the whole region of the values of transmittance are 89.6% for a pyrolitic sprayed ITO
diode is turned on and thus emitting efficiently. The use of &ilm of thickness 1um and 73% for “as deposited” thermally
double bond at positions marked by the crosses in Fig. vaporated ITO film of thickness 08m. The result for the

would help in this context. pyrolitic film is excellent and at um thickness such a film
would prove to be an almost ideal current spreading layer.
B. Carrier density and mobility Thermally evaporated or sputter deposited films have the ad-

The analysis presented in Sec. Il B 1 derives an approxiv@ntage that their technology is compatible with present
mate upper limit to the free electron densitp~1.6 sem|conduc_tor dewcg technology. It has already begn shown
X 107 cm®) to ensure that a conducting film does not be-that annealing the film to modest temperatures improves
come reflecting within the visible portion of the spectrum. their spreading layer characteristftshat is, it produces a
Values of this order of magnitude(5x10%° to 2  significant increase in free electron densityelectron mo-

X 10?1 cm™3) have already been reporfetf**and some of  bility e, and transmittancé. Therefore, there might be op-
the key achievements are summarized in Table I. ITO, IOfimism in the view that isochronal annealing can provide a
and CTO**®%n particular, have been reported to have freesuitable technology for vacuum deposited ITO with perfor-
electron densities in excess of22@m 3. It may therefore be mance levels comparable with those of the pyrolitic spray
concluded that the potential for further decreases in sheetnd sputtered films.

resistanceR by increasingn alone is very limited. How- Also shown in Table | are the calculations of the figures
ever, Eq.(7) shows that the absorption of photons by con-of merit ry and f for a selection of results reported. In the
duction electrons decreases with increasing electron mobilitirst three cases the loweRt; are selected, regardless of the
Me, SO that an increase ip would both increase the con- deposition technique used. These “best results” are for
ductivity directly and aid the transparency of the film; this |TQ,10, CTO, and 1ZO and the transmittance data reported
means that thicker films can be grown, so that the shehgicated that films up to fsm thick can be deposited with
resistance is reduced by a combination of both increased M@y cellent values of transmittandee., very low values of
bility and film thickness. At the present time the reportedbssﬂ in Eq. (8)]. Two other results are also included, both

electron QOb_illitXl values for|3 thO hrange h from for thermally evaporated layers and the technology used by
10 to 40 cm V™" s~ Morgan et al” have shown that an \;.0an ALOfi, and Aliyf for LED device fabrication. The
increase in mobility correlated closely with an increase Nt result cited is for a layer of thickness Qu8n which had
grain size. Howeyer, an unresolved ISSU€ IS b.y how muph thﬁot been annealed after deposition but was deposited onto a
mobility can be increased by annealing. It is of particular N o i
. substrate held at 250 °C. Such layers exhibited an unaccept
concern that any annealing of an LEDs structure must bé

compatible with interface stability. This point has been em-ably high total. film absorptio(lz19% at 0'8'“m_' but a Very
low sheet resistance of 2®. The final result in Table | is

phasised by Morgan, Aliyu, and Buntewho reported that X )
ITO-GaAs Schottky contacts became ohmic on annealing. 1f°" @ thermally deposited layer of thickness 70 nm, corre-

the present context, however, an improvement in ohmicity ofPONding to the actual layer used in LED fabricatfohis is .

the ITO-semiconductor interface would improve device per2 Very thin layer and consequently, while the total absorption

formance rather than degrade it. in the film will be low, the corresponding sheet resistance
In the context of increased mobility, it is possible that fises to 25Q).

more complex spreading layers might need to be investi- Thus in the device structure a valueRf=25(} yields

gated. A recent publicatidh reports crystalline values ofry=28 um andf=1.1. Increasing the ITO thickness

INGa0y(ZnO) transparent layers with a mobility of up to to 1 um would result in major improvements in perfor-

140 cn?t V~1s™% and one might speculate that potential val-mancery would increase te=100 um andf to around 4. All

ues up to 200 cAV s might be achievable. This would the values were calculated for a drive current of 20 mA. It

be an increase of an order of magnitude over the mobilitymust be remembered, however, that increasing the thickness

values reported on polycrystalline layers. to 1 um would depend critically on ensuring a “state-of-the-
art” reduction in film absorption, as discussed earlier.
C. Comparisons with published results Consider again the value of,=28 um for the actual

Table | summarizes a selection of the best results reglewce structure fabricated by Morgan Al-Ofi, and AI|§/u,

ported in the literature for a range of transparentthis Woulo_l appear to pe u_nder half_the yalue observed experi-
conductoré™* Also shown are the sheet resistance values calMentally (i.e., shown in Fig. 4, which yields-74 um). The
culated on the basis of the resistivities and film thicknesse§@lculation ofGy, however, ignores the series resistance of
reported. These values & confirm that sheet resistances the relatively low dopeg-type cladding region, which is in

as low as 2) are achievable with ITO, 1.7 for CTO, and  Series with the junction depletion resistance. Its effect would
1.5 for 10. In the first two cases the value bf1 um and  be to decreas@, and, consequently, to decrease the effective
in the last case=0.5um were measuréd® and used to conductance per unit aré Using the actual device values
calculateR. Published ITO dats’ indicate that optimized for the resistivities and thickness of these undepleted semi-
layers exhibit excellent values for transmittan@gg. 2). conductor layergMorgan, Al-Ofi, and Aliy§), the series re-
Both curves shown in this figure converge to 90%-93%sistance reduces the value 6f from 5.72x107° to 1.06
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FIG. 4. Plots of light emission as a function of radial distancétained by 1 10 100
photodensitometer scans across the negatives of the device emission photo- Sheet Resistance (Q)

graphs for a range of different LED chigsee Ref. 2 The curves corre-

spond to(a) GaP current spreading layeESL), (b) GalnP CSL plus ITO, g1 5. A theoretical plot of the ratid of the current injected into the

(©) ITO only CSL, and(d) no CSL. spreading layer currer to the current injected directly across thejunc-
tion below the metal contatt [EqQ. (9)]. The points on the theoretical curves

5 2 L . would be the values appropriate to published values of sheet resistance
X 10 Spm™ This, in turn, increases the calculated value, , csr " reported for CTO, ITO, and 1Z0. Also show®) is the value

of rq from 28 to 62um, which compares favorably with the actually of an ITO layer of a LED structuresee Ref. 2 scaled up to a
experimental valifeof around 74um. thickness of 0.7um.

Some caution needs to be exercised in estimating the
value of ry from the experimental profiles reported in the

literature*** For the data of Morgan, Al-Ofi, and Aliju P : ; ,

(Fig. 4), the profiles were obtained by densitometer scanélmad with a video camera a_nd a video analyzer was useq 0
across photographic negatives. In the case of LEDs with relar-naket thti measturetmenttr.] Itis n(i:]'krllown Wg.e th?r the region
tively poor spreading layergurve D of Fig. 4, the profile hear to the contact on the 1im thick spreading layer was

; G exhibiting a similar saturation effect as that shown in Fig. 4.
hows the exponential falloff with distance from the contact . X .
Snows P ! wieh dis Using the LED data of Morgan, Al-Ofi, and All)?l(con-

edge predicted by Eq1). In this casey can be easily mea- . " . - B

sured. As the sheet resistanRg decreases then two diffi- tacE radiusro=50 um, d|od<_a drive currenty=20 mA, and
culties arise. The first of these arises due to the limitations o?d_OA S then we may write Eq(3) as
the photographic film used and is exhibited by the three pro-

files shown in curves A to C of Fig. 4. The regidtZ shows

the strong predicted exponential decay. However, redign fo 2 ) ™ 5.6 )
exhibits a slow saturation effect due to the saturation of the roVRoG G4Ro \;’RD(Q)'

emulsion in the photographic film. It is in this central region ) _ . N -
near to the metal contact that the brightness of the diode is ' NS relationship is shown logarithmically in Fig. 5. Also

highest and its true peak value cannot be estimated. All th&"0Wn on this figure are the points corresponding to the best-
data shown in Fig. 4 are normalized at this point and therev@!ue data used for Table | The ITO, IZO, and CTO data give

fore the true form of the radial decay is hidden by the limi- values off in excess of 4, which is a clear iqdication of their
tation in the experimental procedure. The consequence &xcellent current spreading performance. Figure 5 also shows
this is that it is not possible to estimatgwith any degree of (h€ corresponding values for the actual ITO layed nm
confidence and therefore to test experimentally the relationNiCk) used in the devices of Morgan, Al-Ofi, and Alfyu
ship in Eq.(1). A second problem arises from the finite size Here,f still has an acceptable value of 1.1, indicating that the

of the LED chip. The analysis presented in Sec. Il A assumeltal diode currenty is almost equally shared by and ..
that the radial current spreading occurs in an infinite transHoWeVver, it should be noted that using the corrected value of

mission line. When the sheet resistafeis high then this diode conductance, taking into account the LED series resis-

indeed is a good approximation and the expected exponentiince of the low dopeg region, brings the value df up to
decay is observet’'*As R decreases, however, begins

to approach the chip edge which restricts the outward move-
ment of electrons. The consequence of the finite chip size is
that initially a shoulder appears on the photon radial distri-
bution, which in the case of very low values Rf; results in e 140 m

a constant intensity, as is clearly observed in some published ¢ \% -

data®** In the latter case, where the GaP spreading layer is

15 um thick, the whole chip is approaching a constant light

output. While this is very desirable from a practical LED so that, in terms of the distanceneasured in units of micron
point of view, it corresponds to a regime where the transmisfrom the center of the contact, the following approximation
sion model presented earlier is inoperative. The profiles reholds for the spreading current

ported by Fletcheet al* were obtained using a microscope

We can use the same basic diode data to show that
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spreading current, Is
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FIG. 6. The spreading currehf normalized to the total diode currehtas r
a function of the radial distance from the contact center calculated using Eq. 7
(10) for a contact radius of 5@m for three values of spreading layer sheet d
resistancei.e., 1, 10, and 100)). I 1,
1/Gnrg R,
Ry
I(r)cexp ——— /. 10
) p( 140 ) (10

Figure 6 shows a series of plots lqfr) versusr for a range
of sheet resistancd®- from 1 to 100Q) for a chip of area FIG. 7. Details of the geometry of the 2D transmission line model: the
400x 400 MmZ (as reported by Morgan, Al-Ofi, and A|i§)1 device structure, the transmission line model, and the final circuit for the
This shows that the current spreading reaches across th&P:

whole chip whenR;<<10 Q) and indicates clearly that with

present technology, with reported values Ry as low as ported. This paper shows that further improvements will
1.5Q for a 1 um thick layer, excellent spreading layers canhinge upon increasing the electron mobiligy. Increases in

be fabricated which are compatible with semiconductor demobility contribute directly to increased conductivity and re-
vice technology. duced sheet resistance.

Earlier in this paper it was noted that layers with doping ~ With regard to film transmittanc&, some deposition
densities near the limit of 16 107! cmi™® have already been techniques are already capable of producing ITO layers of
reported for ITO, IO, and CTO. If the present mobility values almost ideal performance with absorption as low as 8% for
of up to around 40 cAV~ts™ can be raised up to around 1 um thick films. An objective must now be to obtain these
100 cnt V™t s™! by heat treatment, by using more crystalline low values with vacuum deposited layers compatible with
structures, or by using new materials systthtken values semiconductor device technology.
of RH<<1Q could result. This is clearly an achievable goal
for optoelectronic device applications.

APPENDIX: LOSSY TRANSMISSION LINE MODELS
IV. CONCLUSIONS FOR CURRENT SPREADING LAYERS

In this paper a simple model based on a circular leaky

transm?ssion line is developed_ for the_ performance Qf currenltent spreading layer with its lossy transmission line equiva-
spreading layers. The model is applied to conductive tranﬁ'ent circuit. We take a annular unit cell of widthr posi-

parent spreading layers of the type used for optoelectromﬁoned at some radial distancg=r) from the center of the
devices. Figures of merit based on the approximate exponen- —

tial decay length 4 and the fraction of total curreritinjected ~ circular electrode(of radiusro). We assume thaR is the
radially into the spreading layer are proposed as a basis fdesistance per unit length of the spreading layer @rid the
evaluating potential material systems. The predictions of théonductance per unit length of the diode of the LED under-
equations derived here are compared with the experiment&eath it. Definingt, p, andR;=p/t to be the thickness, re-
results obtained in the authors’ previous studies and witf$istivity and sheet resistance of the spreading layer, respec-
those obtained from the literature. tively, and G=dI/dV the conductance per unit area of the

From these results, it may be concluded that currentliode, we may writdcR=R5/2#r andG=2#rG. For simplic-
spreading layers with electrical characteristics approachingy we assume tha6 is independent of voltage above the
their performance limit can be achieveide., free electron knee voltageV, of the diode, in which case circuit analysis
densities near to their limit of  10° cm™ have been re- of the unit cell yields for the voltag¥(r),

Figure 7 shows a simplified 2D model of a circular cur-
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dv 1dv
——+-—=-d%(V-Vp) =0 (e?=R0),
e a“(V-Vo) =0 (e =RG)

which has solutionsV(r)=Vy+AKy(ar)+Blg(ar), where

Porch et al.

1 /R 2
I5(x) = exp(= ax), R~ ED fzw—@m@,
\!

14(x) andK(x) are zeroth order, modified Bessel functions of Wherex is the distance from the contact center.

the first and second kinds, respectivély and B are con-
stant$. For a spreading layer of radii&>r, we requireB
=0, so the spreading curreh{r) is

27r dV | G
I(r)=- Ea =~ 2mAr R—DKl(al‘), (A1)

whereK;(x) is the first order, modified Bessel function of the

second kind. The spreading resistafitds then

_ Vg 1 R Kolary)

- Is(ro) - 2’7Tr0 G Kl(a/ro)

(A2)

in terms of which the current spreading factérandg, and
the constani are

P (OB S ¥ (0 B
Il @GR/ lg  1+ariGR/
lq
A=gly= ——.
9= v mGR
In the limit whenary>1 we find that
1 |Ro
I(r) < exp(- ar), ~—\—,
s(r) = exp(-ar), Ry 2,V G
fz?ocv’z_
ro\J'RDG

Identical 1D modeling of a square contact of sillevith
two adjacent spreading layers of lendtlW (as appropri-
ate for the geometries of some laser digdgslds the fol-
lowing very similar resultgvalid for all aW):

The validity of the approximatioary,> 1 for 2D current
spreading depends on the properties of the both the diode
and spreading resistance. The diode conductanc&is
EGm%qudlmk'l', SO thatarozv’RDGrOE\r’/RDGd/ﬂ-. As-
suming thatm=2 andl =20 mA (typical of a practical LED
application gives G4j=0.4 S. There are only minor differ-
ences in the spatial dependence of the spreading current in
the 1D and 2D contact geometries for valuesaof,<1;
when ary>1 both give rise to the same exponential falloff
with distance from the contact edge.
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