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Carrier capture and escape processes in the super-bright green (In,Ga)N single-quantum-well (SQW)
light-emitting diode (LED) has been studied by photoluminescence (PL) spectroscopy under reverse and
forward bias conditions. The PL spectra were measured at 20 K under excitation photon energies above
and below the bandgap energy of GaN barrier layers. The PL spectra under both excitation conditions
show green emission from the (In,Ga)N SQW layer. The wavelength-integrated PL intensity changes
drastically depending on the applied bias voltage. For the excitation below the bandgap energy of GaN
(direct excitation), the PL intensity increases with increasing the forward bias voltage up to +2 V and sig-
nificant reduction of the PL intensity is observed with further increase of the forward bias voltage. On the
other hand, for the excitation above the bandgap energy of GaN (indirect excitation), the PL intensity rap-
idly increases up to +2 V, decreases once, increases again with the maximum value at +3.25 V, and dras-
tically decreases again. These differences of the PL intensity variation reflect carrier escape and capture
processes. That is, in the direct excitation condition, the PL intensity variation indicates the effect of the
electric field on the radiative recombination and the carrier escape processes. In contrast, in the indirect
excitation condition, it is reflected in the carrier transfer and capture processes.

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Recently, (In,Ga)N quantum heterostructure has attracted a great deal of attention because of the devel-
opment of super-bright blue and green light-emitting diodes (LEDs)[1,2]. Quantum confinement effects
on the (In,Ga)N quantum well (QW) and efficient carrier localization at radiative recombination centers
such as certain potential minima in inhomogeneous (In,Ga)N QWs are important for the origin of the
high emission efficiency by means of spectroscopic studies by electroluminescence (EL), photolumines-
cence (PL), reflectance and absorption spectral measurements[3-6]. Furthermore, it has been pointed out
that the quantum confined Stark effect caused by an internal piezoelectric field due to lattice mismatch
plays an important role in strained (In,Ga)N QWs [7-10]. For optoelectronics devices, because control of
the carrier conduction is required, it is important to understand the optical properties and carrier transport
in an applied electric field, in particular under forward bias condition, i.e. while a device is operating. In
our previous studies [11], we have investigated temperature and injection current dependence of EL
spectral intensity of green and blue (In,Ga)N single-quantum-well (SQW) LEDs, fabricated by Nichia
Chemical Industry Ltd.[1], and pointed out that the carrier capture processes play an important role for
EL efficiency. In this study, we have measured PL spectra of the green (In,Ga)N SQW LED under for-
ward and reverse bias conditions (from —10 to +4.25 V). Comparing PL results taken under direct and
indirect excitation, we have investigated carrier capture and escape processes in the (In,Ga)N SQW LED.
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2 Experimental

The super-bright green (In,Ga)N SQW LED on a (0001) sapphire substrate, fabricated by Nichia Chemi-
cal Industry Ltd. [2], has been studied in this work. The (In,Ga)N LED sample consists of a 30-nm-thick
GaN buffer layer, a 4 um layer of Si doped n-GaN, a 3 nm (In,Ga)N active layer, a 100 nm layer of Mg
doped p-(Al,Ga)N and a 500 nm layer of Mg doped p-GaN. The claimed In concentration in the
(In,Ga)N SQW layer is 0.45. The detailed diode heterostructure was described previously [1,2]. The
(In,Ga)N SQW LED chip was mounted on a semi-insulating GaAs wafer piece for wiring. Then, it was
fixed on a Cu cold stage of a closed-cycle He cryostat and PL spectra were measured at 20 K under vari-
ous applied bias voltages between —10 and +4.25 V. For excitation sources, a second-harmonic light (380
nm) of a pulsed Ti:sapphire laser and a cw He-Cd laser (325 nm) were used to excite below and above
the bandgap energy of GaN (direct and indirect excitation of the (In,Ga)N SQW layer), respectively. The
average power densities were fixed at 30 W/cm?. The amplitude modulation of the excitation beam was
made by a mechanical chopper. By means of a lock-in detection technique, restricted emission induced
by the excitation light was selectively measured in spite of the existence of EL under forward bias volt-
ages.

3 Results and discussion

Figure 1(a) shows PL spectra measured at 20 K under applied bias voltages of -10, -5, -2, 0, +2 and +4
V for the direct excitation conditions. The PL spectrum at +4 V shows almost the same lineshape as the
EL spectrum. Two emission bands are clearly observed under the applied bias voltages below +2 V. The
higher energy band under the applied voltage of O V is located around 525 nm, and the lower one is
around 540 nm. The higher energy emission shows a blueshift with increasing the applied reverse bias
voltage, and it is located around 505 nm at —10 V, while the lower energy one does not show any signifi-
cant shifts. The blueshift is related with the compensation of the piezoelectric field by the applied reverse
bias voltage [7]. Although it has been reported that the two-components emission from (In,Ga)N LED is
observed on the conditions of reverse bias [12], the origin of the emission has not been clear yet.

It is important to note that the PL intensity varies dramatically with changes of the applied bias volt-
age. The spectrally integrated PL intensity at various applied bias voltages for the direct excitation is
shown by solid circles in Fig. 2. It is found that the PL intensity gradually decreases with increasing the
applied reverse bias voltage. In this case, since the internal piezoelectric field is cancelled by the applied
reverse bias, the transition probability should increase because of increases of the overlap integral be-
tween the wave functions of the electrons and holes in the SQW layer. However, the PL intensity is ob-
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served to decrease with increasing the applied reverse bias voltage. This result indicates that the PL
quenching under the reverse bias voltages should be due to tunnelling escape of the carriers out of the
well induced by the external electric field [13]. The escape processes are schematically shown in Fig.
3(b). Our observation of the photocurrent intensity increases from the SQW layer with the reverse bias
(not shown) supports our hypothesis for the PL quenching. On the other hand, the PL intensity increases
with increasing the applied forward bias voltage up to +2 V. Significant reduction of the PL intensity is
observed with further increase of the forward bias up to +4.25 V. This PL quenching should be also
attributed to the carrier escape from the quantum well (shown in Fig. 3(c)), although absorption is ex-
pected to decrease by the increase of the electric field in the well due to the spatial separation of the
electrons and holes.

In order to investigate the carrier capture processes, we have measured PL spectra under indirect exci-
tation condition. The typical spectra for applied bias voltages of —10, -5, -2, 0, +2 and +4 V are shown
Fig. 1(b). Two emission bands are observed as well as the direct condition. The higher energy band un-
der the applied voltage of 0 V is located around 525 nm, and the lower one is around 550 nm. The main
emission (the lower energy emission) show no effective shift for the applied bias voltages, while the
higher energy emission shows a blueshift with increasing the applied reverse bias voltage (shown by
downward arrows to guide the blueshift). By comparison between the direct and indirect excitation, one
of the most different feature is the PL intensity variation under the forward bias voltages. The spectrally
integrated PL intensity at various applied bias voltages for the indirect excitations is shown by solid
squares in Fig. 2. Increasing the reverse bias voltage, the PL intensity gradually decreases just like under
the direct excitation condition. Increasing the forward bias voltage, however, the PL intensity rapidly
increases up to +2 V, decreases once, increases again with the maximum value at +3.25 V and drastically
decreases.

The PL intensity variation for the direct excitation indicates the electric field dependence on the radia-
tive recombination and the carrier escape processes, because the photoexcited carriers are only generated
in the (In,Ga)N SQW layer. In contrast, the PL intensity variation for the indirect excitation is reflected
in the vertical carrier transfer and capture processes, because the carriers are injected into the well from
the p-side, where almost all the carriers are photogenerated due to the expected large absorption coeffi-
cient of ~10° cm™ for GaN. The observed PL intensity variation for the direct excitation indicates that the
internal quantum efficiency is the maximum at +2 V where the junction field is compensated and the flat
band condition is obtained. When the device is operating, the internal quantum efficiency decreases
because of the carrier escape from the well. For the indirect excitation, it indicates that the carrier capture
processes is sensitive to the electric fields. That is, the carriers are easier to capture in the well under the
flat band than the reverse bias. Especially, the probability of carrier capture is most efficient at the ap-
plied voltage of +3.25 V. On the other side, the observed peak at +2 V indicates the maximum point of
the internal quantum efficiency. We find that the luminous efficiency is not good under the large forward
bias voltages from the points of the internal quantum efficiency and also the carrier capture. Further
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improvement of luminous efficiency can be expected by controlling the carrier conduction by optimizing
the quantum structure, etc.

4 Conclusion

We have investigated carrier capture and escape processes in the super-bright green (In,Ga)N single-
quantum-well (SQW) light-emitting diode (LED) by photoluminescence (PL) spectroscopy under re-
versed and forward bias conditions. The PL spectra were measured at 20 K under the direct and indirect
excitation. For the direct excitation, the PL intensity increases with increasing the forward bias voltage
up to +2 V and significant reduction of the PL intensity is observed with further increase of the forward
bias voltage up to +4.25 V. On the other hand, for the indirect excitation, the PL intensity rapidly in-
creases up to +2 V, decreases once, increases again with the maximum value at +3.25 V, and drastically
decreases again. These differences of the PL intensity variation reflect carrier escape and capture proc-
esses. These results indicate that the carrier escape processes dominate for the PL quenching not only in
reversed bias but also in the large forward bias and that the carrier capture processes is sensitive to the
electric fields.

Acknowledgements The authors would like to thank Nichia Chemical Industry Ltd., especially S. Nakamura
(presently at the University of California at Santa Barbara) for providing the chip samples used for the present study.
This work was supported in part by the Grant-in-Aid for Scientific Research from the Ministry of Education, Culture,
Sports, Science and Technology (N0.16360157).

References

[1] S. Nakamura and G. Fasol, The Blue Laser Diode (Springer, Berlin, 1997).

[2] S. Nakamura et. al. , Jpn. J. Appl. Phys. Part2 34, L1332 (1995).

[3] M. Smith et. al., Appl. Phys. Lett. 69, 2837 (1996).

[4] S. Chichibu, T. Azuhata, T. Sota, and S. Nakamura, Appl. Phys. Lett. 69, 4188 (1996).

[5] Y. Narukawa, Y. Kawakami, Sz. Fujita, Sg. Fujita, and S. Nakamura, Phys. Rev. B 55, R1938 (1997).
[6] A. Satake et. al., Phys. Rev. B 57, R2041 (1998).

[7] T. Takeuchi et. al, Appl. Phys. Lett. 73, 1691 (1998).

[8] S. F. Chichibu et. al., Appl. Phys. Lett. 73, 2006 (1998).

[9] H. Kollmer et. al., Appl. Phys. Lett. 74, 82 (1999).

[10] Y. D. Jho, J. S. Yahng, E. Oh and .D. S. Kim, Appl. Phys. Lett. 79, 1130 (2001).

[11] A. Hori, D. Yasunaga, A. Satake, and K. Fujiwara, J. Appl. Phys. 93, 3152 (2003).

[12] H. Kudo, H. Ishibashi, R. Zheng, Y.Yamada and T. Taguchi, Appl. Phys. Lett. 76, 1546 (2000).
[13] J. A. Kash, E. E. Mendez, and H. Morkog, Appl. Phys. Lett. 46, 173 (1985).

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

000000 physica (b) 235/1 WordXP Art.: W0000/Autor  V:\Lohnbelichtung\pha\STEHSATZ\vorlage_WordXP\00_10_09\pss_2000.dot
&R310; insgesamt 2 Seiten  Diskette 10.12.2002 Bearb.:



