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We have measured photoluminescence and electroluminescence in two different types of
high-brightness single-quantum-well light emitting diodes manufactured by Nichia Chemical
Industries with InGa, _,N active layergx=0.45 andx=0.15), under hydrostatic pressures up to 8
GPa. We discovered that the pressure shift of the primary luminescence peak in each diode is very
small: 12 and 16 meV/GPa for the green and blue diodes, respectively. The observed pressure
coefficients are much lower than those characteristic of the energy gap in-S40irieV/GPa) or

the energy gap in InN £33 meV/GPa). This kind of behavior is usually associated with
recombination processes involving localized states. These localized states may be associated either
with band tails(arising from In fluctuations in the active layer or from high density of dejects
and/or with localized excitons of various types. 1897 American Institute of Physics.
[S0003-695(197)02022-9

In,Ga N ternary compounds are of great interest as  All these observations strongly suggest that the recom-
materials for present and future optoelectronic applicationgdination in GaN/InGaN/AlGaN SQW LEDs does not have a
Having band gaps that are composition tunable in a largétandard band-to-band character. To account for this, several
range of energie€.07—3.4 eV depending on the In content different recombination mechanisms have been put forth.
this material is well suited to form quantum we{8Ws) in  Chichibuet al’~® suggested that the luminescence involves
many optoelectronic devices based on group-lll nitritles. recombination of excitons localized on the potential fluctua-
Also, compared to GaN, InGaN is commonly thought to pro-tions caused by variations in the In content. Pesiral®
vide better radiative recombination efficiency and to be fregproposed that the radiative transitions take place between
from parasitic yellow luminescence. Hence, it is not surpris-uncorrelated electrons and holes in the band tails of InGaN
ing that this material has been successfully employed in thelloy. Also, from measurements of the photoluminescence
most recent single-quantum-welsQW) light-emitting di-  (PL) decay lifetime in InGaN, it has been concluded that
odes(LEDs) manufactured by Nichia Chemical Industrfes. — alloy potential fluctuations and impurity states are the most
The first diode laser operating in the blue spectral region wakkely candidates responsible for the PL sighlLast, it was
also based on a very similar structure, except that the activassertedonly for quantum well systemshat the recombi-
region consisted of multiple quantum wells instead of SOW. nation could be related to quantum dots spontaneously
In contrast to dramatic technological progress resulting iformed in the InGaN active layer due to In content
commercial availability of blue and green SQW LEDs, thefluctuations®**
mechanism of optical emission in InGaN QW diodes is still In order to shed more light on the nature of the radiative
poorly understood. First, it was observed that light emissiorrecombination in InGaN QWs, especially focusing on the
in InGaN QWs usually occurs at photon energies smallematerial used in commercial devices, we performed high hy-
than the band gap.At this point, however, it should be drostatic pressure measurements of the PL in two types of
stressed that the available information about the dependendichia SQW LEDs, NSPG-500 and NSPB-500, emitting in
of the InGaN band gap on In content is not very accurate. Ithe green and blue spectral region, respectively. The active
addition, determination of the average In content in the QWregion of these devices consists of a 30-A-thickQg, _,N
active layer is rather difficult and may involve a large errorlayer (x=0.45 for the green LEDs, and~=0.16 for the blue
margin. Second, it was observed that the spontaneous emisEDs), sandwiched between-GaN andp-Aly ,Ga, N lay-
sion linewidth is characterized by a large nonthermalers. The pressure coefficient of the emission peak can reveal
broadening:>* Finally, it was established recently that the whether the radiative transitions have band-to-band character
temperature shifts of the photo- and electroluminescencéoressure coefficient should be close to that of the band gap
(EL) peak energies in Nichia green SQW LEDs are oppositer whether they involve localized statés pressure coeffi-
to the corresponding shift of the band dap. cient much smaller than that of the band gap is then ex-
pected.
40n leave from High Pressure Research Center, “Unipress” Warsaw, Po- The experiments were performed at 300 K, using a dia-

land. Electronic mail: piotr@chtm.unm.edu mond anvil cell with a 4:1 mixture of methanol and ethanol
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Photon energy (eV) FIG. 3. Peak position of the PL as a function of pressure for both NSPG-500

. - green (triangleg and NSPB-500 bludsquares SQW LEDs. Solid lines
FIG. 1. Photoluminescend®L) spectra of Nichia NSPG-500 green SQW show the pressure-induced shift of the band gaps in bulk GaN and InN.

LED measured at different pressures. Undulations are due to Fabry—Perot
resonances. Spectra are normalized for clarity.

the refractive index. For Gal¥,this pressure coefficient was

as the pressure transmitting medium. The shift of the rubyalculated to be approximately 6 meV/GPa. Consequently,
R-line luminescencé¢3.65 A/GPa was used to calibrate the simple tracking of an interference maximum position would
pressure inside the cell. Prior to the experiment, the diodegesult in a wrong pressure coefficient. In order to determine
were deencapsulated, and part of the sapphire substrate Wi PL peak position more accurately, we fit the product of a
mechanically removed. Finally, the samples were cleavedsaussian peak profile and a periodic function representing
and placed in the gasket hole of the diamond anvil cell. Thene interference fringes. The obtained peak positions as a
luminescence was excited with an argon ion laser, using thginction of pressure are shown in Fig. 3. The linear pressure
blue 458 nm line in the case of the green LEDs and the UVcoefficients obtained for these PL peaks are unusually low,
363 nm line for the blue LEDs, with the spot size of 12 and 16 meV/GPa for the green and blue LEDs, respec-
~5pm. tively. In order to check whether the mechanisms of PL and

Figures 1 and 2 show the MPL spectra of the greeng| in these diodes are the same, we also performed a high

pressures. A characteristic feature of the luminescence from fyj|-size deencapsulated diode with undisturbed wiring

b_oth diodes is the presence of Fabry—Pergt interfe_renc.@,as placed in a “Unipress” piston-cylinder liquid cEll
fringes. In both cases, the distance between fringe maxima isyuipped with sapphire window and electrical connections.
close to 50 meV (500 cm). This corresponds to a layer Figure 4 shows the obtained EL spectra. We determined that
thickness of approximately wm, which is close to the e pressure coefficient of the EL peak position is equal to
total th'Ck';eSS of 4.6um of these GaN/InGaN/AIGaN 15 g mev/GPa, in agreement with the PL measurements.
structures:® In analyzing the pressure-induced shift of the " These results are much smaller than the best available
PL peaks, one should realize that the interference maximgyes for the pressure coefficients of the band gaps of GaN
have an added pressure coefficient related to the change 9{0 meV/GPa from experimenf and InN (33 meV/GPa

from theory.'® In order to ascertain why, let us estimate to
what extent quantum confinement effects can contribute to

10| BueLeD#0z . 02 i the influence of pressure on the PL peak of the SQW active
T=300K layer. In general, the pressure-induced increase in the band
A gap tends to flatten the band minima, thus increasing the

08-  oo05GPa | V)

effective mass and lowering the confined energy levels,
which in turn leads to a slight decrease in the pressure coef-
ficient of the QW emission relative to that of the correspond-
ing bulk alloy. This effect has, for example, been observed
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previously in GaAs/AlGaAs QW Its magnitude can be
estimated from the first-ordds-p theory, in which the rela-
tive change in the effective mass is proportional to the rela-
tive change in the band gap. Accordingly, the pressure coef-
ficient of the confined state energy in an InGaN/AlGaN QW
should be~2 meV/GPa in the conduction band, and much
less in the valence band. Clearly, this does not represent a
very important contribution to the overall pressure coeffi-

FIG. 2. Normalized PL spectra of Nichia NSPB-500 blue SQW LED mea-Ci€nt of the Iumingscenc_e_peak.
sured at different pressures. Undulations are due to Fabry—Perot resonances. Another possible origin of the observed low pressure
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that the pressure coefficient of the luminescence from InAs
guantum dots embedded in GaAs is not substantially differ-
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Q
'§4o 6@";@// I_ 2mA, T=300K ent from the pressure coefficient of the bulk InAs band gap.
0.8 %@2 S 0.08 GPa- Comparing InAs and InGaN, one should remember that the
8320 o S R 0.74 GPa ] exciton radius becomes approximately 5 times smaller for
064 ////"/’f{}/ Ve | InGaN in comparison with INnA$~30 A versus~150 A).
e T 1.48 GPa The difference in the exciton radii may be partially respon-

00 04 08 12 sible for the different pressure behavior. Nevertheless, if we

Emission intensity (arb. units)

041 Pressure (GPa) 1 assume that the observed recombination occurs inside quan-
I tum dots whose electronic levels are sufficiently unmixed by
02} 1 disorder so that they behave like normal band-edge states,
we cannot account for the small magnitude of the measured
0.0 ol ! ! - - pressure coefficients for any possible fixed value of local In
19 2.0 2.1 22 23 2.4 23 26 composition. Hence, a distribution of quantum dot composi-
Photon energy (V) tions and sizes would have to be invoked, and this would

FIG. 4. Electroluminescendé&L) spectra of green SQW LED measured at _. e rise to a sianificant densitv of localized band-tail states
various pressures. Insert shows peak position of the EL as a function qgiven ignim iy 1z I )

pressure. In conclusion, we have measured the pressure depen-
dence of the photoluminescence and electroluminescence
o ) ) from two different types of GaN/InGaN/AlGaN light emit-
coefficients is the influence of substrate on the pressure bgg diodes. Unusually low pressure coefficients were found
havior of a heterostructure. Howeverz ex.penmental eV'denC?ndicating the involvement of highly localized states in the
shows that bulk GaN crystals and epitaxial layers of GaN ohrocess of radiative recombination.
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