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Carrier dynamics of optical emission from two-dimensional
electron gas in undoped AlGaN/GaN single heterojunctions
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The strucutral and optical properties of undoped A1GaN/GaN single heterojunctions (HJs) were studied by
means of high-resolution x-ray diffraction, photoluminescence (PL), cathodoluminescence (CL), and
time-resolved PL spectroscopy. An additional two-dimensional electron gas (2DEG)-related PL and CL
emission appeared at about 40 meV below the GaN band-edge emission energy and persisted up to about
100 K, while this peak disappeared when the top AlGaN layer was removed by reactive ion etching.
Depth-resolved CL spectra reveal the presence of a 2DEG at the heterointerface. The additional PL and
CL emission below the GaN band-edge emission is attributed to the recombination between photogenera-
ted holes and electrons confined at 2DEG states in the triangular-shaped interface potential. For the 2DEG
emission, we observed an about 50-ps delayed rise time than the GaN and AlGaN emissions by using
time-resolved PL, indicating effective carrier transfer from the GaN flatband and AlGaN regions to the
heterointerface. From the results, we explained the optical properties and carrier recombination dynamics
of 2DEG, GaN, and AlGaN emissions in undoped AlGaN/GaN single HJs.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Al Ga;_ (N/GaN heterojunctions (HJs) have attracted much attention for their promising applications for
high-voltage, high-current power, and high-temperature electronic devices. The Al,Ga, ,N/GaN HlJs
have been shown to induce high sheet carrier densities two-dimensional electron gas (2DEG) because of
high sheet carrier concentration originating from the strong built-in piezoelectric and spontaneous polari-
zation effect at the heterointerface [1-3]. Up to now, rather sophisticated HJs such as modulation-doped
HIJs [4] or double-barrier type HJs [5] have been mostly used to investigate optical properties of Al,Ga;_
{N/GaN HJs, since stronger 2DEG-related emission can be obtained in these kinds of HJs. However, the
optical properties and carrier dynamics for two-dimensional electrons in undoped Al,Ga; ,N/GaN single
HIs are rare in the literature, even though the undoped and single HJs are the most fundamental HS. The
optical properties and carrier dynamics in undoped AlyGa, (N/GaN single HJs are crucial not only for
understanding the intrinsic properties in the unique HJs with a strong built-in internal field but also for
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developing the practical devices such as high-electron mobility transistors. In this work, we have investi-
gated the structural and optical properties of two-dimensional electrons in undoped AlGaN/GaN single
HIJs by means of high resolution x-ray diffraction (HRXRD), photoluminescence (PL), cathodolumines-
cence (CL) and time-resolved PL spectroscopy.

2 Experiments

AlGaN/GaN single HJ structures consisting of a 25-nm-thick Al,Ga; N (x < 0.3) layer grown on a 1.45-
pum-thick undoped GaN were prepared by metalorganic chemical vapor deposition on (0001) sapphire
substrates with a 30-nm thick GaN buffer layer. Trimethylgallium, ammonia, and trimethyl-aluminum
were used as the Ga, N, and Al precursors, respectively. The growth temperature and the reactor pressure
of the undoped GaN (the AlGaN) layer were 1020 (1030) °C and 300 (150) Torr, respectively. Shub-
nikov-de Haas oscillations were clearly observed in the AlGaN/GaN single HJs, which indicates the
existence of 2DEG in the AIGaN/GaN heterointerface [6]. The electrical properties were measured by
Hall-effect measurement at room temperature. The Hall mobility of 750 cm?/V-s and the sheet charge
density of 1.3x10" cm? were obtained for the AIGaN /GaN HJ. PL spectra were measured as a function
of temperature ranging from 10 to 300 K using the 325 nm line of a He—Cd laser. CL measurements
were carried out using a scanning electron microscope system. All CL spectra were taken from 8 to 30
keV at 5 K using currents from 0.8 to 1.5 nA, respectively. Time-resolved PL spectra were measured
using a frequency-tripled picosecond mode-locked Ti:sapphire laser (280 nm) for excitation and a multi-
channel plate photomultiplier tube for detection.

3 Results

Figure 1 shows (a) the HRXRD diffraction curve for the (00-4) direction of and (b) the PL spectrum of
the Al,Ga; (N/GaN single HJ (solid line), and those of the GaN layer after removing the top AlGaN
layer by reactive ion etching (RIE) (dotted line). The etched depth was found to be about 243.8+2.7 nm
by using atomic force microscopy, as shown in the inset of Fig. 1(a). The absence of AlGaN top layer
after RIE is also confirmed by the disappearance of AlGaN peak of the HRXRD data. The PL emissions
due to free exciton A (FX,), free exciton B (FX;) and bound exciton (BX) are observed at 3.481, 3.487,
and 3.498 eV, respectively. The emission peaks related to 1 longitudinal optical (LO) and 2 LO phonon
replicas have ~ 92 meV energy periodicity from the zero phonon peak of undoped GaN, as marked with
vertical grids in Fig. 1(b). We observed that an additional peak emerged for the AIGaN/GaN HJ, while
this peak disappeared at PL when the top AlGaN layer was etched off. We note that this peak is typically
not observable for as-grown undoped GaN single layers.
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Fig. 1 (a) Comparison of the ®-20 diffraction curve of and (b) 10 K PL spectra of the AlGaN/GaN HJ and that of the
GaN layer after removing the AlGaN top layer by RIE.
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Fig. 2 Depth-resolved CL spectra of (a) the AlIGaN/GaN HJ and (b) the GaN layer after removing the AlGaN top
layer. The AlGaN (A), GaN (B) and 2DEG (C) emissions are indicated by arrows.

To further investigate the properties of the 2DEG related emission, we obtained depth-resolved CL
spectra of the (a) AlIGaN/GaN HJ and (b) the GaN after removing AlGaN layer with increasing accelerat-
ing voltage from 8 to 30 keV. The CL technique allows us to probe the emission properties of different
depths in the material by varying electron beam energy (accelerating voltage). Based on the CL depth
profiling data of GaN for different electron-beam voltages ranging from 8 to 30 keV [7], we can investi-
gate the properties of a 2DEG located at the heterointerface with accelerating voltages. The AlGaN (A),
GaN BX (B), and 2DEG (C) related emissions from AlGaN/GaN single HJ are clearly observed in Fig.
2(a). The 2DEG related emission was seen at ~ 3.45 eV and the AlGaN layer at ~ 3.94 eV, whose peak
intensity appears to increase gradually with increasing accelerating voltage, as shown in Fig. 2(a). How-
ever, these CL peaks disappeared when the top AlGaN layer was etched off. Therefore, the additional PL
and CL emission below the GaN band-edge emission is attributed to the recombination between photo-
generated holes and electrons confined at 2DEG states in the triangular-shaped interface potential. The
separate peaks for GaN (especially at 20 and 30 keV) can be attributed to GaN bound and free exciton
emissions.

Figure 3 shows the excitation power (circles) and the temperature dependence of the energy separation
(AE) between the 2DEG and the GaN FX, peaks. The GaN band-edge peak shifts to lower energy while
the 2DEG peak does not change much with increasing temperature, resulting in a gradual decrease of AE
from about 39 to 37 meV with varying temperature from 10 to 70 K. We also performed excitation-
power dependent PL experiments ranging from 0.01 to 10 mW at 10 K, and observed that AE decreases
from about 41 to 39 meV with increasing excitation power. These results can be explained by the screen-
ing effect of carriers in a triangular potential well at the AlIGaN/GaN heterointerface [5].
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Fig. 4 (a) Temporal evolution of PL intensities monitored at AlGaN (A), GaN (B), and 2DEG (C) PL peaks. (b)
Schematic band diagram and related carrier dynamics of (A), (B), and (C).

Figure 4(a) shows time evolutions of PL related to the AlGaN (A), GaN (B), and 2DEG (C) emis-
sions, which were vertically shifted for clarity. We observed a longer decay time of ~ 0.7 ns for the Al-
GaN-related emission than those for the GaN and 2DEG-related emissions [8]. A single exponential de-
cay profile was seen for the AlGaN emission, while not for the GaN and 2DEG emissions. A dominant
faster decay time and a slower one were extracted out to be ~ 0.2 ns and ~ 0.7-0.8 ns, respectively, for
both GaN and 2DEG emissions by fitting of two exponential functions. We note that the rising time of
2DEG emission is delayed ~50 ps with respect to those of the AlGaN and GaN emissions [Fig. 4(a)].
This indicates that the electrons photongenerated in the GaN flat-band region efficiently transfer to the
triangular well region at the heterointerface. Since the photogenerated holes are used for both the GaN
recombination and the 2DEG recombination, the first stage of the decay of the 2DEG emission can be
determined by the fast GaN recombination. After running out the most photogenerated holes, the 2DEG
emission is affected by the slow recombination between 2DEG and remaining holes [Fig. 4(b)].

4 Conclusions

The 2DEG-related optical properties of AlGaN/GaN single HJs have been examined. An additional
2DEG emission appeared at about 40 meV below the GaN band-edge emission energy. The presence of
the 2DEG at the heterointerface was also confirmed by depth-resolved CL spectra. The delayed rise time
of the 2DEG emission indicates an effective carrier generation in the GaN flat-band region and a succes-
sive carrier transfer from the GaN and AlGaN regions to the heterointerface.
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