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High-quality p—n junctions with quaternary AlilnGaN /InGaN quantum wells
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We report on quaternary AllnGaN/InGaN multiple quantum w@dlQW) light emitting diode
structures grown on sapphire substrates. The structures demonstrate high quality pafnthe
junctions with quaternary MQW. At low forward bigbelow 2 V), the temperature dependent of
current—voltage characteristics are exponential with the ideality factor of 2.28, which is in a good
agreement with the model of the injected carrier recombination in the space charge region. This
ideality factor value is approximately three times lower than for conventional GaN/InGaN light
emitting diodegLEDSs). The obtained data indicate the recombinatiop+mn junction space charge
region to be responsible for a current transport in LED structures with quaternary quantum wells.
This is in contrast to InGaN based LEDs, where carrier tunneling dominates either because of high
doping of the active layer or due to the high density of localized states20@ American Institute

of Physics[S0003-695000)01550-3

High-brightness blue and green light emitting diodes200-A-thick AIN nucleation layer was followed by the
(LEDs) with the operation lifetime exceeding @ and ex- growth of 3um-thick n*-GaN layer doped with Si up
ternal quantum efficiencies more than 10% on sapphire antb 5x10"%cm 3. The growth was performed at
SiC substrates have been successfully demonstrated a@@ Torr and 1000°C. The nominally undoped
commercialized using ternary InGaN material system. TheAl, 1dng 0/Ga siN/INg 1.Ga g MQWSs were grown on
expansion of GaN-based light emitter performance into uln*-GaN and were capped with a 200-A-thick
traviolet (UV) spectral range requires the introduction of p-Aly,:Ga, g\ electron blocking layer followed by the
AlGaN barrier layers with wider energy gap. So far, how-growth of 0.25um-thick p-GaN layer doped with Mg up to
ever, little success has been demonstrated in developingbout 5< 10'"cm™ 2. The quantum well and barrier thickness
AlGaN/GaN LEDs. A poor performance of UV AlGaN/GaN in MQWs structures were 25 and 50 A, respectively.
LEDs can be attributed tG) a large built-in strain and asso- After growth, a 30300 um square geometry 0.8m
ciated strong electric fields, which reduce the rate of opticaleep mesa was etched to make the bottogontact. Then
band-to-band transitions; an@) lower quality of AlIGaN/  n-type ohmic contact consisting of Ti/Al/Ti/Au was depos-
GaN heterointerfaces compared to those in GaN/InGaNted and annealed. An approximately 100-A-thick transparent

quantum well structures. _ Pd/Au p-ohmic contact was deposited on top of the mesa,
Recently, we demonstrated the lattice and energy banfbliowed by the formation of a thick Ti/Au contact pads.
engineering approach using AlinGaN materfetsThis tech- The current—voltagel V) characteristics of the devices

nique allowed us to eliminate the lattice mismatch inexhibited sharp turn-on close to 3.5 V with the differential
AlinGaN/GaN structures and, at the same time, to retaiffesjstance of 36) (see Fig. L A typical turn-on voltage and
large energy band offsets. In addition, the incorporation ofjfferential resistance of commercial Nichia blue InGaN
even small amounts of In significantly improved the quality| EDs ae 3 V and 250, respectively. We attribute a higher
of AlGaN layers grown at reduced temperatutésThis  tym-on voltage and differential resistance for the AllnGaN
points to a high potential of quaternary AlinGaN material harrier devices to the differences in the current injection for
system for the development of efficient UV light emitters. the two structures. The Al and In composition of the quater-
In this letter, we report on GaN-base@-n junctions  npary material was chosen to match the lattice constanof
with quaternary AlinGaN barriers and InGaN quantum wellsihe AliInGaN layer to that of the surrounding GaN layers,
in the space charge region. We measured the electrical propzhile the band gap of the quaternary layer was larger than
erties of these structures and compared these devices to COfpxt of GaN by approximately 300 meV. This could impede
mercial InGaN-based blue LEDs. Our data on the superiofhe cyrrent injection into the MQW region under moderate
electroluminescence of AlinGaN/InGaN multiple quantumssnwyard bias.
well (MQW) LEDs will be published elsewhere. The electroluminescend&L) spectrum of the AllnGaN
GaN p-n junctions with AlinGaN/InGaN MQWS  §eyice under 50 mA dc forward current is plotted in the inset
were grown over sapphire substrates using low pressurg rig 1. As can be seen from the figure, the spectrum of the
metalorganic chemical vapor deposition. A deposition ofp;;nGaN/InGaN LEDs exhibits a peak at around 430 nm.
The spectrum full width at half maximum is below 20 nm,
3Electronic mail: Shatalov@engr.sc.edu which indicates a reasonable MQW layer quality.
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(b) AllnGaN/InGaN MQW structure
Voltage, V

FIG. 1. dcl-V characteristics of AllnGaN/InGaN MQW LED at room tunneling to QW
temperature. The EL spectrum at 50 mA is shown in the inset. N [ ] t&>---------

In order to determine the recombination mechanism in
AllInGaN LEDs, we measured the current of AlinGaN de-
vices in the voltage range from 0.5 6 V using an HP
4156B parameter analyzer. We were not able to measure o e
accurately the currents smaller than 3A because of the tunneling to QW
system limitations. Thé—V curves of the AllnGaN LEDs
are pIotted on semilogarithmic scale in Fig. 2. The/ char- FI_G. 3_. Schematic of the carriel_’ tunneling Qa) blue InGaN based LEDs
acteristic of AllnGaN LED has two distinct slopes, at low VAV;ItEGgﬂ?mdgg,'\? ?_Eoésh;?%gszzii gifalsc?cal'zed states and (i MQW
and moderate voltages, respectively, as seen from Fig. 2. In
the low voltage rang€0.5-2 V), the slope of semilogarith-
mic plot is close to that described by Sah—Noyce—Shockleyhe active layer or due to the high density of localized states.
model of ap—n diode with the carrier recombination in the Such a process is shown schematically in Fi@).3
space charge regionFrom these curves, we have found the ~ When the tunneling current plays the major role, the
ideality factor » of 2.28 for the AliInGaN device. For com- slope of thel -V characteristic should be temperature inde-
parison, the dashed line shows the slope with ideality factopendent because the tunneling transparency of the barrier
n=2 for room temperature. Much higher values of ideality practically does not depend on temperafiiféFor our struc-
factors »~6—7 have been reported for GaN bagedn di-  ture, the temperature dependence of ith&/ slopes is pro-
odes and AlGaN/InGaN LED%® Such values are com- portional to 1/kT with practically no temperature dependence
monly attributed to the carrier tunneling rather than to theof the ideality factor,». The fact that in our samples is
thermal diffusion and recombinatidri. In commercially  close to 2 indicates that the recombination current is a major
available blue LEDs at low bias, the carrier tunneling in mechanism of the current transport, in contrast to commonly
space charge region occurs either because of high doping ebserved tunneling mechanism for standard blue AlGaN/

InGaN LEDs and GaNp—n diodes®=® The dependence of
the saturation current on temperature for the AlinGaN LED

1x10™ r was exponential with the activation energy of 1.22 eV. This
r value is about 200 meV smaller than that expected from the
1x10°F InGaN energy gap.
r In order to estimate the possible contribution of tunnel-
1x10°§ ing in the carrier transport we measured capacitance—voltage
< r (C-V) characteristics for both device types. The slope of
€ 1x107} 1/C? vs V was linear showing the ionized impurity concen-
g . tration of 1.4x 10"8cm™2 for AllnGaN/InGaN structure. The
3 1x10°F space charge thickness at zero bias found f@#V mea-
: surements is about 0.&m. With that thick space charge
1x10"'§ region direct tunneling from conduction to valence band is
4 not possible.
1x10"3(; As can be seen from Fig. 2, at the medium voltage range

Volt v (2-3 V) the slope of thd -V curves changes. We believe
oltage, that at higher bias the barriers in the active layer produced by

FIG. 2. Low currentl -V curves of AllnGaN device at different tempera- piezoelectric field and by spontaneous polarization limit the

tures. The slope with ideality factaj=2 is shown by dashed line. current transport and the tunneling through these barriers oc-
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350 . . . . . . rameterE of about 140 meV is close to the values reported
for InGaN LEDs (148—182 meV,” which shows that the
barrier transparency for the tunneling is about the same for
both types of devices. However, at higher temperatures, the
characteristic energlg for the quaternary structure increases
showing the reduction of the barrier transparency. This in-
crease in the effective barrier width can be attributed to the
temperature dependence of strain and polarization in the qua-
ternary MQW region.
2kT In conclusion, the high quality op—n junction with
100 | e 1 quaternary MQW was demonstrated. The measuredf
________________ 1 curves of AlinGaN/InGaN MQW LEDs show the value of
“““ ideality factor of 2.28 at room temperature. This value is
0 ' 50 ' 160 ’ 150 ' 260 _close to theoretical pred_iction for the carrier recom.binatlion_
o in the space charge region. Thus, the results obtained indi-
Temperature, C cate a good quality of the quarternary AlinGaN layers and
FIG. 4. The dependence of the characteristic energy paranietéar A“nGaN/InGaN. heteromterfacgs.' Th|§ opens up the.Way to
AllnGaN LEDs on temperature. The slope of 2 kT is shown for comparison.devel0p the efficient UV and visible light sources using the
quarternary AlinGaN/InGaN quantum well devices.
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curs. The schematic diagram of this process is shown in Fig. The USC authors would like to acknowledge Ballistic
3(b). This process results in a different slope eV curve at  Missile Defense OrganizatiotBMDO) for support of this
higher biases. In this range, theV curve can be approxi- work under Army SMDC Contract No. DASG60-98-1-0004,
mated by an exponential function monitored by Dr. Brian Strickland and Dr. Kepi Wu.
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