JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 8 15 OCTOBER 2001

Current crowding in GaN /InGaN light emitting diodes
on insulating substrates

X. Guo and E. F. Schubert?
Department of Electrical and Computer Engineering, Boston University, 8 Saint Mary's Street, Boston,
Massachusetts 02215

(Received 30 October 2000; accepted for publication 23 July 2001

GaN/InGaN light emitting dioded_EDs) grown on sapphire substrates have current transport along
the lateral direction due to the insulating nature of the substrate. The finite resistancenyplee

GaN buffer layer causes thmn junction current to be nonuniform and “crowd” near the edge of the
contact. The current-crowding effect is analyzed both theoretically and experimentgibgifbe-up

mesa structure GaN/InGaN LEDs. The calculation yields an exponential decay of the current
distribution under th@-type contact with a characteristic current spreading lerigtht is shown

that GaN/InGaN LEDs with higlp-type contact resistance apetype confinement layer resistivity
have a relatively uniform current distribution. However, aspigpe GaN conductivity ang-type

ohmic contact conductivity is improved, significant current crowding near the contact edge will
occur. The current crowding effect is analyzed experimentally in GaN/InGaN LEDs emitting in the
blue spectral range. Experimental results show the light intensity decreasing with distance from the
contact edge. A current spreading lengthLgE525um is found, in good agreement with theory.

© 2001 American Institute of Physic§DOI: 10.1063/1.1403665

I. INTRODUCTION Il. THEORETICAL CALCULATION OF CURRENT
CROWDING

In recent years, GaN and its alloys with InN and AIN ) )
have attracted much attention due to their suitability for blue, .Next, we analyze the current-crowding effect in Igtergl
green, and ultravioletUV) light emitters as well as for high- P-Side-up mesa-structure GaN/InGaN LEDs as shown in Fig.
power electronic devices? Extensive research has been 1(a). Thep-type contact resistance and the reS|stances. of 'Fhe
dedicated to improve thp-type GaN material conductivity "-tyPe andp-type layer are taken into account by the circuit
andp-type specific contact resistantélt is well known that ~ model shoyvn in Fig. ().
the resistance of the-type ohmic contact and thp-type Assuming that the-type metal contact has equal poten-
confinement layer constitute the major device resistance dfal and itis grounded, the application of Kirchhoff's current
GaN based light emitting dioded EDs). However, novel law to the nodes yields
concepts for ohmic contacts based on superlattices promise 2y, pn 1 ev,

= 0 ex;{ ﬁ) -1

lower p-type contact and bulk resistante.

In GaN/InGaN LEDs grown on insulating sapphire sub-
strates, mesa structures with lateral current injection argvhere the symbols have the following meanimgelemen-
used. Due to this geometry, the finite resistance ofthype  tary chargek:Boltzmann constanfT: absolute temperature,
material of the GaN buffer and lower confinement layert,, and p, :thickness and resistivity of the-type layer, re-
causes the current to “crowd” near the edge of the contactspectively,w:width of the LED structure],: diode satura-
Current crowding in LEDs and lasers has been addressed tion current,V; : voltage drop across the active regidf(x):
several publication&-® However, these publications did not potential at a node located at positianand dV:potential
take into account the finite resistance of the semiconductadifference between two adjacent nodes separatatklajong
on both sides of then junction. It has also been shown the x direction.
experimentally that the current crowding increases with LED ~ Expressing the saturation currert) in terms of the
aging® The cause of this effect is not yet fully understood. saturation current densityt (= Jodxw) yields

In this article we analyze the current crowding in 42V v
p-side-up mesa-structure GaN/InGaN LEDs. The studied _Pn exy{i)—l .
model takes into account the resistance of the cladding layers dx®  t, 70 KT

In the case of negligible resistance in thaype layer

d(pn/tn—>0), i.e., vertical current transport pattern, E@)

on both sides of then junction. It is shown that the current
crowding problem is an important factor for large-area an

high power devices. It is also shown that current crowding:ap, pe solved. Thompsbnalculated the spreading length in
will become more severe when tigetype specific contact 5 o iunction diode by neglecting the resistivity of theyype
resistance ang-type cladding layer resistivity decrease. layer. In that study, the material resistivity of the tpfiype

layer was taken into account but the lowetype layer re-
dElectronic mail: efs@bu.edu sistivity was neglected. However, in GaN/InGaN LEDs with

, ()

dx2  wt, dx

2
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[— p-contact In order to solve the differential equation we restrict our-
g selves to the forward-bias operation of the diode. In this case,
n-contact | the junction voltage is much larger th&id/e;
- gziyvp:r‘j;:n v (i) Forward biasV;>kT/e and expeV, /KT)>1.

Furthermore, we assume that the voltage drop across the
p-type series resistand®, is much larger thakT/e;

n-type GaN %,/
(i) (pe+ pptp)Jo €XPEV, /KT)>KTle.

———— >  Insulating
x=0 xdirection  substrate | ' This condition applies to state-of-the-art GaN/InGaN LEDs.
- For example, in a typical GaN/InGaN LED, with specific
(a) p-type contact resistance of 19Q cn?, operating at a cur-
rent density of 30 Acm? (30 mA for the experimental
[ P-eontact sample discussed in the next secjidhe voltage drop across
the series contact resistance will be 300 mV, much larger
}Con‘f.’ct&P-layef than kT/e (26 mV for T=300K). This approximation can
resistance, Rv .
n-contact also be written as
} Voltage drop = V;
e ev;| e
n-layer resistance, Rn k_-r(pc+pptp)JO AT T k_'l'RUI = 6)
< e < d >] . o .
Using the two approximations outlined above, Es).can be
(b) simplified and written as
FIG. 1. (a) Schematic GaN/InGaN LED structure with lateral current path. d2v. e (dV.\? p kT
(b) Equivalent circuit model used for analysis. —21 + — B LI J— (7
dx kT\ ds (pctpptpt, €

Solving Eq. (7) for V; and inserting it into J
=Jo exp@eV;/KT) yields the solution of the differential equa-

an uppemp-type cladding layer and a lowertype cladding tion a8

layer, and the lateral current transport, theype layer
causes the current crowding. Furthermore, the resistivity of o

the p-type cladding layer ang-type contact resistance usu- J(x)=J(O)exp( - Vt(+—t)x>’ 8
ally are so high that they cannot be neglected. As will be mPc™ Pplp

shown in the following calculation, both types of material whereJ(0) is the current density at thetype contact edge.
resistances play peculiar roles in the current crowding prob-  Denoting L, current spreading length, as the length
lem. where the current density has dropped to threevhlue of the

Next we take into account the resistance of thiype  current density at the edge, i.8(L.)/J(0)=1/e, yields
layer, p-type layer, and th@-type ohmic contact resistance.

The voltage drop across thpa junction and thep-type resis- L= /(Pc+Pptp)tn )
tors is given by s Pn '
eV Equation(9) illustrates that the resistivity of the-type
V= vaoexp(k—_l_J +Vi, 3 buffer layer should be as small as possible to insure that

current crowding is minimized. Ideally, the resistivity of the
where R, (“vertical resistance} is the sum of thep-type n-type layer is negligibly small. This is the case for LEDs

layer resistance anpttype contact resistance of the area el-With conductive substrates. In this case, there will be no cur-
ementwdx that is rent crowding under the-type contact. Equatiori9) also

illustrates that a larg@-type resistance helps to achieve a
t 1 uniform current distribution. For loye-type contact and con-
R,=pp—i=+ : @ i di |
v = Ppyygy | Pe inement resistances, strong current crowding occurs unless
the n-type buffer layer is thick so that,/t, is small. In the
wherep, is the resistivity of thep-type cladding layer and. equivalent circuit model shown in Fig(H), it is clear that
is thep-type specific contact resistance. Inserting @yinto  current crowding will decreasé s increasgasR, increases.
Eq. (3) and forming the second derivative Wfwith respect A large R, causes a smaller voltage drop acr&s so that
to x in Eqg. (3) and then inserting the result into Eq) yields dV, the potential along thedirection, decreases. As a result,

wdx

the differential equation the current will distribute more uniformly over the contact
and Lg increase. On the other hand, By decreases, the
e eVi\[d?V; e [dV;\?] d?v, voltage drop acros®, becomes smaller, and the current
T (Pt Pptp)do ex;{ ﬁ) ae t ﬁ(ﬁ) Tl crowding will be also reduced.
For very low diode current densities or small vertical
_ Pn k_T e F<9_VJ) _1} 5) series resistance, the voltage drop across the vertical resis-
~ (pet pptp)tn € BT tance is negligible, i.elR,=kT/e<V;. In this regime, ap-
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FIG. 2. Calculated current distribution underneath phigpe contact in a FIG. 3. Calculated current spreading length versus the speeffipe con-
GaN/InGaN LED. tact resistance in a GaN/InGaN LED.

creases as the contact resistance decreases. The same trend

proximation(i) is still valid but approximatior(ii) becomes applies wherp-type material conductivity is improved.

invalid, so that Thompson’s solutiéshould be used:

2J(Ly) lll. EXPERIMENTAL RESULTS
J(x)= e 5, (10
((x— L) ‘—’)“+‘/§> The epitaxial layers of the LED wafer used in the experi-
tnk T ments were grown by organometallic vapor-phase epitaxy

whereJ(L,) is the current density at=L,, andL, is the ~(OMVPE) on a sapphire substrate. The epitaxial layers con-
location where approximatiokii) begins to be invalid. A sist of a 2um thick n-type cladding layer, a GaN/InGaN
reasonable approximation is=2L;. multiquantum well(MQW) active region with 10 InGaN
The current distribution in the active region from the Wells and GaN barriers, and a 0m thick p-type GaN
calculation is shown in Fig. 2. The GaN/InGaN LED param-upper cladding layer. The mesa structure was etched to a
eters used in the figure are as follows: thicknessiojpe  depth of 1um by reactive ion etching using £
and p-type cladding layers arg,=2 um andt,=0.3um; A typ_lcal LED emission spectrum is s_hown in Fig. 4 for
resistivity of n-type and p-type cladding layers are, an injection current of 10 mA. The emission spectrum peaks
=0.01Q cm andp,=4.16Q cm; specificp-type contact re- at a wavelength of 464 nm corresponding to the peak energy
sistance i$C= 0.080 Crnz_ The current Spreading |ength cal- of 2.67 eV. The full width at half maximum of the emission
culated from Eq.(9) is Lo=400um. Starting atx=2Lg,  SPectrum is 30 nm corresponding to 170 meV.
Thompson's solution is also shown. The |-V characteristic is shown in Fig. 5. The figure
Equation(9) shows that the current distribution dependsshows a forward voltage of 4.9 V at an injection current level
on the epitaxial structure and materials properties. In typicaPf 10 mA. The forward voltage and the peak emission energy
GaN/InGaN devices, the-type contact resistivity is between allow one to infer the excess voltage drop across parasitic
1071103 Q cn® Typical mobilities for thep-type GaN  resistances. The excess voltage drop is given by
cladding layer range between 3 and 30%Ars2 Thus the
vertical resistanc&®, is much higher than the resistance of

the n-type cladding layersee the Appendix for a detailed 1.04 Peak wavelength is 464nm
calculation. But high contact resistances and highGaN Spectrum width 30nm
resistivity are not desirable for devices since these resis- o 081

tances generate heat. On the other hand, these resistances &

alleviate the current crowding effect. Note that with the ex- E 0.6

pected future improvement of the contact gntype doping, g 0.4

and larger device and contact sizes, current crowding be- &

comes increasingly severe unless novel contact geometries E 0.2

are introduced to alleviate the crowding problem. Such novel =

contact geometries include interdigitated structures with fin- 0.0
ger widths less thah.

The characteristic current spreading length is shown in
Fig. 3 for p-type contact resistances ranging from 0.2 to 0.01
Qecnt, with the same material properties mentioned abovegg. 4. Emission spectrum of a GaN/InGaN LED at an injected current of
The figure shows that the current spreading lenigihde- 10 mA.
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FIG. 5. Measuredl—-V characteristic of a GaN/InGaN LED. The dashed line
indicates the photon energy at the peak emission wavelength divided by the
elementary charge.

hv (b)

V,=Vf—?=4.9ov—2.67v= 2.23V. (12)

The device geometry of the LEDs used in this study is o 2r Theoretical curve
shown in Fig. 6. Based on the materials properties and Wafe_§ ol —m— Experimental curve
structure given above, the vertical resistance is calculated t(Té ' N
be 200(). This is much larger than the-type cladding re- 8 osk
sistance of 30 (see the Appendix for a detailed calcula- £
tion). The voltage drop across the vertical resistance is 1.8 V..S 06 L
It is much larger tharkT/e, i.e., 1800\&26 mV. It shows § I
that the assumptiofii) made earlier in this publication is g 04l
valid for our devices when operated at 10 mA. bS] I

For the current-spreading measurements, (5600 A) g ool
contacts were deposited on thetype top layer of the 5 I
GaN/InGaN LED wafer, as shown in Fig(&J. The p-type © 0o L ! L \ !
specific contact resistance is measured to g 0 200 400 600 800
=0.080) cn? using the transmission line method. Tinéype Distance away from the contact edge (im)

contact material is Al. Materials resistivities arp, &

=4.16Q cm andp,=0.01Q cm (see the Appendix for de-

tailed calculations and structure parametefssuming the FiG. 7. (3 Layout of the test contact stripes used for measurement of the

optical emission intensity is proportional to the current den-emission intensity versus distance from the contact edgeMicrograph

sity, current distribution in the active region can be obtained@ken from the back side of the GaN/InGaN LED hwia 1 mA irjected

by measuring the optical intensity distribution of the contact current. (c) Experimental emission intensity distribution vs distance from
Yy > _g ) p . ty T ‘the contact edge. The theoretical current distribution calculated from the

The optical intensity is measured from the beginning to thématerials properties given in the Appendix is shown for comparison.

end of the stripe in steps of 5@m. A stripe operated at 1 mA

/ is shown in Fig. Th). The emission of the stripe decreases in

the direction away from the-type contact. The experimental
Wﬁ(y*m data shown in Fig. (&) exhibit good agreement with the
theoretical calculation. Minor discrepancies between the cal-
<« IOOum—bld— L,=200pm —y) culation and the experiment results may due to imperfections
in the material as indicated by the dark spots shown in Fig.
7(b) and the limited spatial resolution of the intensity mea-

|
’<—lm=150um »‘ surement. To reduce the effect of the nonuniformity of the
material, eight stripes were measured and the mean value of
FIG. 6. Dimensions of @-side-up GaN/InGaN mesa LED. the intensity is shown in Fig.(@).

Downloaded 15 Feb 2003 to 128.113.85.92. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 90, No. 8, 15 October 2001 X. Guo and E. F. Schubert 4195

From the calculation described above one obtains thaAPPENDIX
theLg is 400 um. According to thep-type contact resistance

. : 2
of the investigated sample, considering the limited resolution ~ 1h€ Size of thep-type contact is 208200um*, as
in the first data pointL, is around 525zm. This is larger shown in Fig. 7. All parameters listed here are typical values

than the typical LED chip size. Thus for a normal indicator 1O the GaN/InGaN materials system. The mobility of the
GaN based LED with a small chip size, the current-crowding®YP€ cladding layer is taken from Ref. 8. We have found
effect is not a critical issue. However, for devices with lower YPical GaN electron mobility of 600 cffi/s in our sample.
specific contact resistance or lowgtype cladding resistiv- The device dimensions and materials properties used in the

ity, the current crowding will be a concern. With novel con- c@lculation are as follows: - -
; - Doping concentrationN,=10""cm ™3, Np=10*cm ™3, mo-

tact geometry design, the effect of current crowding can be” ~"F"'S ) A n? D™ '

reduced and the device efficiency will be improved. bilities: ,un=.600C Vs, wp=15c /_V s; pn=1le '\rlﬁszn
The theoretical model presented here describes the exc 0-01€ €m; pp=1/&Nau,=4.160 cm; p.=0.080 e

perimental data very well. Good agreement is found between t =2 ,m, t,=0.3 um, L,=150 um,

the calculated and the measured intensity versus distance

from the contact edge. Thus the expression for the current Lp=200 um, and w=200 xm.

spreading Iength dgrivgd here will be useful in predictipg thernen resistances are

lateral current distribution and the current crowding in the

active region under normal operating conditions. R _PaLn0.01 0 cmx150 um

" wt, 200 umXx2 um

3

=30 Q.

IV. CONCLUSIONS . .
L, is the distance from the center of theéype contact to the

In conclusion, the current distribution in the active re- center of thep-type contact. It is approximated to be the
gion of p-side-up GaN/InGaN mesa LEDs has been anatateral current transport length in timetype cladding.
lyzed, both theoretically and experimentally. An analytic ex-

pression was derived for the current spreading length. The _Pptp 416 Qcmx0.3 um

= =0.1 Q,
current is predicted to decrease exponentially with distance ~ © Lpw 200 umx200 um
from the contact edgep-side up GaN/InGaN mesa LEDs
; - Pe 0.08 Q cn?
have been fabricated. The emission spectrum, the current— Re=—75= =200 Q,

voltage characteristic, and the current spreading length are w? 200 umx200 um
presented. It is found that the experimental current spreadingertical resistanceR, =R, + R,=200Q.

length agrees well with theory. The results provide useful  comparison of the vertical resistance with theype
information about LED structure and contact geometry decjadding layer resistance yields tHag is much higher than
sign. With the GaN/InGaN material used in the experimentsg

the current crowding effect is not important for small LED

chip sizes, e.g., 200200 m?. However, current crowding

is significant in large area high power LEDs or when the
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