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Band-edge luminescence in quaternary AllnGaN light-emitting diodes

M. Shatalov,® A. Chitnis, V. Adivarahan, A. Lunev, J. Zhang, J. W. Yang, Q. Fareed,
G. Simin, A. Zakheim,” and M. Asif Khan
Department of Electrical Engineering, University of South Carolina, Columbia, South Carolina 29208

R. Gaska and M. S. Shur
Sensor Electronic Technology Inc., Latham, New York 12110

(Received 6 September 2000; accepted for publication 21 Novembej 2000

Operation of InGaN multiple-quantum-weMQW) light-emitting diodegLEDs) with quaternary
AllnGaN barriers at room and elevated temperatures is reported. The devices outperform
conventional GaN/InGaN MQW LEDs, especially at high pump currents. From the measurements
of quantum efficiency and total emitted power under dc and pulsed pumping, we show the emission
mechanism for quaternary barrier MQWSs to be predominantly linked to band-to-band transitions.
This is in contrast to localized state emission observed for conventional InGaN/InGaN and GaN/
InGaN LEDs. The band-to-band recombination with an increased quantum-well depth improves the
high-current performance of the quaternary barrier MQW LEDs, making them attractive for
high-power solid-state lighting applications. @001 American Institute of Physics.

[DOI: 10.1063/1.1343493

Nearly all the high-efficiency and high-power purple- mechanism primarily responsible for the optical emission
blue-green light-emitting diodg& EDs) use InGaN quantum from these LEDs.
wells (QWSs) with InGaN or GaN? barrier layers. The use of The device structure for this study wagan junction
indium in the active region is showfito increase the lumi- LED with AllnGaN/InGaN MQW active region. It consisted
nescence efficiency, possibly by partial screening of the pief a 3um-thick Si-doped n*-GaN layer (~5
ezoelectric field due to the formation of potential minima x 10'¥cm™3) followed by four AllnGaN/InGaN MQWs
from the In concentration fluctuations and a carrier capture atapped with 200-A-thick AlGaN layer. The indium compo-
the created localized states. The carrier capture at these Isiion in the well was about 15%. The Al and In composi-
calized minima is more efficient than nonradiative recombi-tions in the barrier layers were kept at 15% and 4%, respec-
nation when their spacing is less than the distance betwedively. Finally, a 0.25xm-thick Mg-doped p-GaN(p~5
threading dislocations. X 10 cm~3) layer was used as the hole injector. In addition,

However, high-power LEDs with emission in the ultra- we grew three more epilayer structures. The first was identi-
violet region are needed for efficient pumping of phosphorsal to the quaternary MQW described above but with GaN
for solid-state white-light applications. These devices requirdayers replacing the quaternary AlinGaN barriers. The other
GaN or AlGaN quantum wells surrounded by AlGaN barriertwo structures were also similar to the quaternary and the
layers with high Al content. To date, attempts to fabricateGaN barrier LEDs. However, these were grown without the
such multiple-quantum-wellMQW) structures with AlIGaN top AlGaN electron blocking and thp-GaN layers. The
barrier layers have yielded devices with poor luminescence MQW region of all the structures had the same layer thick-
efficiency. In the past, we have showihat this poor lumi- ness and the same In composition in the well. For all these
nescence efficiency is caused by an inferior quality of thecases, we used sapphire substrates and a conventional low-
heterointerfaces and of the barrier AlGaN layers in thepressure metal—organic chemical-vapor deposition system.
MQW region. This poor material quality primarily results The growth details were identical to those described eérlier
from the growth of the AlGaN barrier layers at temperaturesfor similar structures used for photoluminescefiee) stud-
ranging from 750 to 850°C. Exceeding this temperaturges.
range results in dissociation and, hence, in the degradation of In order to study the effect of quaternary AlinGaN bar-
the InGaN gquantum-well quality. Recently, riers on the quality and on the interface roughness of the
we have demonstrated an approach of using quaternaQW layers, we measured the atomic-force microscopy
AlinGaN barrier layers to fabricate high optical quality (AFM) surface scans for the two structures without the top
AlinGaN/InGaN MQWSs? We now report on the fabrication P-GaN and the AlGaN electron-blocking layers. These struc-
of p—n junction LEDs using these MQWSs with quaternary tures differed only in the barrier layer type, which was Al-
barrier layers. We also present the results of a comparativihGaN for the first structure and GaN for the second one.
study of optical emission in these as well as in the convenFigures 1a) and Xb) show the surface AFM scans
tional GaN/InGaN MQW LEDs, both at room and at el- for these structures. The use of the AllnGaN barrier layer

evated temperatures. These results are used to establish figsults in a better surface morphology with the RMS rough-
ness improving from 1.04 nm to only 0.55 nm.

JElectronic mail: shatalov@engr.sc.edu LED structures with a 30@mx300xm etched mesa

b0on leave from A. F. loffe Institute, 26 Politekhnicheskaya, St. Petersburgd€0metry were then fabricated from the two gpilayer types
Russia 194021. described above. We then compared the electrical and optical
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FIG. 2. (8 L-I and(b) »—I characteristics of AllnGaN/InGaN and GaN/
InGaN MQW LEDs.

mately 1 ms. The current leakage over the batreuld be
also ruled out as a cause for the optical power saturation and
the quantum efficiency reduction. Such leakage at very high
pump currents leads to carrier recombination in the regions
FIG. 1. AFM scans ofa) AlinGaN and the(b) GaN top surface. outside the quantum wells. However, for our LED study the
pump current density is only about 10 A/gat 10 mA pump

characteristics of the quaternamAlinGaN) and binary current

(GaN) barrier MQW LEDs. These measurements included '€ quantum efficiency decrease shown in Fig. 2 can be
current—voltage (- V), optical power versus current £1) understood if the emission mechanism for the GaN/InGaN

and external quantum efficiency versus current 4—I) MQW LED is the excitonic recombination from localized

characteristics. Measurements were made both in dc and tfféates formed by the indium variation in the QW. In this
pulsed pumping regimes using pulses of 500 ns duration an€fSe: the carrier capture into localized states followed by
a 0.5% duty cycle. The two structures showed very simila@Mission is more efficientfastej than the nonradiative re-
forward differential resistance~35 ) and turn-on voltage combination. However, since the density of these localized
(~3 V). The spectral emission characteristics were also vergtates is limited, at higher pumping levels, the nonradiative
similar with both LEDs showing a full width at half maxi- recombination(caused by the large number of defeatie-
mum of 18 nm. Figures () and 2b) show the LEDL—I creases the quantum efficientyt also saturates the total
and »—I| characteristics using on-wafer measurements witfoutput power. We believe that this mechanism explains our
the light collection from the sapphire substrate side. As seerflata shown in Fig. 2.

for dc pump current above 50 mA, the output power for the  In contrast, as can be seen from Fig. 2, the quantum
GaN barrier LEDs saturates rapidly. This is in contrast to theefficiency for the quaternary barrier LED remains nearly
quaternary barrier LEDs, where the output power increasesonstant at high pump currents after the initial increase. This
linearly even up to pump currents as high as 250 mA. Thidehavior is similar to the behavior observed for other IlI-V
saturation behavior, though less pronounced, still exists unsemiconductors? where the band-to-band recombination in
der pulsed pumping. The two LED types also exhibit a dif-the MQW region is the dominant emission mechanism.
ferent dependence of their external quantum efficiency ofhus, based on our data from Fig. 2 and on the results of our
the pump current. These observations of power saturation fgrevious PL study,we conclude that the dominant emission
the GaN/InGaN MQW LED cannot be explained by heatingmechanism for LEDs with AlinGaN barrier layers is the
because the pulse width of 500 ns is much shorter than ourand-to-band radiative recombination in the quantum-well
measured characteristic device heating time of approxilayers.




Appl. Phys. Lett., Vol. 78, No. 6, 5 February 2001 Shatalov et al. 819

i T T T \0 15 T T
= 1-0r —a— AlnGaN, 20°C . e
© e > — AlInGaN
> —8—AlInGaN, 50 C & %
‘@ 08r-o-GaN,20°C . 3
8 [--0-GaN,50°C £ 1.0
£ 06F g £
- =}
% 0.4 %
g 305
g 0.2} . g
S g
> 14

z 0.0 e W ool . .

350 500 0 50 100 150

Wavelength, nm Current, mA

FIG. 3. Emission spectra of AllnGaN/InGaN and GaN/InGaN MQW LEDs. FIG. 4. 5—| characteristics of AllnGaN/InGaN and GaN/InGaN MQW
LEDs.

In order to confirm the different emission mechanisms infor the quaternary barrier samples. At elevated temperatures,
the two LED types, we studied their spectral emission as & stronger carrier escape makes recombination through the
function of temperature. These spectra measured at rooficalized states less efficient, thereby enhancing band-to-
temperature and 50°C using 100 mA current pulses argand transitions and making these transitions the dominant
shown in Fig. 3. As can be seen, the peak emission wavesmission mechanism for both LED types.
|ength is neal’|y constant for the GaN/InGaN MQW LED. In summary, we report the fabrication pf_n junction
However, the peak emission wavelength redshifts with temt Eps using AllnGaN/InGaN MQWs and show their optical
perature by about 6 nm for the AlinGaN/InGaN LEDs. Simi- emission mechanism to primarily arise from band-to-band
lar behavior of the luminescence properties of GaN/InGaNransitions. In contrast, for conventional GaN/InGaN MQW
MQW LED structures as a function of temperature was ob4 Eps, optical transitions from recombination at localized
served for different In composition in the QWIhis behav-  states caused by indium composition fluctuations in the
ior arises from a different emission mechanism for the LED|nGaN quantum well are dominant. We also show that the
with low- and high-indium composition. For the low-In yse of quaternary barriers significantly improves the MQW
MQWs, they suggested a band-to-band emission mechanisiayer quality and interface roughness. These quaternary ac-
since, in this case, the energy position of the states respofjve layers are a prerequisite for the fabrication of high-

sible for optical transitions redshifts with temperattbend-  efficiency ultraviolet light-emitting diodes for solid-state
gap shrinkage This results in a redshift of the peak emission yhite lighting.
wavelength. However, for the high-In MQW, the emission is _
dominated by carrier recombination through a large number ~ The authors from USC would like to acknowledge the
of localized energy states caused by In-composition fluctuaBallistic Missile Defense OrganizatiaBMDO) for support
tions in the(InGaN) quantum-well layer. At elevated tem- Of this work under Army SMDC Contract No. DASG60-98-
peratures, the carrier redistribution over high-energy statet-0004, monitored by Terry Bauer, Dr. Brian Strickland, and
compensates for the band-gap shrinkage. Thus, the emissiéi. Kepi Wu.
spectra are insensitive to a temperature rise. Using the same _ _
reasoning and based on the data shown Fig. 3, we concludé&%“é"’gég- Narimatsu, and S. Nakamura, Jpn. J. Appl. Phys., P8t 2
the domln_ant emission mechanism for our q_ua_terrﬁAth- 2s, Chichibu-, T. Azuhata, T. Sota, and S. Nakamura, Appl. Phys. 6@tt.
GaN) barrier LEDs to be band to band. This is in contrast to 4188(1996.
the GaN/InGaN MQW LEDs, which have the emission °T. Mukai, M. Yamada, and S. Nakamura, Jpn. J. Appl. Phys., Pag, 1
dominated by localized states. ,3976(1999. ,
Finally. we measured thev—| characteristics of our S. Chichibu, T. Sota, K. Wada, and S. Nakamura, J. Vac. Sci. Technol. B
inally, . g-1C 16, 2204(1998.
LEDs at 150 °C using pulsed pumping. These data are press. Nakamura, T. Mukai, and M. Senoh, J. Appl. PH&. 8189(1994).
sented in Fig. 4, along with the room-temperatuyrel data 5G. Tamulaitis, K. Kazlauskas, S. Jursenas, A. Zukauskas, M. Asif Khan, J.
; W. Yang, J. Zhang, G. Simin, M. S. Shur, and R. Gaska, Appl. Phys. Lett.
pf F|g. 2b). As_caq be seen, both samples shqvv a negrly 77, 2136(2000.
identical reductlpn in the'exter.nal quantum effI|C|ency With 73 Zhang, 3. Yang, G. Simin, M. Shatalov, M. Asif Khan, M. S. Shur, and
temperature. This, we believe, is caused by an increased carr. Gaska, Appl. Phys. Let?7, 2668(2000.
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