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We have measurd the electricad ard opticd properties of blue light-emitting diodes (LEDs) based
on Il1-V nitrides The curren—voltage characteristi is describe by mears of the relation
=1, exp(aV). In this equationx is temperature independent, suggesting a process of conduction
by tunneling as was recenty reporte also for blue-gree@ LEDs basel on 111-V nitrides [Appl.
Phys Lett. 68, 2867 (1996 ]. We explain the differences betwee blue and blue-grea devices taking
into accoun the tunnelirg proces acros semiconductointerfaces in which a grea numbe of
defecs is present The light outpu intensiy of the LED as afunction of junction—voltage data
reveat adependeneon the junction—voltage of the type L =L, exp(qV/1.4 KT), indicating that the
radiative recombinatio pah is via de levels locatel at the forbidden gap Furthermorewe find
tha the light outpu—currert characterist follows apowe law like Lo IP. From the analyss of data
it appeas that contray to expectationsthe nonradiatie centes are saturatd at very low current
valuestha are comparal® to the values at which this saturatio takes place in LEDs basel on 11 1-V

arsenide with a low conten of defects.
[S0021-8977)05304-9

Blue light-emitting diodes (LEDs) base& on 1l11-V ni-
trides have recenty shown high brightnes characteristicsin
spite of the presene of an extremey high densiy of dislo-
catiors (in the 2—10x10'° cm ™2 rangé) tha is severa or-
ders of magnituc highe than those measurd in LEDs based
on Il1-V arsenids ard phosphidesBlue and blue-grea de-
vices are commercialy availabke from Nichia Chemical
Industriest The main differene betwea them is the com-
position of the active layer (Ing oGa 9\ for blue devices
ard Ing ,4Ga, 7N for the blue-grea emitters.

Here we presen a study of the influene of defect on
the transpot properties and on the opticd characteristis of
the Nichia blue LEDs ard we compae the resuls with those
reportel in blue-gre@ LEDs from the sanme manufacturef.

The blue LED analyzel in this study is device part No.
NLPB50Q The physica structue is composd of different
layers all of them grown by metalorgaré chemicd vapor
depositim (MOCVD). Briefly, the structue is as follows: a
n-GaN bottan contad layer (~4 um), followed by a double
heterostructue (DH) composd of an n-Al 1:Ga, g\ carrier
confinemenhlayer (~0.15um), an In, (§Ga, N active layer,
S ard Zn codopel (0.05 um), and ap-Alg 1:Ga, g\ carrier
confinemen layer (0.15 um). Last is ap-GaN top contact
layer (0.5 um).

We hawe measurd the curreri—voltage (1 -V) character-
istic and the light outpu intensily as afunction of junction—
voltage (L—V) ard LED outpu currert (L—1). Thel-V and
L-V dat are influencal by the presene of a series resis-
tane a high voltages We hawe suppresse this influence
following the procedue describé in Ref. 5. Over the entire
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currert range where the influene of series resistane is
presen (4x10 4-2x10 2 A), the experimenthda® can be
fitted to the equation

=1y exdq(V—IRg)/nKT], 1)

using asingle value of the series resistanceR,. This means
that R does not change as the operatirg curren of the LED

rises Throughot the range of measurementve obsere no

shun resistane influence In Eq. (1) all the symbok hawe the
usud meaning.

In Fig. 1, we presen the LED current as afunction of
junction—voltage i.e., after the effed of Ry was removed.
Two different zones appear dependig on the range of the
junction—voltage we consider Both of them are describé by
the equation:

=1 exp(aV), 2
with
lo=(4+1)xX10° ¥ A, @=125-0.2 V!
for V<2.6,

lo=(1+06)x10 ¥ A, «@=11.2+03 V!

for V>2.6,

i.e., we can asses the presene of two different proces of
conduction We made the measuremestat temperatures
rangirg betwea 0 and 80 °C. The slope of the characteristic
in both zones was temperatug independent The reverse
saturatio currert was slightly temperatue dependent.
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FIG. 1. LED currert (H) ard light outpu intensiyy (A) as afunction of
junction voltage for the blue LED. Also shown by the solid line is the | -V
characteristi measurd in the Nichia blue-gre@ LED, as describe in Ref.
4[1=2.7x10"" exp(5.7 eV)].

The values of « in Eqg. (2) and the temperature indepen-

dene of this paramete are typicd features of a proces of
conductim by tunneling This is in contras with the |-V
characteristis of homojunction ard heterojunctio LEDs
basel on 1l1-V arsenide and phosphide$, in which both
diffusion currert and spa@ charg recombinatia currert are
the main conductio processes.

The tunnelirg transpot proces acros the interface of a
semiconductoheterojunctia is describe by the equation’

| =BNy exd 4/3%(m* e/N)Y2/], )

whetre B is aconstahard N+ is the densiy of states located
in the forbidden gap at the interface or in the spa@ charge
zore tha provides the tunnelirg path The otha symbols,
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FIG. 2. Externd quantum efficieng/ of the blue emitte as a function of
junction voltage.

locatiors shoull appear The numbe of thes dislocations
shout be greathe in the blue-grea diode than in the blue
LED due to the highea mistmatd for the first device As a
consequencdhe interface of the blue-grea LED shout be
more defective than that of the blue LED. Hence tunneling
processe are expecté to shov highe saturatim currert in
the device that presens the highe lattice mistmatchi.e, in
the blue-grea emitter The dat for the rever® saturation
current shown in Ref. 4 for the blue-grea LED, 2.7x10 1!
A, is highe than the values measurd by us 4x10*° (low
voltages—10~1" A (high voltage$ in the blue LED. This is
in agreemen with the qualitative features of Eqg. (3), in
which the paramete Nt is mainly responsil® for the value
of the rever® saturatim current The comparisa we present
here for blue and blue-gre@ LEDs indicates that the pres-
ence of lattice mistmatd shoutl be taken into accoun to

m*, €, andN, stand for the carrier effective mass, the elec-

trical permitivity, and the doping respectively of the mate-
rial of the highe gap in the DH, which in this ca is the
p-Alg16Gap g\ layer?

Equation (3) describs the situatian of a single-stg tun-
neling recombinatio pathway In heterojunctionshowever
the tunneling proces might involve amore complex multi-
step pathway As aconsequencgeEg. (3) describs the con-
duction proces in aqualitative way. We hawe compare our
resuls with those recenty reportel by Caseg et al.* on Ni-
chiablue-grea LEDs. We haw included the | -V character-
istic of this diode in Fig. 1, which may be represents also
by Eq. (3). This characteristi was also explainel by Casey
et al. as tunnelirg dominate conduction.

Sone insight into the conductia proces of the devices
was provided by Casg et al. by taking into accoun the de-
fective natue of the constituem layers of the DH. However,
the differences betwee blue and blue-grea devices may be
understod by considerig the lattice mismatt betweea the
active layer and the confinirg layers of the devices The lat-
tice mistmatd betwea the active ard the confining layers in
the blue emitte is abou 1%, ard abou 3% in the blue-green
LED. Hence at the InGaN/AIGaN interfae mistmatd dis-
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FIG. 3. Light outpu intensiy as afunction of LED currert for the blue LED
(M) ard for a high efficieng infrared LED basel on GaAs (A). We also
indicak the values of p in Eg. (5) for the two devices in the superlineaand
linear zones.
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elucidae definitively the mechanim of conductia in these
devices.

Turning to the light emissiam characteristis of the blue
LEDs, we hawe plotted the outpu light intensity as afunction
of junction—voltage in Fig. 1. Notice tha the L—V and | -V
dependenczare very different.

The L-V data for voltages belov 2.8 V (or currents
lower than 3x10 “ A), can be fitted to the equation:

L=Ly exp(qV/nKT), 4

where the n factar turns out to be 1.4+0.1 This value sug-
gess tha the maja radiative recombinatio pathwy is via
dee levels There are two possibe radiative recombination
pathway in Nichia blue LEDs®° shallov dona to Zn deep
accepto or deg dona to Zn deep acceptor The deegp donor,
of unknown origin, is locatad ~200 meV below the shallow
donor. Both donoss can be represente by Eq. (4), although
the correspondig value for n may be different The dat of
Fig. 1 do not provide enoudh information for us to decide
betwee the two different possibilities The mog relevant
aspetof Fig. 1istha the dependenceexhibited by the | -V
ard L-V characteristis with junction—voltage are com-
pletely different This mears tha only a smal fraction of the
operatirg LED current is effectively converte to photons|in
othe words almog all the LED currert is nonradiative.

The L-V data deviak from Eq. (4) at junction voltages
abowe 2.8 V, indicating the filling of Zn acceptos as the
currert (or the junction voltage rises This is more clearly
observe in Fig. 2 where we plot the extern& quantum effi-
ciengy of the device as afunction of junction voltage The
maximum for this paramete is reachd a V=29 V; at
highe junction voltages the relative quantum efficiengy falls
down since band-to-bad radiative recombinatio processes
are dominant Therefore it is nat surprisirg tha the L-V
cunve levels off for junction voltages abowe ~2.8 V.

In Fig. 3, we presenthe L—I characteristi of the blue
LED togethe with the same dafa for a high efficieng/ com-
mercid infrared LED base on GaAs The resuls can be
fitted with the powe law®

Locl P, 5)

where p accouns for the influence of defecs in the charac-
teristics of light emission For the sale of clarity in the fol-
lowing, we will labd the differert regimes as superlineayif
p>1, ard linear, if p~1. In the two devices a superlinear
zore (at low current$ ard a linea zore (at high currenj,
appea with the p values indicatel in Fig. 3. The superlinear
zore is directly related to the presene of nonradiatie cen-
ters tha provide a shunt pah to the current When these
centes are saturatedthe linear relation holds Since the blue
LED has adensiy of defecs much highe than the LED
basel on GaAs the value of p in the superlinea zore is
greate for the blue LED (2.44 than for the LED of GaAs
(1.63.
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The striking aspet tha Fig. 3 reveas is that in both
devices the saturatio of the nonradiatie centes is reached
at almog identicd currens (~1-3 mA), while the disloca-
tion densiy differs ard is abou 10'° and 10* cm™? for the
blue ard the infrared LEDSs, respectively This resut is ap-
parenty in conflict with the values of p quoted in Fig. 3. In
fact, with sud a high value of p for the blue LED, it would
be expectd to reat the saturatiom of nonradiatie centes at
currens mud highe than thos experimentall measurd in
this device This resut could indicate that not all the defects
are nonradiatie in nature Otherwise it seens difficult to
achiewe alevd of saturatiom similar to that measurd in
LEDs basel on I11-V arsenidesLeste et al.? propose re-
cently tha the natue of the defect presenin LEDs base on
nitrides could be differert than in LEDs base on arsenides.
The ionic characte of the bondirg in the nitrides may be
responsik# for such anomalos behavior However the data
in Fig. 3 do nat allow us to further clarify this particular
point More work on this isste seens to be necessar for a
definitive answer.

Summarizing we hawe studial the influene of defects
in the electricd and opticd characteristis of the blue LED
(NLPB500. The analyss of the | -V characterist indicates
that the main conductian proces is atunnelirg mechanism,
with two differert zones dependig on the junction voltage.
This behavio is qualitatively similar to tha reportel for
blue-grea LEDs. The main difference which is the reverse
saturation current may be explaina in terms of the mis-
matd betweea the differernt layers of the DH. The L-V
characterizatin shows that the main radiative recombination
pathwy isviadee levelsin the forbidden gap and tha only
a smal fraction of the totd current contributes to the light
emission.

The L—I characterist points out tha nonradiatie cen-
ters are saturatd at operatirg currens similar to thoe mea-
surel in high efficiengy LEDs basel on GaAs in spite of the
grea differene in the conten of defect betwea them This
surprisirg resut points toward adifferent natue of defeckin
I11-V nitride LEDs in comparisa with their counterparts,
I11-V arsenidesard allows one to attain high brightness
characteristis in blue LEDs at the usud operatio currents.
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