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ABSTRACT

In Al,Ga;xN quaternary alloys with different In and Al compositions were grown on sapphire substrates with GaN
buffer by metal-organic chemical vapor deposition (MOCVD). Optical properties of these quaternary alloys were
studied by picosecond time-resolved photoluminescence. Our studies have revealed that In,Al,Ga,..N quaternary
alloys with lattice matched with GaN (y~4.7x) have the highest optical quality. More importantly, we can achieve
not only higher emission energies but also higher emission intensities (or quantum efficiencies) in In,AlyGa;..yN
quaternary alloys than that of GaN. The quantum efficiency of InsAl,Ga;N quaternary alloys was also enhanced
significantly over AlGaN alloys with a comparable Al content. We have also fabricated ultraviolet (UV)
photoconductive detectors based on In,AlyGa,..sN/GaN quaternary alloy heterostructures. We found that with
varying In and Al compositions, the cut-off wavelength of the In.Al,Ga;«,N detectors could be varied to the deep
UV range and that the responsivity of the In,.Al,Ga;..,N quaternary alloys exceeded that of AlGaN alloys with
comparable cut-off wavelengths by a factor of five. This showed that In,AlyGa;«,N quaternary alloys is a very
important material for solar-blind UV detector applications particularly in the deep UV range where Al rich
AlGaN alloys have problems with low quantum efficiency and cracks due in part to lattice mismatch with GaN.
Our results strongly suggested that In,Al,Ga;«yN quaternary alloys open a new avenue for the fabrication of many
novel optoelectronic devices such as high efficient light emitters and detectors, particularly in the UV region.
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1. INTRODUCTION

II-nitrides including GaN epilayers, InGaN and AlGaN alloys, and InGaN/GaN and GaN/AlGaN multiple quantum wells
(MQWs) have been intensively studied due to their many applications in UV/blue light emitters, solar-blind UV detectors, and high
power/temperature electronics[1]. It has been demonstrated that most nitride based devices must take advantage of MQWs and
heterostructures such as GaN/AlGaN and InGaN/GaN as well as the tunability of the band gaps in the alloys from InN (1.9 eV) to
GaN (3.4 eV) and to AIN (6.2 eV). Thus an important issue is still QW or heterostructure device structural perfection, which
requires development of innovative approaches to synthesize high quality III-nitride QWs and heterostructures. As illustrated in
Fig. 1 that the photoluminescence (PL) emission intensity or quantum efficiency and the electron mobility of AlGa,.N alloys
decrease exponentially with an increase of Al-content.[2] The quantum efficiencies of UV light emitters fabricated from Al,Ga;..N
alloys are thus expected to drop significantly as the emission energy extends into deeper UV region. This is one of the key
problems for the fabrication of high performance UV optoelectronic devices. In fact, in a recent proof-of-concept demonstration
work, an output power of 13 #W at 20 mA was measured from an AlGaN/GaN MQW light emitting diode (LED) in the UV
spectral region near 354 nm.[3] This output power is more than two orders of magnitude lower than a 3 mW output power from
blue LEDs fabricated from InGaN/GaN MQWs. GaN-based photodetectors showing high gain have also been reported. These
included photoconductors [4], p-n junction detectors [S] and metal-semiconductor-metal detectors [6]. To take advantage of the
tunability of the cut-off wavelengths, AlGaN-based photoconductors [7], visible-blind UV cameras based on GaN/AlGaN p-i-n
photodiode arrays [8] and Schottky diode detectors [9] and have been fabricated. Further applications of AlGaN are feasible with
an increased Al content. However, a major drawback in the use of AlGaN alloys come from the lattice mismatch with GaN in the
AlGaN/GaN heterostructure, in particular at high Al content. The result of this is local strain relaxation at the heterointerface
through generation of cracks and/or misfit dislocations.

A material that is both lattice-matched with GaN and whose band-gap energy can be adjusted for UV applications
is therefore desirable. Such a material would be more versatile and would replace AlGaN, which is the current choice for
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Figure 1. (Left) PL Spectra of Al Ga, N measured at 300 K. (Right) Electron mobility and integrated PL
emission intensity vs Al content measured at 300 K. The results show that both the emission intensity and the
electron mobility of Al Ga, N decrease exponentially with x - a potential problem for ALGa, N as active
media for UV optoelectronic devices.

nitride UV emitters and detectors. Recently, In,Al,Ga;«yN quaternary alloys have been recognized to have the potential to
overcome some shortfall of GaN epilayers and InGaN and AlGaN alloys[10-16]. By varying In and Al compositions x and
y in In.AlyGa;.,N, one can change the energy band gap while keep lattice matched with GaN. In addition to the key
features of lattice-match with GaN and the tunability in energy bandgap, In,AlyGa,.yN quaternary alloys also have the
potential to provide a better thermal match to GaN, which could be an important advantage in epitaxial growth. For lattice
matching with GaN, the ratio of the concentration of In: Al can be estimated from the formula:

a[In,AlyGa;xyN] = Xapn + yaan + (1-X-y)acan- )

This assumes that a solid solution of InN, AIN and GaN are present in the quaternary [11-13]. Using values of the lattice
constant apy = 3.548 A, aan = 3.112 A, and ac.y = 3.189 A, the ratio x:y of the concentration of In:Al is found to be
around 1:4.7 for lattice matching with GaN. When this ratio is inserted in the formula for energy gap (Eg), one obtains the
following energy gap variation of In,Al,Ga;..yN:

Eg[In,Als ,Gar.5 7:N] = XE(InN) + 4.7xE(AIN) + (1-5.7%)E(GaN) @)
=(3.4+11.5x) eV = [3.4,5.5] eV

with 0 <x <0.18 and where we have used E{(InN) = 1.9 eV, E(AIN) = 6.2 eV and E(GaN) = 3.4 eV. The bowing effects are not
included in Eq. (2) since no data is available for the energy gap of InAlGaN quaternary alloys. This indicates the possibility of
growing In,Al,Ga;.,N lattice-matched to GaN with band gap energy adjustable from 3.4 to 5.5 eV for deep UV optoelectronic
applications. In this paper, we report the growth and picosecond time-resolved photoluminescence studies of ternary (InGaN and
AlGaN) and In,AlyGa;..yN quaternary alloys and the fabrication and characterization of UV photoconductive detectors based on
these materials.

2. EXPERIMENTAL

A semi-insulating 0.5-1.0 um GaN epilayer was first deposited on the sapphire substrate with a 25 nm low temperature GaN buffer
layer, followed by the deposition of a 0.1 #m In.Al,Ga;..,N quaternary alloy epilayer by metal-organic chemical vapor deposition
(MOCVD). A few InAlGaN quaternary alloys were also grown directly on top of the GaN buffer layer for the purpose of
comparison. Additionally, GaN epilayers, and InGaN and AlGaN ternary alloys were also grown on the sapphire substrates for
comparison studies. The sources used were trimethylgallium (TMG), trimethylaluminum (TMAI), trimethylindium (TMlIn) and
ammonia, The growth temperature and pressure for the underneath GaN epilayer were 1050 °C and 300 Torr, respectively.

Different In concentrations in the quaternary alloys were achieved by varying the flow rate (30-100 sccm) of the indium source or
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by changing the growth temperature (780-820°C) for a given flow rate of the In source. Hall measurements showed that the
mobility of the quaternary samples grown over GaN epilayers, depending on In and Al contents, was 235 - 500 cm?*V-sec with
electron concentration of 2.3 — 6.0 x 10'7 cm™ while the mobility of those grown directly on GaN buffer layers varied from 34 -
45 cm¥V-sec. Atomic force microscopy (AFM) was employed to study the surface morphologies and no cracking at the surface
of the quaternary samples were noticed [Fig. 2 (a)]. This is an indication of possibly better lattice as well as thermal matching of
quaternary alloys with GaN than AlGaN alloys. Picosecond time-resolved PL was employed to study the optical properties of
these materials[17]. The excitation laser wavelength and average pumping power were 290 nm and 20 mW, respectively. The
time-resolved PL signals were dispersed by a 1.3 m monochrometer and collected by a streak camera (Hamamatsu C5680).
Contents of In and Al were determined by different methods including X-ray diffraction (XRD), energy dispersal system (EDS),
Rutherford back scattering (RBS), and photoluminescence (PL) ‘measurements and were within 5% variation. RBS
measurements have shown that the In and Al contents in the quaternary In,Al,Ga, , N sample #706 were x=0.026 and y=0.124
respectively. Hence the ratio of the concentration of In:Al in sample # 706 was about 1:4.7 which is close to the estimated value
of 1:4.7 needed for lattice matching with GaN.

To fabricate the photoconductive UV detector, samples were cut into 3 mm x 3 mm pieces and cleaned with organic
solvents followed by a 20 second dip in buffered hydrofluoric acid to etch off surface oxides. A pair of multilayered ohmic
contacts of Ti/Al/Ni/Au with thickness of 15/220/40/50 nm respectively was deposited on each sample in an electron beam
evaporating system with a base pressure of about 5 x 107 torr. A gap of width 1 mm was defined between the contacts with a
shadow mask used during the e-beam deposition. The current-voltage measurement across the contacts indicated linear
characteristics even without annealing. In the measurement of the photoconductance, we used a 150-watt halogen lamp
together with a 0.3 m monochromator as the excitation source. The monochromator had a grating of 1200 grooves/mm with
peak sensitivity at 300 nm. Collimating lenses and a short pass filter were used. Our set-up employed a Wheatstone bridge
circuit to improve the sensitivity of the measurement. The sample was connected as one of the arms of the circuit. Prior to the
measurements, the samples were Kkept in the dark and the dark current balanced to zero across the electrometer used. When
the light was turned on, the wavelength of the incident light was step-scanned slowly from long to short wavelength to
minimize possible effects of persistent photoconductivity. The current I;, detected by the electrometer as a function of the
wavelength of the incident light was recorded. The incident light intensity was normalized using a Hamamatsu
photomultiplier tube.

InAlGaN Quaternary Alloys 2pm x 2pm AFM image)

Ir=8200C - T=800°C

KSU-528

T=820°C

Figure 2(a) Atomic force microscopy (AFM) images (2 pm x 2 pm scan) for four InAlGaN quaternary samples of
varying structures and a GaN epilayer.
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Figure 3. PL spectra of GaN, AlGaN, InGaN, and
InA1GaN measured at 10 K. We can achieve not
only higher emission energies but also higher
emission efficiencies in the UV region in InA1GaN
quaternaries than that in GaN.
efficiency of the InAlGaN epilayers is also higher
than that of the AlGaN epilayer and is comparable
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to that of the InGaN epilayer.
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The emission

Figure 2(a) shows atomic force microscopy (AFM)
images (2 ym x 2 pm scan) for four InAlGaN quaternary
samples of varying structures and a GaN epilayer. The
results of Fig. 2(a) is summarized in Fig. 2(b), where the
AFM values of root-mean-square (rms) deviations of surface
morphology are shown for InAlGaN alloys. It can be seen
that sample #706 (Ingo26Al0.124Ga08sN) grown over GaN and
lattice-matched with GaN has smallest rms value comparable
to that of GaN. Sample #667 (Ing02Alo.15Gao s3N) also grown
over GaN but lattice-mismatched to GaN has poorer surface
morphology with rms deviation three times higher than #706.
On the other hand, InAlGaN quaternary layers grown
directly over GaN buffer (#669 & 670) show much larger
AFM rms deviations. Thus a good lattice match of the
quaternary InAlGaN with GaN results in a smoother surface
morphology.

Time-resolved PL has been employed to study the
mechanisms of the optical transitions as well as to
characterize the quality of the grown epilayers. It was found
that In,Al,Ga;xyN quaternary alloys with lattice matched
with GaN epilayers (y~4.7x) have the highest PL emission
intensity as well as the narrowest XRD linewidth. Table 1
lists the optimal growth parameters and emission properties
of one of the In,AlyGa;«,N quaternary alloys that is lattice
matched with GaN (sample #706) together with those of
In,Ga;.N and Al,Ga;..N alloys. Room temperature electron
mobilities and concentrations have also been measured and
listed in Table 1 as well.

Figure 3 shows the PL emission spectra of GaN
epilayer, Al,Ga;.N alloy (#607), In,Ga;N alloy (#693), and
In,AlyGa,«yN quaternary alloy (#706) measured at T=10 K.
The arrows indicate the spectral peak positions. The full
width at half maximum (FWHM) of each emission line is also
included in the figure. The integrated PL intensity, Iem, for
each of the alloy samples is included in Table 1. The lower
emission peak at 3.487 eV in the PL spectrum of InAlGaN
quaternary alloy in Fig. 3(d) is due to the underneath GaN
epilayer. The emission spectrum of In,Al,Ga,..yN quaternary
alloys in Fig. 3(d) shows that we can achieve not only higher
emission energies but also higher emission efficiency in
In,AlyGa;«yN quaternary alloys than that of GaN. The
emission intensity of In,AlyGa;«yN quaternary alloys is also
higher than that of AlyGa; N alloy by a factor of 2.2 and 3.6
at 10 and 300 K, respectively and is comparable to that of
InGa; N alloy. The physical origin of this enhanced
quantum efficiency (QE) in InAl,Ga;,N quaternary alloys
over GaN and Al,Ga;«N alloy is not yet clear. However, it is
now well known that low In-content In,Ga;.N alloys have
higher quantum efficiencies than GaN epilayers. It is thus
not surprising that the QE is enhanced after the incorporation
of indium into Al,Ga;N.
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Table 1. Comparison of InAlGaN Quaternary Alloys with InGaN and AlGaN
Samples In Ga, N Al Ga,; N In Al Ga, , N
Growth Parameters
P (Torr) 300 270 300
T (°C) 780 1060 780
XRD (002) (arcsec) 359 375 411
In and Al Contents x~0.026 x~0.136 x~0.026, y~0.124
p (cm?/Vs) 222 215 236
n (1017 cm3) 2.50 5.40 3.60
E,(eV) T=10K 3.395 3.722 3.575
T=300K 3.348 3.674 3.542
ILmi(A.U) T=10K 185 80 175
T=300K 3.9 0.72 2.58
FWHM (meV) 26 26 29
E ctivation(meV) 16.3 16.7 234
T (ns) (T=10K) 0.28 0.35 0.49
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Figure 4 (a) The Arrhenius plots of PL emission
intensities of InAlGaN, InGaN, and AlGaN alloys.
(b) PL decay profile of InAlGaN quaternary alloy
together with those of GaN epilayers, InGaN, and
AlGaN alloys measured at T=10 K.

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 05/01/2014 Terms of Use: http://spiedl.or g/terms

Figure 5. Time-resolved PL spectra as well as emission
energy dependence of decay lifetime measured at 10 K for
(a) InGa N alloys, (b) Al Ga, N alloys, and (c)
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In Al Ga, , N quaternary alloys.
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From Table 1, it is interesting to note that the growth conditions as well as the emission properties of In,AlyGa;.x.
4N quaternary alloys are more closely related with In,Ga;xN than AlLGa,N. The growth temperature and pressure for the
optimized In,AlyGa,.xyN quaternary alloys (T=780 °C and P=300 7) are exactly the same as for In,Ga;N alloys. The
relative integrated PL emission intensities of In,Al,Gai.yN quaternary alloys are 175 (T=10 K) and 2.58 (T=300 K). These
values are comparable with the values of 185 (T=10 K) and 3.9 (T= 300 K) for InGaN, but much higher than the values of
80 (T=10 K) and 0.72 (T=300K) for AlGaN. It is thus concluded that In,Al,Ga;,N quaternary alloys are InGaN-like
rather than AlGaN-like, although Al composition is almost a factor of 5 larger than In.

PL emission spectra at different temperatures were also measured for InAlGaN, InGaN and AlGaN alloys.
Emission intensities in these samples all decrease with increasing temperature. The Arrhenius plots of PL emission
intensity of InAlGaN, InGaN and AlGaN alloys are shown in Fig. 4(a). The solid lines in Fig. 4(a) are the least squares fit
of data with equation

K(T)=I/[1+Cexp(-E¢/kT)], 3)

where E, is the activation energy and C is a fitting constant. The fitted values of Eo are 16.3, 16.7, and 23.4 meV for
InGaN, AlGaN, and InAlGaN alloys, respectively.

The dominant PL transitions in In,AlyGai«yN quaternary alloys at low temperatures are due to the localized
exciton recombination, just as the cases in InGaN and AlGaN alloys. This fact is reflected in the characteristics of time-
resolved PL as well as decay lifetimes. Decay lifetimes of PL emission at their spectral peak positions were also measured
for InAlGaN, InGaN and AlGaN alloys and Fig. 4(b) shows the PL decay profiles measured at their corresponding spectral
peak positions at 10 K. The measured decay lifetimes at 10 K for InGaN, AlGaN, and InAlGaN alloys are listed in Table 1.

In Fig. 5 is the plot of time-resolved PL spectra as well as the emission energy dependence of the decay lifetime
measured at T=10 K for (a) In,Ga,N alloys, (b) Al\Ga...N alloys, and (c) InxAl;Ga;xyN quaternary alloys. The behavior
of emission energy dependence of decay lifetime is very similar among these three alloys. While InAlGaN has the longest
decay lifetimes, the decay lifetime decreases with an increase of emission energy at energies above their corresponding
spectral peak positions. This is a well-known character of localized excitons and is due to the transfer of excitons from
higher to lower energy sites within the tail states caused by alloy fluctuations.[2,18]

The increased decay lifetime as well as activation energy in quaternary alloys points to an enhanced localization
effects in In,Al,Ga;x,N quaternary alloys compared with InGaN and AlGaN ternary alloys. The measured PL decay
lifetime for In,AlyGa;.,N quaternary alloys at T=10 K, indicated in Table 1, is 0.49 ns, while that for InGaN and AlGaN
are 0.28 and 0.35 ns, respectively. It is interesting that the measured decay lifetime of In,Al,Ga;«,N quaternary alloys at
T=10 K, Tmagan, is correlated with those of InGaN and AlGaN alloys, Tmgan and Zagan, through with the relation
TimalGan=0.49 nsz(tzhgmrzMGaN)”2=(O.282+0.352)”2 =0.45 ns. This fact provides some hint that localization effects in
In,Al,Ga;«,N quaternary alloys are the summation of those in AlGaN and InGaN alloys with comparable In and Al
compositions. Further evidence to support this speculation is that the relationship between the activation energies, Eo, in
In.AlyGa;xyN quaternary alloys and InGaN and AlGaN ternary alloys as shown in Table 1 is the same as the decay
lifetimes, i.e., Eomaican=23.4 meV=(Eo, aigan+E o mcan)"> =(16.3%+16.7%)"? meV =23.3 meV.

Figure 6 shows the normalized photoresponse versus the excitation light wavelength for the InAlyGaj..yN
detectors with different In and Al contents. The photoresponse from two of the quaternary samples (#706 and #667) shown
in figure 6 has a step at around 363 nm and this comes from the underlying GaN epilayer in those samples. The other two
samples (#669 and #670) show no such step as they were grown directly on the thin buffer layer. The cut-off wavelengths of
these two samples are not as sharp; perhaps due to the poor crystalline quality as also noted in the low values of their
mobilities and higher AFM rms deviations of the surface morphology [shown in Figure 2(b)]. Our results reveal that the
cut-off wavelength can be varied and in this case, from 345 to 289.6 nm, though the ratio of In:Al will no longer be
constant at the value 1:4.7 required for exact lattice matching. The mismatch can be kept small enough to avoid cracking at
the epilayer and yet achieve a significant change in the cut-off wavelength. Shown in this figure is also a decrease in
photocurrent at shorter wavelengths. This is caused by surface recombination because at higher energies, absorption takes
place closer to the surface [19,20].

Figure 7 shows the plot of the normalized photoresponse versus wavelength for a quaternary sample # 667 with
approximate composition Ingo2Alp 15Gaos3sN and an Alp 14GagssN sample #607 both with about the same cut-off wavelength
(326.8 nm). It is noted that the response of the Ing,Alp 15Gao 33N quaternary alloy was about five times greater than that of
Alp 14Gag 36N of comparable cut-off wavelength. In order to suitably compare the photoresponse from two different alloys, it
is important to choose those whose cut-off wavelengths are equal. This is important because photoresponse is found to
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the cut-off wavelength for the quaternary alloys. The comparable cut-off wavelength. The compositions for
photoresponse from the underlying GaN epilayer in the these samples are estimated to be In, ,Al, ;sGa, &N and
two samples #706 and #667 is seen in the steps at 363 Al ,,Ga, g N, respectively.

nm.

decrease with decreasing values of the cut-off wavelength.

We thus point at several potential advantages of In,AlyGa;.xyN quaternary over AlyGa,..,N ternary alloys. First is
that In,AlyGa,«yN provides a photoconductive UV detector with photoresponse much larger than Al,Ga;..,N of comparable
cut-off wavelength. This is particularly important, as the ternary alloy has been the one mostly used for UV detector
applications. The reason for the enhancement of the photoresponse in IncAlyGa;xyN as compared with AlyGa;..,N is not
yet clearly understood. We speculate that this is perhaps related to enhanced quantum efficiency and/or improved
heterointerface and the reduction of strain when In is incorporated into the AlGaN. The second advantage of In,AlyGa;..,N
quaternary alloys is that they provide much higher emission intensities than those of AlGaN with a comparable Al
composition. The possible physics involved here is probably very similar with that between GaN and InGaN. It has been
now well established that emission intensity in low In-content InGaN alloys is much higher than that of GaN epilayers
probably due to localization effects. It is thus not surprising that emission intensity of InAlGaN is higher than that of
AlGaN, attributed probably again to the inherent properties associated with the presence of In. The enhanced emission
intensity or QE have been observed recently in unstrained InGaN/InAlGaN QWs in which the quaternary serves as the
barrier material and was attributed to the reduction of dislocation density as well as of the piezoelectric field.[13] Our
results show that besides the advantages of reducing dislocation density and/or piezoelectric field in lattice-matched
InGaN/InAlGaN and GaN/InAlGaN QWs, emission intensity or QE of InAlGaN is also higher than that of AlGaN with a
comparable Al composition. This makes the InAlGaN quaternary alloys a better choice as active materials for many UV
optoelectronic applications over AlGaN. The third advantage is that with the correct choice of In and Al concentrations,
lattice matching with GaN and energy gap engineering can be achieved during the growth of In,Al,Ga;.«yN. A lattice-
matched quaternary alloy is also seen to have better surface morphology. The limitation of critical thickness that is an issue
in the growth of AlGaN due to lattice mismatch with GaN may not then be the case for In,AlyGa;xyN. It is expected that
detrimental effects due to lattice mismatch between the barrier and well materials, such as layer cracking, piezoelectric
field, and high dislocation density will be significantly reduced in devices based on quaternary alloys compared with those
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utilizing ternary alloys. This is very important for UV emitter and detector applications, where either AlGaN or InAlGaN
will be used as active layers. Finally, the thermal coefficient of In,AlyGa;xyN is better matched to GaN than AlGaN is.

4. SUMMARY

In summary, In,AlyGa;«yN quaternary alloys have been grown by MOCVD on sapphire substrates. Optical properties of
In AlyGa;xyN quaternary alloys have been studied by picosecond time-resolved PL spectroscopy and compared with those
of GaN epilayers as well as InGaN and AlGaN alloys. By controlling In and Al compositions of In,AlyGa.xyN quaternary
alloys, we can achieve not only lattice match with GaN but also higher emission energies as well as higher emission
efficiencies in the UV region in In,Al,Ga;xyN quaternary alloys than that in GaN epilayers. In addition, PL emission
intensity or quantum efficiency of In,AlyGa,.,N quaternary alloys is enhanced over Al,Ga;.N alloys with similar Al
contents and is comparable to that of InyGa,xN alloys with similar In composition. It is also demonstrated that the physical
properties of In,Al,Ga;.xyN quaternary alloys are more closely related with In,Ga;.N than Al.Ga;..N including growth
conditions and material properties. We have also fabricated ultraviolet (UV) photoconductive detectors based on InAl,Ga;.
xyN/GaN quaternary alloy heterostructures. We found that with varying In and Al compositions, the cut-off wavelength of
the In,AlyGa,.yN detectors could be varied to the deep UV range. The responsivity of the In,Al,Ga,»yN quaternary alloys
was found to exceed that of AlGaN alloys with comparable cut-off wavelengths by a factor of five. Just like the case in
other conventional III-V semiconductor alloys, In.Al,Ga;xyN quaternary alloys open a new avenue for the fabrication of
many novel optoelectronic devices such as high efficient light emitters and detectors, particularly in the UV region.
Additionally, the lattice matched In,AlyGa;«,N/GaN (y ~ 4.7 x) heterostructures also represent a unique system in which
the piezoelectric field is absent and hence different effects of polarization and piezoelectric fields on the optoelectronic
properties of II-nitride may be distinguished.
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