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Abstract;

In this‘ report, the growfh of AllnGaN by metal organic chemical ‘vapour depqsition
_.(MOCVD) and its application for optoelectronic and electrbnic device were étudied. The .
growth of AllnGaN was optimized as a function of growth temperature. The great difference
of material properties were observed between the AllnGaN samples with same composition
grown at different tefnperatures. The material quality of high temperature grown sample is
much superior to that of low temperatufe one. Base on this point, high quality MQWs
structure wés grown with a strong PL emission at 350 nm. However, the 350 nm LED was
failed to be fabricated because of lack of a proper AlGéN template on sapphire substrate. The
electronic application of AllnGaN was also studied, which included the properties of Schottky
contact to AllnGaN. Finally, high performaﬁce AllnGaN based heterojunction field effect
transistors (HFETs) in both enhancement mode (E-mode) and depletion mode (D-mode) were
demonstrated for the first time, which indicate quaternary AllnGaN is a promising material

- for high power and high frequency electronics applications.

1. Introduction:

In the past two decades, the great progress has been made for the research of Group III |

nitride semiconductors in both optoelectronic and Velectronic applications, which includes the
| commercialization of both GaN based green, blue and near Ultraviolet (UV) light emitting
diodes (LEDs) and 405 nm laser diodes (LD) for next generation DVD system, and also
includes the near commercialization for GaN based heterojunction field effect transistor -

(HFET) in high power and high frequency electronic device applications.

In recent years, quaternary. AlInGaN alloy attracted much attention because of the
following reasons. The first, in the view of available wide range of direct bandgaps, wurtzite

GaN alloyed with AIN and InN may span a wide and continuous spectrum range from UV to



infrared (IR). This mékes the quaternary nitride system attractive for optoelectronic device
applications. Second; quaternary AllnGaN can provide the maximum pbs_sibility for the
 combined bandgap and lattice constant engineering. "fherefore by adjusting the in-plane strain
of the quantum wells, the quantum confined stark effect (QCSE) may be expected to be
reduced and the improved emission efﬁciency ﬁay be expected. Third, some researchers '
found that AlInGaN was a profnising material for UV emission in comparison with ternary
AlGaN. This may be due to the exciton localization effect, which is similar to the effect of
Indium in the InGaN system. The final reason is that quaternary may be a promising
candidate as a barfier material of GaN based HFETs, which will be discussed in detail at the

following session.

The biggest obétacle of réalizing high—quality‘ AllnGaN layers is to optimize a.proper
growth condition because of the difference in typical growth temperature for ternary alloys
AlGaN and InGaN. The growth temperature for high-quality AlGaN can be over 1000°C,

- while InGaN growth must usually ocdurs at low temperature (700~800°C) because of the

weak In-N bond.

The context of this report will be arranged as following: (1) Growth optimization of
AlInGaN; (2) Optoelectronics application for quaternary AllnGaN; (3) Electronics application
for quaternary AllnGaN

2. Growth optimization for duaternary AlInGaN

As wé mentioned élbove, because of the great difference in growth temperature between
AlGaN and InGaN, the incorporation of both Al and In into GaN would be very difficult.
Before we started this project, the published temp'eratﬁrcs for AllnGaN grow;ch by
metal-organic chemical vapor depositiop (MOCVD) varied in a large range from 750 to
875°C. However, the quality of the obtained quaternary AllnGaN epilayers in the literature
had not reached a satisfying level yet. Thus, careful optimization on fhe growth condition was

‘Very necessary.



In this section, the quaternary AllnGaN alloys were grown on c-plane sapphire substrates
at atmospheric pressure by Nippon Sanso SR2000 MOCVD system. Trimethylgallium (TMG),
trimethylindium (TMI), trimethylaluminum (TMA) and ammonia (NH;) were used as source
materials. Initially, the sapphire substrate was heated up to liOO"C for 10 min in hydrogen
ambient to clean the surface. A 30-nm-thick GaN layer was depositedvas a buffer layer at
550°C .~ Then, the substrate was heated up to 1180°C and a 1.3-pm-thick GaN layer was grown
on the GaN buffer layer. Finally, thé temperature was decreased to low temperature for
quaternary AlInGaN alloys growth. Five undoped AllnGaN samples with similar thickness
(~90nm) were grown at 780, 820, 860, 900 and 940°C, respectively. For simplicity, hereinafter,
they are abbreviated as S780, Ss20, Sse0, Sooo and Sesq, respectively. These five samples were

“designed to have same alloy composition (Al: ~9%, In: ~2%) to facilitate corhparing the
influence of growth temperature, since the properties of AllnGaN also strongly depend on the
content of Al and In **.

The structural properties of these alloys were characterized using x-ray diffraction
(XRD). Al and In compositions of quaternary epilayers were estimated using electron probe
microanalysis (EPMA) and verified by XRD. Atomic force microscopy (AFM) was utilized to
characterize the surface morphology of the samples. The PL fneasurements were carried out to

. characterize the optical properties.

2.1 Surface morphology

All the samples were‘investigated by optical microscopy and showed a specula mirror
surface. Howevér, theii' AFM morphologies exhibit strong dependence on the growth
temperature (see Fig.2.1). Compact columns were distributed on the surface of Ssg (see
Fig.2.1) with peak-valley height ﬁp to 60nm, Iwhich shows a typical moiphology of
three-dimensional (3D)' growth; whereas for Sggo, Sogo and Se4g (see Fig.2.1c-e), clear step-flow
could be observed with lower roughness (see Table I), indicating the two-dimensional (2D)
* growth. Obviously, the transformation of growth mode happened as temperature increased

(see Fig.2.1f). The transition stage could be clearly observed in Sgo (see Fig.2.1b), in which



coalescence growth was confirmed by the observation of some remained un-coalesced
grooves. The temperature dependent morphology can be explained in terms of the increased

adatoms mobility with temperature on the growing surface. The improvement of surface

Fig.2.1. AFM picture of five Alyoolng s;GaN grown at different temperatures.

morpholbgy with temperature is also supported by the observation of pits in Sggo, Sooo and Sesg
(see Fig.2.1c-e), in which the depth of pits is notably decreased and pits are hardly observed
in Sggo and Se40. The pits in forms of V-defects are always observed in InGaN system 45 as an
extension of thread dislocation in the underlying GaN layer. A‘recent research® proposed that

one route for V-defect formation is the result of a reduced growth temperature.

Table 1. The properties of the five AlInGaN samples grown at different temperature.

Sample - Sigo Saz Sss0 Sooo Sao
Grth Temperature (°C) 780 820 860 900 940
AFM - RMS (nm) 9.3 0.79 0.62 0.43 0.34
@x2  VP@mm) 60 9.3 12.5 32 2.7
XRD FWHM (004) arcsec 338 364 290 262 258
Mismatch AC/Cy (%) . -0.35 -0.32 -0.30 . -0.33 -0.35
PL @ RT FWHM (mel) N/A 71 57 48.8 47.1
Intensity (a.u.) NA 4.1 45 93 100
@  FWHM (mel) N/A 74 36 18.7 8.1
Simulation  E(0) (e?) - 3.716 3.681 3.669 3.658
Parameters o (melV /K) - 1.423 1.08 0.97 0.96
B (K - © 860 860 860 860
o (meV) - 29.1 153 9 8.4

2.2 Structural properties

The structural properties of AllnGaN were investigated by XRD with Philips Expert



MRD‘ system. The results obtained from

asymmetrical  reciprocal - lattice

mapping
indicated the AlInGaN epilayers were all

coherently grown on the thick GaN layers. The

the full-width at half-maximum (FWHM) of

X-ray rocking éurve and out-of-plane lattice
mismatches for each sample are listed in the
Table I, which indicate the high crystalline
quality of high-temperature grown sample. This
result is consistent with the observation from

AFM.

2.3 Optical properties ‘

The improved quality | with  growth
-temperature was also observed from PL
measurements that were carried out with He-Cd
laser excitation (325 nm, 11 mW) at both room
temperature (RT) and 77K, respectively. The
normalized spectra were shown in Fig.2.2, in
which the spectra of S79 were excluded, since no
band gap peak could be observed at both RT and
77K'excepf for a broad deep level emission at
77K, which indicates poor optical quality of this
sample. Unlike S7g, a clear band edge emission
was obsefyed at longer wavelength (~370nm) for

another 780°C-grown sample with larger In

 content”. We attribute the difference to the In

incorporation induced localization effect, since
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the optical propérties of AlInGaN can be

notably improved by increasing indium
"l content® 3 That is the reason why we
E employed AllnGaN samples with similar
% alloy compositions for comparison in this
=

section. As shown in Fig.2.2, the four

samples all have a clear band edge peak

800 840 880 920 960
‘Growth Temperature (C)

around 346nm at RT (shown with solid
Fig.2.3 FWHM of PL spectra and fitted o value in line). The peak of underlying GaN layer'
 Equation (1) as a function of growth temperature. (located at low energy side of quaternary
péak) was not shown to keep the clarity of the figure. Figure 2.3 shows the plot of FWHM
values of above samples as a function of growth temperature, in Whibh Se40 emits with a
narrowest peak at both RT (47meV) and 77K (18meV), respectively, indicating the higher
optical quality. Such high quality is also supported by the room-temperature PL intensity of
Se40 (see Table I) which is near two orders higher than that of Sgy. In addition, the observation
and suppression of a broad peak labeled with arrows in Fig.2.2 is another supporting evidence.
Such peak with a long tail could be observed in a wide temperature range from 60 to 200K.
We tentatively assign it to the defects (or impurities) related emission and will discuss it in
detail elsewheré. Obviously, this peak can hardly i)e observed in Sosp and enhanced notably in
the lower-temperature-grown samples, which indicates some defects (or impurities) have been
removed at high growth temperature. |
It is worth tokmention that the four samples exhibit different blue-shift behaviors at
77K (see Fig.2.2) and the blue-shift values varied from 20 to 61meV. We ever claimed ”
that such abnormal behavior was due to the potential minima ﬂﬁctuation caused by alloy
compositional inhomogeneity. In order to gain further insight into the recombination
mechanisms, the temperature dependent PL measurements were performed with a helium
closed-circuit refrigerator at temperatures ranging from 42 to 300K. Figure 2.4 gives the plot

of emission energy as a function of temperature, in which the four samples all exhibit red shift



as the temperature decreasing. This is

3~66'|'I.'I'I'I‘I
so-called  “S-shaped”  temperature
dependence  behavior  (localization 3.64
effect), ~which consists of a
blue-red-blue-shift as decreasing the S 3.6 - i
. . ’ ]
temperature. This behavior has been > r
B8
observed in many alloy systems g 3.60 N
. . L N8 9, 10 =
including InGaN°, AlGaN™ and
11.12 . . 3.58 | ‘ -
AllnGaN "“, which can be explained : . oc=84meV
) o ) : e S, o©=9%meV
in terms of the localization of carrier or % S, o=153meV
L L 356 1 A S o=29.1meV A
exciton in potential minima (caused by o oo . . '
alloy compositional fluctuation) at low 0 50 100 150 200 250 300 350
Temperature (K)
temperature and de-localization as Fig.2.4 Temperature dependence of PL emission
increasing the temperature. For S and energies of the studied samples. The solid
curves represent the fits to. the experimenial
Soq0, the last blue-shift region was not data using Equation (2.1).

observed, which we believe is due to the limitation of the minimum temperature (42K).
According to the band tail model, the temperature dependent emission energy curve

could be fitted by the following éxpression13 .

al? o*

T+p K,T

E(T) = E(0)- @2.1)

The first two terms is so-called Varshni’s temperature dependence, in which E(0) describes
the energy gap at zero absolute temperature; « and S are known as Varshni parameters. The
third term was used to describe the localization effect, in which Kp is Bolzmann’s constant
and o is called standard deviation of potential fluctuation'® and indicates the degree .of
localization effect. Namely, the larger o value, the stronger localization effect. The solid lines
in Fig.2.4 are fitted curves for each sample and the fitted parameters are also given in Table 1.
The ﬁttéd o values are 29.1, 15.3, 9 and 8.4meV for Sggd, Sse0, Soop and Seap, respectively and

they are also plotted as a function of growth temperature in Fig.2.3. The data implies that, for



the same alloy composition AllnGaN, lower growth temperature will result in stronger
localization effect (alloy compositional fluctuation), which can be explained in terms of the
shorter diffusion. length of adatoms at lower growth ’temperature. The stronger alloy
compositional fluctuation 1is also supported by the larger PL. FWHM value of
lower-temperature-grown AlInGaN (see 'Fig.'2.3).

It is well known that the tocalization effebt in both InGaN® and AllnGaN> "2 éystem is
always accompanied with the enhancement of optical emission. This seems to contradict with
our case that the ‘PL intensity enhanced with the degradation of localizatiqn effect. We assigh
the contradiction to the different origin of the localization effect in our samples. We think the
strong localization effect in Sgyo is mainl}; attributed to Al-related alloy inhomogeneity, not
indium, since the optimum growth temperatlire for AlGaN is aiways larger than 1000°C and
the optical emission enhancement was never found in AlGaN system even with strong
localization effect’. Thus we beliévé the improper Al incorporation at low growth temperature
resultsv in poor prystélli'ne quality and strong localization effect, the decrease of ¢ value in
Fig.2.3 is indicative of the improvement of the Al-incorporétion quality as increasing growth
temperature.

The crystalline quality improvement with growth temperature was further confirmed

by the investigation of integrated PL

intensity as a function of temperature (see ok " * S,
; ) _ E e S
Fig.2.5). The integrated intensity of each 5 §f % Sm

. . . . S’. 10 " A sm'
sample is normalized by its integrated g s 820
& s,
intensity obtained at 42K. All the samples 5 0% z % R R IR .
. _?Q_: f x * o
exhibit the degradation of intensity with the I Lr, * °
: : = 107F a ¥ X E
increased temperature. This is well known z ¢ R
L rY
as thermal quenching, which caused by the . 0% , _ , , L3
- ; 0 100 200 300
thermal activation of  non-radiative Temperature (K)
recombination traps. The degradatioh of Fig.2.5 Temperature dependence of the normalized

integrated PL intensities of the studied samples.
So40 shows near 2 orders less than that of ’



Ss20, indicating higher quantum efficiency of Sos. This implies the non-radiative traps had
been significantly reduced at high growth temperature, which may be due to the improvement
;of Al incorporation. |

Based on above-obtained results, we strongly propose high temperature growth =
900°C) for AllnGaN, espeéially for those with high Al contents. The determination of
optimum temperature should be compromised by coﬁsidering indium incorporation. Although
the In incorporation efficiency will decrease with the increase of growth temperature, proper
decrease on the indium content is acceptable because a few percent (2~5%) indium
incorporation was thought to be sufficiently effective for UV application’. On the other hand,
the enhancement of indium incorporation at high temperature is possible by means of

increasing the growth rate and V/III ratiol4.
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Fig.3.1(a). XRD (0004) plane 2 scan of 10 periods AllnGaN/GalnGaN MQWs grown at 900C, (b).
Room temperature PL spectrum of the MQOWs (solid line), in which PL spectrum of bulk
material was also shown (dash line) .

3. Optoelectronics application for quaternary AllnGaN

Basing on the abovementioned research, 10 periods Alg oslng03Gag goN/Alg 12Ing 01Gag 7N
Multiple Quantum Wells (MQWs) structufe had been studied. The growth temperature is
| 900°C. The lattice constant of well quaternary material (AI:S%, In:3%) is si_milér to that of the
undeﬂying GaN and the bandgap energy difference between barrier and well layer is about
150meV. As shown in Fig.3.1., clear multiple satellite peaks in (0004) XRD 20~w scan and a
strong RT PL emission at 348nm with very narrow FWHM value of 67meV (6.5nm) are



obtained, indicating high crystalline quality and smooth interfaées in MQWs region. To the
best of our knc;wledge, this is the smallest PL FWHM value obtained from AllnGaN/AlInGaN
MQW in the open literature.

Then a LED structure was grown (Fig.3.2a), in which the MQW is same with
abovementioned structure. However, the surface of the wafer is full of cracks (see Fig.3.2b).
We believe this is due to the large lattice mismatch between the cladding Aly26GaN layer and
GaN template. The best resolution for this problem is to replace the GaN template with
AlGaN template, because this can reduce the lérge strain between the template and cladding
layer. However, growth of thick (>1pm) AlGaN on sapphire or silicon subsfrate is a great
challenge for the researchers. Till now, only few group has succeeded in growth of high Al
’(>50%) content AlGaN template on sapphire substrate. This subject is too large to be solved

in current project.

(a)

p-GaN 50nm

p-AlezsGaN  100nm

p-AllInGaN 30nm
MQWs |

e

n-AlozsGaN 100nm

Ti/Al/Ni/Au

n'GaN' 4pm

Sapphire

Fig. 3.2 Schematic structure of AlInGaN LED (a) and its surface microscopic picture (b)

4. Electronics application for quaternary AllInGaN
4.1 Introduction

‘Since the first demonstration of an AlGaN/GaN HFET", impressive progress has been
made in the field of high-power and high-frequency electronic applications'®. The high

performance of GaN-based HFETs is primarily due to the existence of a high mobility

10



two-dimensional electron gas (2DEQG) at the AlGaN/GaN interface, which is created by a
large conduction band offset, and by the strong piezoelectric and spontaneous polarization
effects in the heterostructure'’. Further improvements in HFET performance can be expected
if the; Al mole fraction of AlGaN barrier layer is increased. However, with this further
increase of the Al mole fraction, the increasing lattice mismatch between AlGaN and GaN
will decrease the critical thickness for the strained AlGaN barrier, resulting in the generation
‘of misfit dislocations and - cracks. To solve the problem, quaternary AlInGaN was

proposed'®*?

to replace AlGaN as the barrier material because of following two advantages:
First, use of a quaternary allows the independent adjustment of the bandgép and lattice
constant, so that the built-in strain can be coﬁtrolled below the critical. Second, larger
polarization may be expected in a quaternary AlInGaN barrier with significant Al mole

fraction mainly due to an increase in spontaneous polarization. It has been theoretically™

predicted that the spontaneous polarization is as large as the piezoelectric polarization in

QGa face

c—
=

= = <Alln, GaN
- ALlny GaN
= = ~Alln, GaN
—AlLGaN E

1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
In-plane strain of Alilny('.‘al_x_)N (%)

Polarization induced sheet charge(cm")

Fig.4.1-1 (a) Schematic structure of AllnGaN/GaN HFET structure. (b) Ti heoretical calculation of the
relation between the in-plane strain of AlInGaN and the polarization induced sheet charge density.

wurtzite group-III nitrides increasing from GaN over InN to AIN. Figure 4.1-1 shows
mechanism of the occurrence iﬁ,polarization—induced sheet charge (PISC) and the theoretical
simulation about the relation between the PISC density at the heterojunction interface and the
in-plane strain of the hetero-epilayer (AllnGaN). From the figure we can understand that
much more PISC density can be available in AlInGaN structure than in AlGaN if we keep the

in-plane strain as a constant for both cases. In this section, the properties of Schottky contact

11



propérties ‘on AllnGaN were examined initially, since Schottky contact issue is the key point
in the HFET. A large barrier height leads to smaller leakage current and thus improves the |
noise level and the high voltage performance of the device. Then, the novel AllInGaN HFETs
were fabri;:ated on sapphii‘e substrate and some further efforts had been engaged in the

research about normally-off operation.
4.2 Schottky contact to quaternary AllnGaN

The Schottky barrier diodes (SBDs) properties were examined 6n a series of thick
undoped AllnGaN with different Al content grown by MOCVD. After the growth of 1.3 pwm
of ﬁndoped GaN on c-plane sapphire substrate, about 400 nm thick AllnGaN was deposited at
900°C. The EPMA measurements revealed that the Al mole fraction of the 4 samples were
approximately 7, 9.5, 13.5 and 17%, ,fespectively, and the In mole fraction was about 2%.
These four heterostructure samples will be referred to as S1, S2, S3 and S4, respectively, with
increasing Al mole fraction. In the following parts, We will discuss the properties of S1 first,
since the lattice of AllnGaN epilayer in S1 is lattice matched with GaN, the Al dependent

. properties will be discussed later.

~ 4.2.1 Near-ideal Schottky contact on AlInGaN epilayer lattice-matched with GaN

From PL measurement, a strong band -

1.2
-edge emission at 355nm was observed (see
GaN & AlInGaN
Fig.4.2.1-1) from S1 with narrow full-width at ~ ool (0004)
5 0.
half-maximum value of 52 meV, implying the S |
2 FWHM
high crystalline quality. The shoulder peak at E 0.6 StmeV
longer wavelength originated from underlying = noom 13 7
d 03+ 26 (degree)
GaN layer. Lattice matching in AlInGaN/GaN | ) Gak
heterostructure was confirmed by the 0 e 0 30 o 3w 0 400
. . ‘ Wavelength (nm) ,
observation of the overlapping of AllnGaN Fig42.0-1 PL spectum of SI at room
and GaN peaks in X-ray diffraction (XRD) temperature. The insect shows XRD (0004)

‘ a2 8 scan of above structure.
spectrum (see the inset of Fig.4.2.1-1.). Thus,
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we believe that the thick AllnGaN layer is practically unstrained. Hall measurement indicated
that the sample exhibited n type property; sheet carrier densities were 3.2x10'2 cm? and
2.2x10"* em™, electron mobilities were 432cm*/Vs and 826cm*/Vs at room temperature and
77K, respectively.

High-work-function Pd and Ni were selected as Schottky contact metal, respectively.
Before fabricatiﬂg SBDs, thg samples were ultrasonically degreased in acetone and methanol,
the surface oxides were removed in boiling aqua regia for 30 min and rinsed in deionized |
water. Then, Ti/AI/Ni/Au layers were formed by electron beam evaporation using
conventional lift-off technique on the sample, which followed by annealing at 750°C for 30 s
in nitrogen ambient to obtain ohmic contact. Finally, Pd/Ti/Au and Ni/Au Schottky contact
dots with 150 pm diameter were patterned respectively using photoresist lift-off technique.
Prior to transferring the sample into the evaporation </>hamber, the samples were dipped- in
HCL:H,0 (1:1) etchant for 1 min to remove possible oxide on the surface. '

The current-voltage (I-V) properties of the SBDs were measured at room temperature
_using Agilent 4156C semiconductor analyzer. The series resistances were found’to be about
~280 Q for two types of diodes. The typical semilog fofward characteristics are shown in Fig. |

- 4.2.1-2, its behavior can be described using thermionic emission model?";
J=Jglexp(qV /nkT)-1] - (4.1)

where Jg is the saturation current density, » is ideality factor and the other symbols have their
usual meanings. Schottky barrier height (SBH) and » can be obtained from experimentally
available values: Js (intercept on vertical axis of semi-log J vs V plot) and the slope value of V

vs InJ.
g1y = (kT, /Q)ID(A**T 2/JS) (4.2)

ov

=\q/kT
n=(q/ )m (4.3)
where 4™ is effective Richardson constant and ¢ is barrier height: A theoretical value of the

Richardson constant can be calculated using 4™ = 47" qk? /h® , where h is Planck’s constant
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and m* is the effective electron mass for
AlIng 0oGag os.xN, which can bé estimated byra
linear extrapolation from the theoreticai values
of AIN, InN and GaN****. The uncertainty in 4"
will result in very little error in the value of ¢y,
since an error of a factor of 3 in A gives rise to
an error of only about 7. :

Using Equation 4.2-1,-2,-3, the barrier
’heights (¢s) and ideality factor (n Value) were
determined to be 1.32 eV, 1.05 for Pd/Ti/Au
SBDs and 0.98 eV, 1.07 for Ni/Au SBDs,
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Fig4.2.1-2.  Forward and reverse I-V
characteristics of both Pd/Ti/Au and
Ni/Au contact Schottky diodes on S1.

respectively. The data are the average values of 10 diodes and the standard deviations for

above four values are 2.1%, 0.5%, 1.7% and 2.6%, respectively. The barrier heights of

AllnGaN SBDs (Ni: 0.98 eV, Pd: 1.32 eV) did not correlate with the metal work functions

(Ni: 5.15 eV, Pd: 5.12 eV). Similar phenomenon was found by Guo et al**, which was

considered to be due to the interfacial interactions between the Ni and semiconductor.

The reverse characteristics were also shown in Fig: 4.2.1-2, the leakage current for

Pd/Ti/Au SBDs is lower as 2x10°A (1 1x10 A/cm?) at a high reverse bias of 30V and is

about 1 order lowe1 than that of Ni/Au SBDs,

Pd/Ti/Au

Lo(J/T%) (A em’K?)

2.50 l 2.75 I 3.;)0 . 3.125 . 3.50
1000/T (K™)

R T which maybe due to the lower barrier height of
Ni/Au SBDs. Strong breakdown was not
Ni/Au observed up to the reverse bias of 90V for both
devices. The I-V characteristics indicéted that
near ideal and high performance SBDs had
been achieved.

To confirm the barrier height of these

easured
Fig4.2.1-3. Rickardson plot [lny/T%) vs [000/T]  SCDS We also mea the temperature
of Pd/Ti/Au and Ni/Au Schottky diodes on S1. dependence of forward I-V characteristics
14



(I-V-T). Fig.4.2.1-3 shows Richardson plot [In(J¢'T?) vs 1000/T] of Pd/Ti/Au and Ni/Au
SBDs, from which the barrier height and Richardson constant can be calculated using the
Equ.4.2. The barrier heights are consistent with that of room temperature I-V measurement.
However, the Richardson constant were smaller than that of theoretical value, which may be
due to the decrease of effective contact area®.

Capacitance-voltage (C-V) measurements were performed using HP4845A LCR at a
frequency of IMHz. Both metals SBDs exhibited similar C-V characteristics. However, we
could not obtain the barrier height value from it because of the nonlinear relation of 1/C* vs V.
Fig. 4.2.1-4 shows a typical C-V plot of Pd/Ti/Au SBD, the capacitance decreased fast with
increasing the reverse bias up to 5V; almost kept constant during the range of 5-20V; and
decreased again when the bias was above 20V. This behavior is different with that of SBD on
bulk GaN, which was also shown in Fig. 4.2.1-4 (closed circle) for comparison. We attribute
the difference to the formation of 2DEG at the AlInGaN/GaN interface. The fast decrease of
capacitance at low bias is due to the increasing thickness of depletion space charge region in
the thick AllnGaN layer. With increasing the bias, the depletion region reached the
AlInGaN/GaN interface and the electron of 2DEG began to be depleted. The depletion region

would no. change until the whole 2DEG was

10
pulled away, thus, the: capacitance would keep — i)
=
constant during this period. With further = 8 £ 10 .
o g ;
. . . . . o) £
increasing the bias, the depletion region passed % o6 Euwl e I
1 6 .r"o
the hetero-interface and penetrated into 5 a1 e &8
. ‘ = Depth (nm) y
underlying GaN layer, which resulted in the é
\ . = 2t M
continuous decrease in capacitance. The © _
. . -30 20 -10 0
formation of 2DEG is further confirmed by the Bias (V)

Fig4.2.1-4. C-V characteristic of Pd/Ti/Au
Schottky diode on. S1 (open circle) and

depth dependence of electron concentration

26
profile calcul_ated from above C-V. plot (see Schottky diode on bulk GaN (closed circle).
_the inset of Fig. 4.2.1-4). The peak of Inset shows electron concentration profile
o in AlInGaN/GaN structure calculated from
electron concentration of 9.5X10"® cm?® at the C-V curve.
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about 390nm below the surface corresponds to the location of 2DEG channel formed at
AllnGaN/GaN interface. The sheet carrier density obtained from the integration of above
carrier proﬁleZ6_was about 3.7X10'2 cm?, which was consistent with the data of Hall
measurement.

In comparison with polarization effect, the conduction band offset in our sample would
contribute less to the formation of 2DEG, bécause both AllnGaN and GaN layer were
\undoped and the value of conduction band offset is very small (The band gap difference
between AiInGaN aﬁd GaN obtained from the PL measurement was small as 63meV). Thus,
we believe that the formation of 2DEG was assigned to--rthe existence of large spontaneous-

polarization in strain-free AllnGaN layer.

4.2.2 Aluminium composition dependent properties of Schottky contact on AlInGaN
4.2.2-A. Material characterization
PL spectra of the four samples (S1~S4) were shown in Fig. 4.2.2-1a, in Whichka strong
band edge emission was observed at room temperature with a shoulder peak at longer
wavelength corresponding to the emission from underlying GaN layer. As expected, the band
gap energy increased with increasing Al mole fraction. However, clear differenc_eé can be
observed between the theoretical prediction (Vegard’é Law) and the experimental data (see
Fig. 4.2.2-1b). Furthermore, the FWHM yaiu‘es of emission peaks increased from 53 to 83
meV with increasing Al mole fraction, implying the increase in alloy compositional disordg:r.
The structural properties of the four samples were characterized using XRD. The lattice
mismatch between AlInGaN and GaN increased with the incorporation of Al as shown in the

(0004) «-26 scans (see Fig. 4.2.2-2a). Figure 4.2.2-2b shows XRD asymmetrical reciprocal
space mappings obtained from four AlInGaN/GaN heterostructures around (2024) . It could be

seen that the epilayers had almost the same in-plane lattice constants as the GaN template,
implying that coherent growth was occurring and that the strain relaxation of the AllnGaN
layers was negligible. It is worth noting that the diffraction of the quaternary peak (see Fig.
4.2.2-2a) and spot (see Fig. 4.‘2.2-2b) overlapped with that of GaN in S1, indicating the lattice

matching in the heterojunction. Thus, it can be concluded that the tensile strain in quaternary
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Fig4.2.2-1 (a) PL spectra of 4 AlxIn0.02Gad. 98-xN/GaN heterostfuctures at room temperature. (b) Plot of
bandgap of AlxIn0.02Ga0.98-xN versus Al mole fraction, in which the solid line shows extrapolated
‘results assuming the validity of Vegard'’s Law.
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Fig4.2.2-2 XRD results of four Alxlno.ogGag_pg;xN/GaN heterostructures for (a) w-26 scans for (0004)

plane (b) asymmetrical reciprocal space mappings around..

epilayers increased from S1 to S4, which could result in the enhancement of the piezoelectric

polarization in the quaternary epilayers. The high crystalline qualities of the 4 quaternary
samples were confirmed from the FWHM values of the o scans for (0004) and (2054)

planes together with those of the PL spectra. This conclusion was consistent with the results

of AFM measurements (not shown), which revealed that growth was occurring in the
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step-flow mode with root mean square (RMS) roughness less than 0.5 nm. RMS value was
found to be independent from the Al mole fraction.

To investigate the electronic properties of AlInGéN/GaN heterostructﬁres, Hall
measurements were performed using standard Van der Pauw geometry. The films were gll n
type and the room temperature sheet carrier concentration (ny,) increased frem 3.2x10" to
4.1x10%cm™ (see Table II), which is possibly due to the increased 2DEG density at the '
heterointerface created by the increased conduction band offset and polarization (both
spontaneous eind piezoelectric) in the AllnGaN layer. However, the mobility (ug) values did
not increase monotonously with sheet carrier density. Further iunderstanding of the

phenomenon is expected after the C-V measurements.

Table II. The material properties and SBDs propterties of Al Ing o;Gag 9s.«N.

mé)lle ( PI{/ ) XRD ’(arcsec) Hall Ideality : abr q¢Ic/-V Lupiion No o,
fraction  ™Y) (9004 (2034) (10‘r§z'm‘2) (cmzlil;"s") factor  (eV) {eV) (nm) (10%cm™)
S1 0.070 53 NA N.A. 0.32 432 1.05 1.32 1.62 224 .0.05
S2 0.095 54 ' 237 616 0.47 655 1.14 1.26° 1.58 130 0.095
S3 0.135 61 258 632 } 0.85 . 5711 1.28 1.21° 1.81 103 0.17

$4 0.170 83 208 510 4.1 312 .73 112 2.06 23 2:06

4.2.2-B. Schottky diodes propei'ties
(1) I-V characteristics

As shown in Fig.4.2.2-3a, the Js and the slope of ¥V vs InJ increased from SI to S4,
indicating a decrease in ¢y and an increase in n. Figure 4.2.2-4 shows the plots of ¢y end n
as a function of Al mole fraction. The result is an average of the data from 10 SBDs for each

sample. According to Schottky-Mott theory®’, the barrier height of an SBD should follow
99 =bm — Xs 4.4

where ¢m is work function of metal and y; is electron afﬁnity of semiconductor. The electron
affinity of AlIngo,Gages«N (74) can be calculated assuming a linear dependence (Vegard’s

Law) of electron affinity (yn=2.05¢V 2 yoav=4.2eV) on x as

2q =002 ypy +4.116)-2.15-x  (4.5)
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where v is still unavailable from the
open literature. It can be seen that y,

decreases with increasing x, which

indicates that the Schottky barrier height of

AlIng 02Gap 9sxN increases with x (see Eq.
4.5). This seems to contradict the results
obtained from ‘the I-V vmeasurements (see
Fig.4.2.2-4). The dependence of the ternary
AlGaN Schottky barrier height on Al mole

fraction has been investigated by many

groups® and all the results were in

agreement with Schottky-Mott theory. We
believe the conflict in our case is due to tﬁe
deviation of AllnGaN SBDs propertics
from an ideal Schottky‘. diode, as
demonstrated by the dependence of the
ideality factors on the Al mole fraction (see
Fig. 4.2.2-4). The calculation of d.y is
based on the thermionic emission model, in
“which the current flow is only due to
thermionic emission and the ideality factor
n is near unity. With an increase in », the
barrier height obtained from Eq. (4.2)

would deviate from the true value.

Current (A)

3 06 09 12
Forward Bias (V)

Current (A)

0o 10 20 30
Reverse Bias (V)
Fig4.2.2-3 (@) Forward and (b) reverse I-V
characteristics of Pd/ AlxIngg,GagesN
Schottky diodes.

Figure 4.2.2-3b shows the typical reverse characteristics of the 4 types of SBD. The

increase in leakage current was observed in high Al mole fraction samples. Strong breakdown

was not observed up to the reverse bias of 90V, except for S4, which broke down at 15V.
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(2) C-V characteristics
| To further understand the nature of AlyIngg,GaposxN SBDs, C-V measurements were
performed, from which the Schottky barrier height can be also obtained (see Fig. 4.2.2-5) by

using the linear relationship?’ between 1/C* and bias ¥
(1/.C 2)= (Z/qusoe)(v’c_V - —V—kT/q) (4.6a)
¢=(r/q) mN./Ng) (4.6b)

where C is the measured differentiél capacitance per unit area ‘and ¢ is the dielectric constant
of AlyInggGaggs«N, which was estimated by a linear extrapolation from the ¢ value of AIN,
InN and GaN assuming the validity of Vegard’s law. & is the potential measured from Femi
level to conduction band edge; N, is the conduction-band effective state density of
Al Ing 02GagosxN, which is related to the effective electron mass of semiconductor; Nyis the
ionized donor concentration, which is related to the slope of 1/C? vs V. Figure 4.2.2-5 shows »

' the typical plots of 1/C* versus V for 4
Band gap energy (eV)

35 36 37 samples. The solid lines are the linear
22 i fitting results for the data of 1/C*obtained
) i for biases in a small range. The barrier
:%: | 1, height ¢c.p was obtained from
- = ,
= {18 5
Cov 3 bo_y =Vi+$+kT]q, 4.7)
= 16 T 4 1.6
» = : . .
2 1 L4 =  where V; is the intercept of the linear
= 14 cD
< {112 =2 . . . . .
- 1 —  fitting line with the horizontal axis. It is
L2 | i
. worth mentioning that the C-V data are
1 . :
% 0% (5% 20% independent of frequency between 10 kHz
Al mole fraction and 1 MHz.
Figd4.2.2-4 Plot of barrier height and ideality factor of Obviously, the dependence of

Pd/AlIngg;Gages.;N Schottky barrier = diodes

versus Al mole fraction, the dash line is a guide

Sor the eye. All the results are the average value gradually deviated from linearity with
Jrom 10 devices.

measured 1/C* data on the bias voltage

decreasing Al mole fraction (see Fig.
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4.2.2-5), indicating the inhomogeneous
carrier distribution. Therefore, it is
necessary to calculate the carrier
profiles by using the C-V profiling
technique, which allows one to measure

the carrier concentration®’

3 av
o) .
as a function of depth

z=g0¢/C, 49)

where V is the voltage applied to the

Schottky contact. To obtain the full’

carrier profile, a reverse bias of between

0 and 40V was applied to the SBDs,

it
wn
=4

—
[

=

o

2
K

N

1/C* ( 10"Fem’)

-6 -4 2 0 2
ias (V)
Fig4.2.2-5.Plot of 1/C* versus V for Schottky -diodes
Jabricated from AlIng y,Gap ps..N/GaN structures.
The solid lines are the linear fitting resulls for the
1/C* data at a small bias range. The inset is a
magnified 1/C° plot of §4. -

except for the SBDs in S4 because of the lower breakdown voltage (less than 15V). As shown

in Fig. 4.2.2-6, a high density 2DEG was formed at the heterointerface and increased with Al

mole fraction, which resulted from the increase in the conduction band offset and the

polarization (both piezoelectric and spontaneous) in the AllnGaN. It should be noticed that

20

the formati_én of 2DEG in S1 is mainly due

to the spontanéous polarization (see Section
4.2.1) .because of the small conduction band

offset value and negligible strain at the |
heteréjunctio_n. Besides the 2DEG peak, a
flat carrier concentration profile can aléo be

observed in the shallow AlInGaN region,
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Fig4.2.2-6. Carrier concentration profiles in the

500 which corresponds to the background

doping in the bulk quaternary region, since

AlIng;Gag os:N/GaN structures calculated — all the AliInggGagosN samples were

from C-V measurements

unintentionally doped. It can be seen that,
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with the increase of Al mole fraction, the background doping in the Alxdngg2GaggosxN |
increased fiom. 10'% to 10'® cm™. This suggests that, besides the formation of 2DEG, high
density background donors in AllnGaN epilayer also leads to the increase in sheet carrier
density obtained frofn the Hallmeaéurements. Therefore, Hall mobility values were resulted
from the parallel coﬂduc;tionof both quaternary layer and 2DEG. The lower mobility value in
high-Al sample can be explained in terms of the scattering from the high density background
donors. In addition, due to the increase of the background dorior'cohcenfratiori, vthe depletion
length decreased from about 200 nm in Sl to 20nm in S4 (see Fig. 4.2.2-6), resulting in a
narrowin.g of the barrier width as the Al mole fraction increased.
It is worth noting that the 2DEG profile of S4 could not be available because of the
existence of high density background donors, which resulted in the large leakage current and
early breakdown (see Fig. 4.2.2-3b). The origin of background donors is still unélear. It may
| be attributed to the native defects or impurities related fo the Al incorporation. Further effort
is needed to reduce and undefstand the background donor, since it will deteriorate the
performance of Schot’fky diode and HFET. |
In Fig; 4.2.2-4 the Al mole fraction dépendence of dc.y agrees well with the prediction of
Schottky-Mott theory except for the S1. We believe that the barrier height obtained from C-V
measurement is much closer to the true barrierh height, since the data obtained mn C-V
measurements are extrapolated to 1/C*=0 corresponding to near flat-band conditions. gc.y is
also called flat-band barrier height. With respect to the gc.pvalue-of S1, we believe 1t has very
larger error, because inaccurate (largef) value of bulk carrier concentration (near’ fhe
heterointerface) was used to calculate the barrier height. As shown in Fig. 4.2.2-6,‘the carrier
distribution in AllnGaN region ‘becomes more homogeneous with distance from the
heterointerface. Obtaining an accurate carrier density for the bulk quaternary m SI 1s
impossible by C-V measurement because of its longer depletion length (about 220 nm).in the
quaternary region. Let it be supposed that much more accurate carrier density (lower density)
can be detected; a larger absolute slope value of the linear fitting line (seé Fig. 4.2.2-5) will be

available, by which the horizontal intercept of V; will signiﬁcantly decrease. Thus, the @c.p
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value will decrease a lot although & increases slightly due to using a lower N, value (see Eq.
4.7). N. Kubota et al'® proposed a method to deduce the ¢c.v of n-GaN with inhomogeneous
carrier concentration profile, by which nearly 0.2 eV decrease in ¢~y was found in

comparison with linear fitting method.

- 4.2.2-C. Discussion

As shown in Fig. 4.2.2-4, the I-V behavior of Schottky diode deviated from an ideal one
with increasing Al mole fraction, which was accompanied by an increase in the difference
between gcy and ¢rp. In fact, many factors may result in such abnormity of .I-V behavior,
such as (i) interface states at a thin oxide layer between the metal and the §emiconductor37; (ii) :
g'eneratio.n/recombination within the depletion region?’ (n=2); (iii) tﬁnneling effects in highly
doped semiconductors?” **; (iv) image force lowering of the Schottky barrier” and (v)
Inhomogeneous Schottky barrier*™ *!. We believe that the item (1) and (i1) are inappropriate to
explain our experiment data, because the C-V data is independent from the frecjuency“ and
the surface oxides of éll samples was believed to be removed after dipping the samples in
aqua regia for 30 min.

Due to the existence of large density background donors in high-Al contained sample, it
seems to explain the abnormity easily in‘terr.ns of tunneling effec;t and image force effect,
since both effects depend on carrier density. However, it is not true if we estimate the
magnitude of these effects.

(1) Tunneling Effect
According to Field and thermionic-field emission theory®’, the barrier lowing A®qy,

caused by tunneling effect is given by

AD = (1.5Eqo)? 2V} (4.10)

h *
where Vj is built in potential of Schottky diode and £00 =3\/N d / m &8y is characteristic

parameter of tunneling. The largest AQunn in S4 can be estimated to be less than 10 meV by
knowing effective mass (~0.22my), dielectric constant (~10), carrier concentration (~10'%cm™)

and built in potential (~1 V), which implies the tunneling effect plays a negligible role in the
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transport. -

(2) Image force lowing of Schottky barrier

The barrier lowing ACD{,@ caused by image force effect can be estimated by”’

AD ;e = qEmax [Amesg (4.11a)
Enmax = (2qNy fe20)/ 2V kT4 (4.11b)

where Emax is the maximum electric field in the depletion region. The largest barrier lbwing in
S4 due to the high background doping up to 2x10'8 cm™ is estimated to be 0.1 ¢V, which can

not explain nearly 1 eV difference between the gcy and ¢r.y in S4.

(3) Inhomogeneous Schottky barrier
Another possible reason that results in large dlfference between I-V and C-V
measurements is barrier 1nhomogenen'tes40 ' In this theory it is beheved that any spatial
variation in the barriers will cause the current flow preferentially through the barrier minma,
while _barriel.~ height measured by C-V method is the mean value of the variation. Therefore
one will expect intuitively that @y is smaller than gc.y. Thé barrier differénce between the
two measurements’ was expressed as*’: |
A = o [(2KT/q) (4.12)
where o is standard deviation of average built in potential V4 of Schottky diode. The barrier
" inhomogeneities may originate from the interfacé roughness of Schottky contact or alloy
c;ompositional disorder’’ in multi-element compound semiconductors. We believe that the
barrier inhomogeneitieé of AllnGaN may mainly attributed to the alloy compositional
disorder since the surfaées of AlInGaN were observed to be atomically flat and the roughness
were independent of Al mole fraction. Normally the level of alloy compositional disorder is
characterized by a standard deviation of band tail potential fluctuation ¢, which may be
deduced from the plot of temperature dependent bandgap‘u’ # The magnitude of oz and ¢

should be close to each other although their definitions are not exactly same. Bell et al®® found
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that the ¢ value in AlyGa,.,N increased from 7 meV at y=5% to 21 meV at y=25%, indicating
the increase of alloy disorder with Al incorporation. Ih this work, the increased PL FWHM
value from 53 to 83 meV with Al incorporation is one of the evidence of the renhancement of
compositional disorder. The o value of S2 was.estimated to be about 9 meV in our previous
work (see the Table I in section 2.1). Therefore by referencing the change of ¢ in ref. 43, we ’
can estimate »the o value of S4 will not increase too much even the Al mole fraction &as
increased up to'17%. If the nearly 0.9 eV (excluding ~0.1 eV of image force effect) difference
between ¢ge.p and #rvrin S4 is attributed to the barrier inhomogeneities, the ¢ value (see Eq.
4.12) should be more than 210 meV, such high ¢ value is obviousl& too unreasonable to
account for the barrier inhomogeneities caused by alloy compositidnal disorder in AllnGaN.
~ Inref. 31 the difference between the gc.y and ¢y of Aly,GaggN Schottky diodes, which was .
verified to be due to the barrier inhomogeneities caused by Al compositional disorder, was

only about 0.2 eV,

" (4) Polarization effect
According to the above discussion, it is clear that the traditional electron transport
mechanisms of Schottky diode can not quantitatively explain the abnormity, which indicate
that the electron transport in AllnGaN/GaN Schottky diode is dérn'inated by another
mechanism. Here we propose that the increased difference between gc.y and ¢ry with Al
incorporation rnéy be due to polarization effect in' AlInGaN. The Schbttky»diodes in this study
are fabricatgd on fully strained AlInGaN/GaN heterojunction structure, not on a bulk
semiconductor. Tensile strain in AllnGaN layer increased with the increase>of Al mole
fraction (see Fig. 4.2.2-2), which resulted in the enhancement of polarization effect.
Actually, many studies revealed that barrier height (obtained by I-V measurement) of
- Schottky Diode on strained AlyGa;.yN /GaN HFET structure is as low as 0.5~0.87 V™4 at

47-49

r.y=22~40 % with very largé ideality factor ranged in 1.7~4.0, such SBH values are

gonsiderably lower than those of AIXGal-xN bulk structure (obtained by either C-V or [-V

methdd), which is several microns thick and is fully relaxed. E. Monroy® et al summarized
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these published ¢C.V' value of bulk Al,Ga;yN Schottky diodes, and showed that the SBH .
increased from 1 to 2 eV with the i‘ncrease_of y value from 0 to 35%. Z. Lin et al® pointed out

that, due to the existence of strong polarization effect, the SBH of strained AIGaN/GaN HFET

can not be determined by conventional thermionic emission theory (I-V measurement), which

would yield a large error. 7

In Al,Ga;,N/GaN HFET structure, AlyGa,,N barrier layer is commonly 20 ~ 30 nm thick

and is proven to be free from relaxation even ify value is as high as 40%’". Due to the thin

barrier layer and the formation of high dehsity 2DEGV caused by strong polariZatiOn effect, the

flat carrier concentration profile in the thin AlyGal.yN layer can not be observed in the C-V

measurement. Thus, a C? versus V plot would not yield,a stréight line. Therefore the C-V

measurement also can not be utilized to deduce the SBH of Al,Ga;,N/GaN HFET structure.

Based on this point, photoemission technique was proposed in ref. 52, by which the SBH of |
AlyGal_s,N/GaN HFET structure was deduced to be 1.29, 1.52 and 1.56 eV for y=15%, 25%

and 30%°% >, fespectively. Such values ére alsovf fairly larger than that published I-V

results***

although the authors did not give ¢y for comparison in their studies. Commonly,
both photoemission and C-V method are thought to be accurate way to deduce the SBH> in
comparison with I-V metﬁod. |

Based on above discussion, we propose that, due to the enhancement of polarizatien effect’
with Al incorporation, the I[-V Behavior of  Schottky diode on the strained
Al Ing 02Gag 9sxN/GaN strongly deviates from the thermionic emission theory. The deviation
yielded a large error in barrier height value, which gave an opposite Al dependent tendency in
comparison wifh the prediction of Schottky—Mott theory. On the other hand, the acquirement
of @g¢c.y value from Schottky diodes on the strained AlyInggGag9s-IN/GaN is attributed to the
thick layer of AlxIngo,GaggsxN, which is 10 times thicker than that of AlyGa; N barrier layer
in AlyGa,,N/GaN HFET structure and is also thicker than depletion length of Schottky
barrier. Thus, the carrier profile in AllnGaN layer could be observed by C-V measurement, in

which a C? versus V plot yielded a straight line (see Flg 4.2.2-5). Due to the accuracy of C-V

method in obtaining SBH, the tendency of Al dependent gc, was consistent with the
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prediction of Schottky-Mott theory, which resulted in a large difference between dc.y and ¢y
To date the electron transport mechanism in Schottky interface related to polarization effect is

still unclear, which is expected to be explored.

.4.2.2-D. Brief Summary

Pd Schottky barrier diodes wereb fabricated on undoped AlkIngp;GagosxN/GaN
heterostructures with different x values less than 20%. The material properties characterized
by PL, XRD and AFM indicated that the quaternary samples were coherently grown on GaN
template with high crystalline ciuality. The flat band barrier height obtained by C-V
measurement increased in high-Al samples up to 2.06 eV, which agreed well With the
prediction of Schottky-Mott fheory. Furthermore, both an increase in background donor
concentration and enhanced high—density 2DEG profiles were also observed in C-V
measurements as the Al mole’ fraction was increased. However, the 1-V behaviors deviated
from that of an ideal Schottky diode with Al incorporation, which was accompanied by an
increase in the difference between ¢gc.y and ¢@ry up to nearly 1 eV. The large difference of
Banier height between I-V and C-V measureme;nt could not be quantitatively explained by
traditional electron transport mechanisms of Schottky diode, such as tunneling effect, image
force effect and barrier inhomogeneities theory. Strong polarization effect in strained
AlIng 02GagosxN/GaN heterostructure is proposed;to account for the results, since similar
phenomena had been observed extensively in strained AlyGa,.,N/GaN heterojunction

structures.

4.3 Quaternary AlInGal;I based Heterostructure Field Effect Transistors
Epilayers of quaternary AllnGaN were grown by MOCVD on c-plane sapphire
substrates. After the growth of 3 pm i-GaN, about 30 nm undoped AlInGaN was deposited at
900 o.C. Before the device ‘pro‘cessing, the hetérostructln'es were characterized by XRD
technique, photoreﬂectaﬁce (PR) measurements and Hall measurements. 4 |
The device isolation was accomplished by mesa dry etching down to i-GaN by BCl;

plasma reactive ion etching. Then, 100-nm-thick SiO, passivation layer was deposited by
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by PR measurement

‘electron beam evaporation. The T/AVNV/Au (15/70/12/40 hm) and Pd/Ti/Au (40/20/60 nm)

were deposited as Ohmic contact and Schottky gate contact, respectively. The dimensions of
the devices used in this report are as follows: source-drain distance (Lsg) = 8 pim; gate width
Wy = 15 um; gate length (Lg)= 2 um and source-gate distance (Ly)= 3 ym The dc
characteristics were measured using Agilent 41560 semiconductor parameter analyzér. To
measure the 2DEG density as a function of channel depth, C-V measurements were carried

out at 1 MHz on Schottky diodes ﬁsing HP4845A inductance, capacitor and resistance meter.

4.3.1 Properties of AlIng0;Gag9sxN /GaN HFET with different x value

Four samples of AlxIng02Gages-xN were grown with 2% In molé fraction and diffefent X
value (10, 17, 22‘,'and 31%). Hereinafter, the four samples are referred to as Sa, Sg, S, ‘and Sp,
respectively, with increasing the Al mole fraction.

Figure 4.3.1-1 shows the XRD asymmetrical reciprocal lattice mappings of four
hetefostructm;es, in which vthe-same in-‘plane lattice constant between AllnGaN and GaN
revealed that the coherent growths of AllnGaN barrieri léyers were obtained. Moreover, the
decreased out-of—plane lattice constant from Sa td Sp indicated that the tensile in-plane strain

in AlInGaN epilayer increased with the Al incorporation, which would result in an increase of

~ piezoelectric polarization field in AllnGaN ‘layer. It is worth mentioning that the in-pléne

strain in Sp 1s similar to that in‘

Alp2¢GaopsN /GaN HFET structure % Sa (2024) s,
The bandgap (Eg) of AlInGaN estimated

%) was found to

increase from 3.628, 3.804, 3.887 to 4.058

q, (10”rlu)

eV, respectively, with increasing the Al

mole fraction. Room temperature Hall

measurement revealed that the materials

20 725 730 735 720 725 730 735

exhibited n type properties. An increase in q, (10°r1u)-
sheet carrier density with Al mole fraction Fig4.3.1-1 XRD asymmetrical reciprocal lattice
o ) mappings around for four AlInGaN/GaN
was observed (see Fig. 4.3.1-2"), which heterostructures
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Fig4.3.1-2 T} he Dlot of mobility and sheet carrier
density as a function of Al mole fraction.

may be due to the eﬁhanéement of
2DEG at the heterointerface created
by the increased conduction band
offset and  polarization  (both
spontaneous and piezoelectric) in the
AllnGaN layer. The enhancement in
2DEG density should be further
confirmed by C-V measurement. The
mobility values did not vary too much
with Al content and kept: ét around 700

em’V™'s". The values are lower than

those of conventional AIGaN/GaN heterostructures (~1000 em?V's1) 3, which indicate that

the material quality néeds to be further improved.

The de characteristics of HFETS revealed that all the HFETSs exhibited good pinch off

characteristics. Figure 4.3.1-3 shows the plot of drain-source current (Ips) versus drain-source

voltage (Vps) characteristics at different values of gate-source voltage (V) for Sa and Sp.

With increasing Al mole fraction (see Fig. 4.3.1-4), both the maximum drain current ([

Limax and gmumax Was obtained in Sp to be
about |
respectively. The Ijm. value was much
higher
modulation-doped Alo2¢Gao74N HFETs 2

that has similar device dimensions and

enhancement in 2DEG density. The largest

1230 mA/mm and 138 mS/mm, .

than that of conventional

Source-drain current (mA/mm)

similar lattice strain with Sp. We believed

it was attributed to the Ilarger

spontaneous polarization in AllnGaN
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and ‘the peak extrinsic transconductance (gyme) increased, which was maybe due to the
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Fig4.3.1-3 The plots of source-drain current versus

source-drain voltage for sample S and S,



 AlInGaN/GaN

barrier in Sp, which resulted in higher
2DEG density. However, the Zmmax was
lower (commonly ~200 mS/mm in
modulation-doped AlGaN based HFET),
which was maybe due to the loWér Hall
mobility value (689 cm*V™'s™") in Sp.
C-V measurements conducted on
Schottky diodes of the four samples
indicated that 2DEG had formed at

interface (see  Fig.

(mA/mm) & gmm; (mS/mm)
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Fig4. 3.1-4 The plot of HFET properties as

a founction of Al mole fracﬁon.

4.3.1-5), in ‘which the peak electron concentration increased from 0.4x10" to 6.5x10"cm™

with the increase of Al mole fraction. The result was consistent with the data of Hall

measurements. In addition, a flat profile with high carrier densities of ~1.5 and ~2.5%10'8

cm” (see the circled parts in Fig. 4.3.1-5) were found in AlInGaN barrier region of Sc and Sp,

e Sp ..
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E IUIE
g 14
: o
g 10t Iy : 25
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"
,
.
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Fig4.3.1-5 The depth profile of carrier density in

four heterostructures. The grey arrow in profile

of S, indicates the depletion length at zero bias,

which corresponding to a very low carrier
density. The circled parts in S¢ and Sp are
corresponding to the background doping density
in the quaternary barrier layers.

30

respectively. We belicved that ‘such high
carrier density was resulted from backgrbund
doping since the AllnGaN barrier layers -
were all undoped. It was just the high density
carrier in AllnGaN region that resulted in
short depletion length, which made "the
carrier profile in AllnGaN region could be
detected. However, the flat carrier profile in
AlInGaN barrier region of ‘SA and Sg could
not be observed due to the 10ngér depletion
length, indicating the lower carrier density in
the barrier layer. In comparison with Sa, a
small part of gradient carrier profile could be

observed in barrier region of Sg, which could



not be detected in Sa. This indicated that the carrier density in the barrier region of Sp is
higher than that in Sa. Therefore, the results shown in Fig. 4.3.1-5 implied that the
background doping density increased with the Al incorporation from Sa to Sp. Moreover, the

increased background donor density with Al incorporation was confirmed from other thicker ,’
AlInGaN/GaN samples (see section 4.2.2). Thus, we may understand that the increase in sheet
carrier. density obtained from the Hall measurements was not only due to the increase of
* conduction band offset and polarization field in AllnGaN, but also due to the increased
background donor density. | | |

' The gate leakage properties for the four samples were shown in Fig. 4.3.1-6. The

breakdown was not .observed within the

available bias range (0~100 V). Moreover,
it was also found that the leakage current

(lgs) increased with Al incorporation,

which may be attributed to the increased

background doping.

It is noteworthy that (see Fig. |
4.3.1-4) the threshold voltage (Vi) 10 L . ; N
strongly dependéd on Al nﬁole fractioh, in 1008 -6\07gd (\-74)0 o0
which  normally-off HFET  was Fig4.3.1-6 The plot of two-terminal gate leakage

current as a function of gate-source reverse

demonstrated in S, (also see Fig. 4.3.1-3). bias for the four AllnGaN/GaN HFETs,

The realization of normally-off operation

is due to the effective control of sheet carrier density by adjusting the polarization field. The .
conduction channel is easy to be pinched off when 2DEG density becomes less. As shown in

Fig. 4.3.1-5, the depletion.length at zero bias of ‘Schottky diode in Sa was confirmed to be

about 280 nm (marked by a gray arrow mark) by C-V measurement, which corresponds to a |
very lower carrier concentration of about 6x10" cm™, indicating the full depletion of the
channel. However, the Idmax was fairly lower in comparison with that of common normally-on

GaN based HFETs due to fhe larger channel resistance caused by both lower 2DEG density
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and mobility. The performanée improvement in AllnGaN HFETSs (both normally-off and
normally-on) may be eXpected by improving the material quality and optimizing the device
structure, such as reducing the background donor to incréase the mobility of AlInGaN/GaN
heterostructure; optimizing the barrier strain by adjusting the In and Al mole fraction;
optimizing the barrier thickness and reducing the gate length to increase the transconductance
and so on.

The results indicate that quaternary AlInGaN is a promising candidate for high power

and high frequency device applications.

4.3.2 Realization of Normally-off operation on AlIﬁGaN based HFETs

From the application point of view, enhanéement-modé HFET (E-HFET, or
normally-off) is very essential since utilizing both depletion mode HFET (D-HFET) and
E-HFET will significantly simplify the circuit configuration and reduce the power
consﬁmption in digital logic applications. Moreover, the normally-off operation ‘is strongly
required in high power switching application from the fail-safe point of view. To date, there is
no report concerning about the realization of enhancemeht-mode (E-mode) operation. in
quatémary AllnGaN/GaN HFETs, except foffew papers>®>’ about E-HFETs on AlGaN/GaN.

In comparison with D-HFETs, GaN based E-HFETs are difficult to be available due to
the existence of high density two-dimensional électron gas (ZDEG) at the heterointerface,
which results in a nonfpinched-off conduction channel at zero gate bias. For Schottky gate
FETs, the only way to realize normally-off operation is to reduce the carrier density under the
gate. By this way, many techniques were utilized, such as gate recessing’’, barrier layer
thinning (non-gate recessing) 5?, gate annéaling *7_ gate fluoride-based plasma treatment °® and
selecfively grown pn | junction gate *°. In this section, the following two methods were utilized

to realize the normally-off operation on AllnGaN HFETs.

(1 )‘,By thinning the barrier layer
The device structure was grown by MOCVD on a c-plane sapphire substrate. The epilayer

consists of low femperature grown GaN buffer layer, 3-um-thick i-GaN and an undoped
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quaternary Alo,}lno_bzGao,sgN barrier. To realize the E-mode operation, the thickness of

AlInGaN was adjusted and reduced in comparison

with that of D-HFET, since the density of 2DEG oo — _ _' _ _ _ __' _ _ ]
will decrease when the barrier thickness is reduced. E} s '\ |
o 3} ]
- Three samples were grown at same condition sk - |
except for the barrier thickness, which were — _y [ ™ T T ]
g
. : : g A
determined to be about 7, 10 and 22 nm. The %250- \ @Vg=8V T
devices were fabricated in the same process with 0y A\‘ ]
‘ sl .
previous section without any passivation. T ———
_ 1000} ]
The de characteristics of AllnGaN/GaN HFET é s00]- /0 ]
600 ]
were measured and the result was summarized in = = o
‘ , D S @Vg=1.5V 7
Fig. 4.3.2-1, from which one can find that the Wy ey
_ ‘ , 0 5 10 15 2 5 3
threshold voltage shifted towards the positive Barrier layer thickness (nm)
: Fig.4.3.2-1. The plot of Limay Emmax and Vi
direction when the barrier thickness was reduced -as a function of barrier layer thickness.

. . ' Le=2pm, We=15pm, L= 8
and the normally-off operation was realized when (L=2ym, We=13pum. L= Spum)

barrier layer 1s 7 nm. Ijmax value, which was obtained when gate 1s biased at 1.5 V, decreased |
correspondingly. This may be due to the sheet carrier density reduction with thinning the
barrier layer. On. the other hand, the maximum transconductance was increased a lot up to
270mS/mm with reducing the barrier thickneés, which resulted from the increase in the
Schottky junction capacitancé. E-mode operation was also clearly exhibited in the DC transfer
characteristics (see Fig. 4.3.2-2), in which more than 400 mA/mm of Ijnay value was- obtained
on a2 micron—lengfh device, when Vg = 2 V. Such value is comparable to that of
conventional D-mode AlGaN/GaN HFET The threshold voltage (V) was determined to be
0.02 V if defining ¥}, as the gate bias intercept of the linéar extrapolation of square root of
drain current. It is worth mentioning that the data obtained above are all from the
unpassivated devices. For the E-mode device with eléctron beam evaporated S‘iOZ passivation,
much current collapse was observed even at slow scanning swing condition. Such collapse

can be removed under the illumination with a common bulb lamp, which indicated that much
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surface traps was locating in the interface between the SiO; and AllnGaN surface. Further

experiments are needed to understand it.

1000 Y T T T 400 T
800
600

400

I (mA/mm)

200

v, (V) ' v,(v)

Fig.4.3.2-2. Transfer properties of three devices with diﬁ“erent barrier thickness. (Le=2um, We=151am, Lyy= 8um)

(2) By gate recessing

Gate recessing was perfoi‘med on 30 nm-Alg 3Ing ¢2Gag 6sN/GaN HFET structures. The RIE
condition is same as that in isolation process. BCls is used as an etchant gas, the chamber
pressure is 3 Pa, plasma power is 10v W. In this experiment, 4 samples were used With‘
different RIE etching time’: 0, 40, 80, 120 sec. The etching speed was about 5-6 nm/sec, which
was confirmed by AFM checking. As shown in the Fig.4.3.2-3, both lamax and gmmax decreased
abruptly when etching fime is increasing, although the Vi, moved towards thé positive
direction. This is maybe due to the etching damage in the gate fegion, which may be avoided

by post annealing process.or optifnizing the RIE process.

To confirm the existence of damage, the post annealing proéesses were performed, in
which the devices were annealed at 300 °C at N, ambient. Fig.4.3.2-4 shows the HFET
parameters as a function of annealing tinie. As shown, for the 40 and 80 sec-etched devices,
- their properties were almost kept constant after short or long time annealing process; however,
for 120 sec-etched device, both Iymgx, mmax increased more than several ten times after
annealing processes. This indicated the existence of ion damage during the gate recessing, the
longer recessing, the larger damage is. The recovery effect can also be clearly observed in

Fig.4.3.2-3, in which the 6-min annealing results are shown for comparison with that of the
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as-etched devices. Finally, after damage recovery process, the normally-off operation had

been obtained in a 120 sec-gate recessed device with lower Imgx, g,,,,,,éx values.
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1E+00

1.E-01

Lamax {mA/mm)

electronic device were studied. The growth of AllnGaN by MOCVD was optimized as a

function of growth temperature. The great difference of material properties were observed

material quality of high temperature grown sample is much superior to that of low

PL emission at 350 nm. However, the 350nm LED was failed to be fabricated because of lack
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Fig, 4 3.2-3 The plot of Limax, 8mmax and Vy, as a function of gate recess etchmg time for as-etched and post annealed
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In this reporf, the growth of AllnGaN and its application for optoélectronic and
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Fig.4.3.2-4 The plot of Linax Emmax and Vy, of gate recessed devices as a function of post anneah’ng time
(Lg=2pm, We=15um, L= 8um)

temperature one. Base on this point, high quality MQWs structure was grown with a strong

of a proper AlGaN template on sapphire substrate. The electronic application of AlInGaN was

150

between the AllnGaN samples with same composition grown at different temperatures. The



also studied. Being the key point of HFETS, the Schottky contact was examined first. Finally,
Both AlInGaN based E;‘mode and D-mode HFETs were demonstrated for the first time with a
high performance, which indicate quaternary AllnGaN is a promising material for high power

and high frequency electronic applications.
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1・　study　of　Quate止nary　AlInGaN　grown　byMetal−Organic　Chemical　Vapor　Deposition　on　　　　　　　　　　　　SapPhire　SubstrateStudy　of　Quaterh劉ry　AIInGaN　grown　by　Metal−Orga翠ic　Chemic劉1　　　　　　　　　　　　’Vapρr　Dep・sitiρn・n　SapPhire　SubstrateAbstract：　　　　葦nthis　report，　the　growth　of　AIInGaN　by　metal　organic　chemical　vapour　deposition（￥OCVD）・nd　it・．・pPlicati・n魚・・pt・・lect・6・ic　ahd・lect・・ni・d・vi・e　w・・e・t・di・“・Th号growth　of　AII耳GaN　was　optirpized　as　a　ftmction　of　growth　temperature。　The　great　diffbrenceof　material　propertigs　were　observed　between　the　AIInGaN　samples　with　same　compositiongrown　at　diffbrent　tempoτatures．　The　material　q耳ality　of　high　temperature　grown　sample　ismuch’superior　to　that　of　low　temperatu士e　one．　Base　on　this　point，　high　quality．MQwsstructure　was　grown　with　a　strong　PL　emission　at　350　nm．　However，　the　350　nm　LED　was飴ilゆbe魚b「icated悌cause・fl・・k・f・p・・P・・AIG・N　t・mp1群t・・n・apPhi・e・ub・t・at・・Th・electronic　appliρation　of　AIInGaN　was　also　studied，　which　included　the　properties　of　Schottkycontact　to　AIInGaN．Finally，　high　perfb�oance　AIInGaN　based　heter句unctio面eld　ef飴cttransistors（HFETs）in　both　enhancement　mode（E−mode）and　depletion　mode〈D−mode）weredenpnstrated　fbr　the　first　time，�_which　indicate　quatemary　AIInGaN　is　a　promising　materialfbr　high　power　and　high丘eqtlency　electronics　applica亡ion9．1g　　Introduction：　　　　　　In　the　past　two　decades，　the　great　progress．has　been　made　fbr　the　research　of　Group　IIInitride　semiconductors’奄氏@both　optoelectronic　and　electronic　applications，　which　includes　thecommercialization　of　both・GaN　bas6d　green，　blue　and　near　Ultraviolet（Uv）light　emitting．diodes（LEDs）and　405　nm　laser　diodes（LD）1fbr　next　generatioll　DVD　system，　and　alsoincludes　the　near　co�oercialization鉛r　GaN　based　heter句ub¢tion∬eld　e飾ct　transistor（HFET）in　high　power　and　high　f士equency　electronic　device　applications．　　　　　1・・ecenl　y・a・r・q・・t・m・ワAII・G・N・II・yゆ・t・d　m・・h・杜・nti・�Secau・e・f　th・fbllowing　reasons．　The　first，　in，　the　view　of　avaiiable　wide　range．of　direct　bandgaps，　wurtziteGaN註Iloyed　with　AIN　and　InN　may’span　a　wide　and　continuous　spebtrum　range　ffo血UV　to1一1一inffared’（IR）．・This　makes　the　quatemaワnitride　sy串tem　attractive　fbr　optoe16ctronic　d夢viceapplications．　Second，　quatemary　AIInGa：N　can　provide　the　maximum　pos5ibility　fbr　thecombined　balldgap　and　lattice　constant　engineering．　Therefbre　by　a街usting　the　in−plane　strainof　the　quantum　wells，　the　quantum　confined串tark　ef飴噛ct（QcsE）may　be　expected　to　be・educeｦ・h・imp・bγ・d・mir・i・n・佑・i・n・即y　be　exやec・・d・Thi・d…m・・e・ea・c虹ers　lfbund　that　AlInGaN　was　a　prom丘白ing　material　fbr　UV　e血ission　in　comparison　with　temaryAlGaN．　This・may　be　due　to　the　exciton　localization　effbct，　which　is　similar　to‡he　6ffbct　ofI・di・m　i・th・1・G・N・y・t・m・．Th・∬・・1．rea・・n　i・th・tq・・t・・n・ηm・ybe　ap・・ml・i・gcandidate　as馳abarrier　material　of　GaN．based　HFET忌，　which　v¢ill　be母iscussed　in　detail　at　the負）110wing　session．　　　　　Th・big9・…b・…！・・f・6・li・i・帥igh−q・・lily　AII耳G・N　l・yers　i・t・・P・imize　a・p・・P・・、9・・wth・・nditir・beca・・e・f　thr．di艶・ence　i・typi・a19・・帆h　t・mp・�S・e飴・t・脚・II・y・．AIGaN　and　InGaN．　The　growth　temperature　fbr　high−quality　AlGaN　can　be　over　l　OOOoC，』‘while　InGaN　growth　must　usually　occurs　at　low　temperature（700〜800。C）beqaus60f　the．weak　In−N　bond．　　　　‘　　　．　　　　　　　　　　　．　　　　　　　　　、　　　　　The　context　of　this　report　will　be　arranged　as・fbllowing：（1）Growth　optimization　ofAIInqaN；（2）（）ptoelectronics　application　fbr　quaternary　AIIpGa：N；（3）Electronics　applicationfbr　quaternary　AlInGζN2．Growth　optimization　for　quaternary　AIInGaN　　　　As　we　mentioned　above，　because　of　the．　great　dif琵rence　in　growth　te�rperature　betweenAlGaN．　and　InGaN，　the　incorporation　of　both　Al　ahd　In　into．　GaN甲ould　be　very　difficultBefサre　we　started　thi『pr（額ect，　the　published　temめeraturos　fbr　AlInGaN　growth　bymetal−organic　chemical　vapor　deposition（MOCVD）v��ried　in　a　large　range　ffom　750　to　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ボ8750C：However，　the　quality．　of　the　obtained　quatemary　AllnGaN　epilayers　in　the　literaturehad　not　reached．　a　satisfンing　level　yet．　Thus，　carefhl　optimiz負tion　on　the　growth　condition　was、Very　neCeSSary・2一2一　　　　In　this　section，　the　quatemary　AIInGaN　alloys　were　gr6wn　on　c−plane　sapphire　substratbs3t　a�qospheric　pressure　by濡アρoη5ねη503R2000。MOαD　system　Trimethylgallium（TMG），tdmethylindi�o（TMI），　trimethylalumin�o（TMA）and　a�oonia劔H3）were　used　as　so斑cematerials・Initially，　the　sapPhire　substrate　was　heated　up　to　l　l　QOoC　fbr　l　O　min　in　hydrogehambient　to　clean　the　su血ce．　A　30一�o一thick　GaN　layer　was　deposited　as　a　bu既r　layer　at5500C．　Then，　the　substrate　was　heated　up　to　l　1800C　and　a　l．3一μm−thick　GaN　layer　was　grownon　the　GaN　buf琵r　layeL　Finally，　the　temperature　Was　decreased　to　low　tempρrature　fbrqUaternary　AlInGaN　alloys　growth．　Five　undoped　AIInG．aN　samples　with　similar　thickness（〜90・ゆw・・eg・Qwn　at　780・820・860・900・nd　9400C・・e・pecti・・1ユF・r　si卑pli・iけ，　h・・eip・丘・・，．they　are　abbreviated　as　S780，　S816，　S860，　Sgoo　ahd　Sg40，　respoctively．　These　five　samples　weredesigned．@to　have　same　alloy　composition（AI：〜9％，　In：〜2％）to　facilitate　comparing　theinfluence　gf　growth　temperature，　since　the　properties　of　AIInGaN　also　strongly　depend　on　thecontent　ofAI　and　In　2’3．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．・　　　　　The　structural　properties　of　these　alloys　were　characterized　using　x−ray　dif丘action（XRD）．　AI　and　Ill　compositions　of　quatemary　epilayers　were　estimated　using　electron　probemicroanalysis（EPMA）．and　verified　by　XRD．　Atomic．fbrce　microscopy（AFM）was　utilized　tocharaρterize　the　surface　morphology　ofthe　samples．　The　PL　measurements　were　carried　out　tocharacterize　the　optical　properties．　　　　　　　　　　　　　　　　　「2．1Surface　morphology　　　　　　All　the　sa血Ples　w6re　ihvestigated　by　optical　micfoscoPソand　showed　a　specula　mirror・u・魚ce・H・w6・…thri士AFM　m卿h・1・gi・・exhibit・t・・ng．d・p・nd・nce．・n　th・．9・・wtht・mp・・at・・e（・ee．・Fig・2・1）・C・血P・・t・・1�o・w6・e　di・t・ib・t・d・n　th・・u・飴・e・f　S…（・eeFig．2．1）with　peak−valley　height　up　to　60�o，　which　shovγs　a　typical　mo叩hology　of中ree−dimensional（3D）growth；whereas　fbr　S860，　Sgoo　and　Sg40（see　Fig，2，1c−e），　clear　stΦ一flowcould　be　observed　with　lower　roughness（seσTable　I），　indicating　the　two−dimensional（2D）‘gr6wth．　Obviously，　the．trans鉛�oation　of　growth　mode　happ信ned　as　tempera賦e　increased（see　Fig．2．lO。　The　transition　stage　could　be　dlearly　observed　i耳S820（see　Fig．2．1b），　in　which3一3一coalescence　growth　was　confirmed　by　the　observation　of　some　remained　un−coalescedgrooves．　The　temperature　dependent　morphology　canわe　explained　in　te�os　of　the　increaSedadatoms　mobility　with．，　temperature　on　the　growing　surface．　The　improvement　of　surface：蔑　　　　　　　　　　　　　　F／92・MFMp珈呵か・41・・9砺・2C・N3・・脚副換瀦吻・・伽鷹morphology　with　temperature　is　also　supported　by　the　observatioh　of　pits　in　S860，　Sgoo　and　Sg40（see　Fig，2．1c−e）」in　which　the　depth　of　pits　is　notably　decrease母and　pits　are　hardly　oりservedi・S…and　Sg4・．　Th・pit・i・飴�o・・fVd・飴・t・a・e　alw・y・・b・ew・d　i・1・G・N・y・t・m　4・5　a・a・・xt・n・i・n・fthread　di・1・・ati・n　i・th・�od・・lyi・g　G・N　l・y・・A・ecent・e・ea・ch6　P・・P・・ed　th・tone　route　fbr　V」de艶ct　fbrrnation　is　the　result　of　a　redμced　growth　temperature．Table　L　The　properties　ofth『負ve　AIInGaN　samples　grown　at　diffbrent　temperature．S医mp畳eS780S820S860SgooSg40GrQwth　Tempcrature（℃）AFM　　　　RMS（η〃2）　　（2x2　　　V−P（η�C7809，3608200．799，38600．6212・．5900．0．433．29400．342．7XRDFWHM（004）αro3θ0　338Mismatch△CICo（％）．一〇．35364−0。32290−0，30．262・0．33258−0．C35PL＠RT＠FWHM（溺θのIntellsity（α，〃．）FWHM＠¢りN／AN／AN／A714．1、7457453648，89318．747，1、10018．1Simulation　　E（0）　（θりParameters　α　＠θ〃κ）　　　　　　　　　β　（κ）　　　　　　　　　σ　（〃　θり3．7161．42386029，13．6811．0886015．33．6690．9786093．6580，968608．42．2Structural　properties　　　　　　The　structural　propertigs　of　AlInGaN　were　invβstigated　by　XRD　with．　P乃∫勿5琢ρεπ4一4一�o　system．；↑he　results　obtained　f士om3sy卑metrical　reciprocal・lattice　卑apPingindicated　the　AIInGaN　epil包yers　were　allcoherently　grown　on　the　thick　GaN　layers．　Th臼the鋤一width　at　hal罫maxim�o（FWHM）ofX−ray　rocking　curve　and　out−ofしplane　latticemismatches　fbr　each　sample　are　listed　in　theTable　I，　v野hich　indicate　the　high　crystallinequality　of　high−temperat耳re　grown　sample，　Thisresult　is　consistent　with　the　Observation　ffomAFM．100．曾量．1P．皇§窪1　　　　　｝i．o，ゴ、．iiiiiill：…il∴盤面一購lliiii臨〜　　　　　　御．：．．繊．’．・．．．8如：．：．．‘．．．麟．．．’．．．も彦6・：．・・．．9おd　　　　　　　　Growth　Temperature（o（1）F∫g2，ノ097力3ρ10’（〜ん4E酵rαf9乃〃θ∬0’oo∫〃2εoη・9綱ψ伽即1・3・Mル〃・4・呵9・・w功2・3qPtical　properties　　　　　　　　　．　　　　The　improved　qu耳lity　wi�nh　growth．temperatUre　was　also　observed　ffom　PLmeasurements　that　were　carrie46ut　with　He−Cd1・・e・ex・it・ti・n（325�o，’P1　mW）・t　b・th…mtemperature（M）and　77K，　respectively．　Thenormalized　spectra　were　shown　in　Fig2．2，　inwhich　the　spectra　of　S780　were　excluded，　sinc碍110band　gap　Peak　could　be　observed　at　both　RT　and77K、except　fbr　a　broad　deep　level　emission、at77K，　which　indicates　poor　optical　quality　of　thissample．　Unlike　S780，　a　clear　hand　edge　emissio取w畠sob串erYed　at　longer　wav61ength（〜370nm）fbranother　7800C−grown　sample．　with　larger　Incontent7．　VVb　attribute　the、diffbrence　to　the　Inincorporation　induced　lobali耳ation　6ffbct，　since1　　⇒．1ε’謹暑＝・亀1．婁驚目お乞．0　　1　0　　　．3。3　　　3．4　　　35　　　3。6　　　3．7　　　　　　　Photon　Energy（eV）�s・2・2隔八bアη3α1彪θ4PLΨθoかα｛〜プ5αゆ1θで¢｝3940，でZゾ390ρ，でヒジ3860α〃61ω382αE…77K　　　　　　　　　　　　　　塵ib）　　　　　　　　　　　1　　　　　　　　’亀　goo　o@　　　　　　　　　　　　　I　　　　　　　　　　　　3●@　　　　　　　　　　　　　1　　　　　‘1　　　　　　　　　　　　　　8　　　　　　　　　　　　8　●　　　　　　　　　　　　　　3　　　　　　　　　　81@　　　　　　　　　　　　　1　　a@　　　　　　　　　　　　／k．．．L一，1　　　　　　　　　　　9（c）@　i　’、86・℃　　　　　　　　　　　　　　1　　　　　　　　　8　0　　　　　　　　　　GaN　　　　ハ　　　　　　　　　　　　　　ゆ、5一5一60940舞ぢ20　■　　　　●中一一一一@　■　　　▲一巡＿▲　　　77K●　　　　　●■　　　　　■90・・　　垂3008。。　84。　88。　926　96。0　　　　　’Growth　Temperature（OC）F’92：3F〃πM（〜プP」乙．�θσ”ααηゴ〆〜”ε4σソσ’�gθ勿Egμ6〜’わηωα5αノ諺ηα’0ηqゾ9アOW疏彪〃�iθ7α翻昭・peak）was　not　shown　to　keep　the　clarity　of　the　figure．values　of　above　samples包s　a　flmction　Qf　growth　temperatμre，narrowest　peak　at　both　RT（47meV）and　77K（18meV），　respectively，opti¢al　quality　Such　high　quality　is　also　supported　by　the　rroom−temperature　PL　lntensltySg40（see　Table　I）which．is　near・two　orders　higher　than　that　of　S820．　In　addition，　the　observatiohalld　suppression　of　a．broad　peak　labeled　with　arrows　in　Fig．22　is　another　supporting　evidence．忘Uch　peak　with　a　long　tail　could　be　observed　in　a　wide　temperature　range　f±o卑60　to　200K．We　ten赴atively　assign　it　to　the　defbcts（or　irロpurities）related　emissi6n　and　Will　discuss　it　in（ietail　elsewhere．　Obvious豆y，　this　peak　can　hardly　be　observed　i血Sg40　and　enhanced　notably　inthe　lower−temかeratufe−grown　samples，　which　indicates　some　defbcts（or　impurities）have　beenremoved　at　high　growth　temperature．　　　　　　It　is　wor中to　mention　that　the　fりur．samples　exhibit　di晩rent　bluer寧hi負behaviors　at77k（・ee　Fig・2・3）・nd・h・blue一・hi負・・1…v・・i・d丘・m　2…61甲・V鴨・v・・cl・im・d　7’th・t…h・》・・�o卸l　b・havi・・w・・d・・t・thr　P・t・・ti・l　mi・i卑・n・・加・ti・n　cau・ed　by　all・ycompositional．奄獅?ｏｍｏｇｅｌｌｅｉｔｙ．　In　order　to　gain　fhrthef　insight　into　the　recombinationmechanisms，　the　tempera�Ire　dependent　PL　measurements　were「垂?ｒ鉛�oed　with　a．h61iumclosed−circuit　refhgerator　at　temperatures　ranging・丘om　42　to　300K．　Figure　2．4　gives　the　plotof　emission　energy　as　a　fhnction　oftemperature，　in　which　the　fbur　samples　all　exhibit　red　shif�ethe　gptical　properties　of　AIInGaN　can　b69・t・bly　imp・・v・d　by　i夏・τea・i・g　i・di・m、。皿t・nt2・き．　Th・t　i・th・．・ea・・n　Why　w・employgd　AlInGa：N　samples　with　similarall・yρ・mp・・iti・n・鉛・c・mp・・i…i・thi・sectio11，　As　shown　in　Fig。2．2，　the　fbursamples　all　have　a　clear　band　edge　peakaround　346nm　at即（shown　with　solidline）．　The　peak　of　underlying　GaN．layer（located　at　low　ehergy　side　of　quat年rnary　　　　　Figure　2．3　shows　the　plot　of　FWHM　　　　　　　　　　　　in　which　Sg40　emits　with　a　　　　　　　　　　　　　　　　　　indicating　the　h卑gher　　　　　　　　　　　　　　　　　　　　　　　　　　”　　of6一6一as　the　temperature’decreasing．　This　is　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3．66so−called　　‘‘S−shaped”　　temperaturedependence　　　behavior　　（localization　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3．64effbct），　which　　collsists　　of・　ablue一「ed−blue口shi丘as　dec「easin烽狽?ｅ　g・・62t・mp・・a加・e・Thi・b・h・vi・・h・・b・・n畳　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　の・b・ew・d　i・m・・y・ll・y・y・t・m・歪・・6・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　国including　InGaN8，　AlGaN9’10　and今II・G・N　ll・’2・whi・h　canやe　expl・i・・d　3’18in　terms　of　the　localization　of　carrier　oゴ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　3．56exciton　in　potential　minima（caused　byalloy　compositional　fluctuation）昂t　Iow．temperature　and　de−localization　as　　F∫92．4increρsing　the　temperature．　For　Sgoo　3ndSg40，　the　last　blue−shif�eregion脚as　notobserved，　which　we　believe　is　du6　to　the　　　　According　to　the　band　tail　modell　the・・uld　b・撫・d　by　th・飴11・wi・g　6・p・essi・n13．　　　　　　　　　　　　　　　　　　　　　　　　　　　α：τ72　　σ2　　　　　　　　　　　　　　　E（7）＝E（0）一　　一　　　・　　　　　　　　　　　　　　　　　　　　　　　　　　　T＋β　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1（β71亀　▲　　“▲◆◆◆．r　　　　　　σ．＝8．4meV　　　940●　S　　　　　　σ冒9meV　　　goo米　S　　　　　　σ＝15。3meV　　　860▲　S　　　　　　σ冨29J　meV　　　820　　　　　　　　　0　　　　50　　　100　　　150　　．200　　　250　　　300　　　350　　　　　　　　　　　　　　　　Temperature（K）　　　　　　　　　　艶仰θrα’z’形砲ρθ〃虎ηcθ．（ゾPLθ〃2’∬’oη　　　　　　　　θ〃ε�r’θ3　（〜プ功ε　3如6ガθ4　5α〃42！θ5．　窃θ　30〃4　　　　　　　　α躍Vθ∫眉印7θ3θ躍酌θノ〜云∫’0漉θθ呪ρθr｝η2θη’α1　　　　　　　　伽αz4∫∫ηgE卿∫∫oηρ．！ノ．limitation　ofthe　lninimum　temperature（42K），　　　　temperature　depβndent　emission　energy　curve（2，1）Th・且rst伽・t・�o・is　s・一call・d％rsh・i’・t・mp・・a加・e　d・p夢・d・nce・．i・whi・h　E（0）d・・g・ibr・the　energy　gap　at　zero　abgolute　temperature；αandβare�qown　as％rs�qi　pafameters，　Thethird　ltenn　was　used　to　describp　the　localization　effbct，　in　which　KB　is昼61zmann’s　constantandσis　called　standard　devi註tion　of　potential　fluctuationlo　and　indicates　the　degree　oflocalization　effbct．　Namely，　the　largerσvalue，　the　stronger　localization　effbct．　The　solid　Iinesin　Fig．2．4　are　fitted　curves　fbr　each　sampIe　and　the　fitted　parameters　are　also　given　in　Table　I．The　flttedσvalues．　are　29．1，15，3，9and　8．4meV　fbr　S820，　S860，　Sgoo　and　Sg40，　respectively　andthey　are　also　plotted　as　a　fUnction　of　growth　temperature　in　Fig．2．3，　The　data　implies　that，　fbr7一7一th・・am・all・y・・mp・・iti・n　AII・G・N・’b浴E・g・gwth　t・mp・・a加・e　wilh・・ult、i・・t・・ng・・localization　ef琵ct（alloy　compositional　fluctuation），　which　can　be　explained、　in　temls　of　theshorter　diffUsion．　length　of　a“atoms．at　lower　groWth　temperature．　The　stronger　alloycompositio塾a1且uctUatioh　is　also　supported　by　the　largerぞL．FWHM　value　of．1・w・卜t・mp・・a鵬9・・w・AII・G・N（・ee　Fig2・3）・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ド　　　　　　It　i・w・ll�q・w・th3t　th・lpcalizati・n・飴・t　i・b・th　I・G・N8　a・d　AII・G・丼3・12　sy・t・m　i・alWays　accompanied　with　the　enhancement　of　optical　emission．　This　seer虞s　to　coゴtradict　withour　case．．that　the，P恥intensity　enhanced　with　the．degradation　of　lgcalizati？n　effbct．　W亭assignthe　rメEnt・adi・ti・喚t・th・di飴・ent・・igi・．・fth・1・・ali・atir・・旋・t　i・・ur　sampl…輪thi・k　th・　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　strong　localizatlon　effbct　i血S820　is　mainly　attributed．to　A1−related　alloy　ibhomogeneity，　notindium，　since　the　optimum　growth　temperature　fbr　AIGaN　is　a1脚ays　larger　th耳n　10000C　andthe　optical　emisslon　enhancement　was！1ever　fbund　in　AlGaN　system　even　with　strong1。calizati。n・肋・t’．　Thu・w・b・li6・・th・imp・・Pサ・Ah…m・・ati・n・t　l・w　g・・帆h　t・血P・・at・・eresults　in　poor　grystalline　quality　and　strong　lo6alization　ef飴ct，　the　decrease　ofσvalue　inFig・2・3　i・i・dicati…fth・imp・・v・mg・t？fth・Al−i…叩・・ati・n　q・・lity・・i…e縞・i・g＄・・舳ternperatuぽe・　　　　　　The　c取・t・llln・q・・1i域imp・・v・m・nt　with　g・ρwth　t・mp・・at・・e　w・・蝕h・・c・n五�p・dby　the　investigation　of　integrated．PLintensity　as　a　fhnction　of　temperature（seeFig．2．5）．．Th・i・t・g・at・d　i・t・n・ity・f　eachsanlple　is　norrnalized　by　its　integratedintensity　obtained　at　42K　AII　the　samplesexhibit　the　degradatioll　of　intensity　with　theincreased　te坤eraturel　This　is　well�qownas　the�oal　quenching，　which　caused　by　thethe�oal　activation　of　non−radiativerecombination　traps，　The　degradation　ofSg40　shows　near　20rders　less　than　that　of⇔罵ε台●易島8二彫遵目きz1001σ110幽21σ31♂“誉峯岩　　●琴彙藥　　　　　　茎133◆◆◆◆　　　　　　　　▲誉※●●．　　　　　　　　　　　▲　米　　　　　　　●　　　　　　　　　　　　　▲　　）く　　　　　　　　　　　　　　　　　選　　※　　　　　　　　　　　　　　　▲　　　　　　　　　　　　　　　　　▲　　　　　　　　　　　　　　　　　　　▲ρ　S　　　940●　S　　　900※　S　　　　り▲　S　　　820◆●▲．0100　　　　　　200Temperature（K）300F’92．5琵即・漁’・θ勿θ励・a・ψ舵…〃・1彪・4　　　’・’・9μ・4PL’・鱒”…瀕・・罐・4・岬1・・8一8一S820，　ihdibating　higher　quantum　efficiency　of　Sg40．　This　implies　the　non−radiative　traps　hadbeen・ig�u五・�ptly・ed・ced・t　high　g・・舳t・mp・・a甑・・whiρh　m孕y　b・4・・t・th・imp・・v・m・nt．ρ£Al　ih・・Φ・・ati・n・　　　　　　B・・ed．・n・b・ve一・btρih・d・e・ult・・wg・…華gly　p・・P6・e　high脚p・・a・肛・暫・舳（≧9000C）飾・Ail・G・N，・・peci・lly拓・th・・e　with　hi帥Al・・nt・nt・．　Th・d・t・�oin・ti・n・fopti盆�ote卑pera傭e　should　be　compromised　by　cohsidedng　indi�oincoΦoration．・Althoughthe　In　incoq）oration　efficiency　will　decrease　with　the　increase　of　growth　temperature，　properdecrease　on．@the　indi�ocontent　is，．acceptable　because　a飴W　percent（2〜5％）inαiumi…甲・τ・ti・hw・・th・ught　t・．be　sum6i・ntly・晩・ti・・b・UV・pPli・ati・・3．0・th・・th・・h窺・d，the　enhancement　of　indium　in60q）oration　at　high　temperature　is　bossible　by　means　ofincreasing　the　growth　rate　and　V／III　ratio　l　4．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　L　乙畠甥85！051♂103102101100（a）69一3一2GaN一1（9004）　0＋1＋270　　71　　72　　73　　74　　75　　76　　77　　　　　2θ（degree）曾ざ．盲旨8呂日自嘱．（b）　　　　　　　　　ロ　　な　ノムロ　り　　れ　M警銑……01　　　　　　　　　　鴇M　　　　　　　　　　　　　67meV（MQW）Fulk　　　　　　　　　　　　　50meV（B凹lk）　　　　　　ハ　　　　　，、　　　　　’　竃　　　　　’竃1〔殊　　　GaN　　　　！．、、　，・　　　　’　　　、・一．’　、、　　　’　　　　　　　　　　　　　　　　　　　　　　　　　覧り・　　●’　　　　　　　　　　　　　　　　＝、330　　　340，　　350　　　360　　　370　　　380　　　　　Wave且ength（nm）F’g．3．1ω．XRDで000のμαηθ250αηqズ10ρθπoぬ．4伽Gα焔Gα肋Gα2Vル＠〃魯gπ）wηα’90ρC，摩り．　　　Roo四点ゆθrα�梶Dp加ρθo〃〃吻（ゾ疏θ磁2鮪ゆ01∫41’ηφ，’η納励PL卿θo〃〃用（〜プわ磁　　　溺α厩α1wα5αな03乃owη幽3肋吻．3．OptoelectronibS　application　fbrαuaternary　AIInGaN　　　　Basing　on　the　abovementioned　research，10　periods　Alo．081no．03Gao．8gN／Alo．121no．01Gao．87NMμltiple　Quantum　w611串（MQws）structure　had　been　studied．　The　growth　temperature　is9・・oC・Th・1・ttice　c・n・t・nt・fw・11　q・…m・W　m・t・・i・1（Al・8％，1・・3％）is　sl甲ila…th…f・h・�oderlying　GaN　and　the　bandgap　energy　diffbrence　betw6enりarrier　and　well　layer　is　about150meV　As　shown　in　Fig．3．1，　clear　multiりle　satellite　peaks　in（0004）XRD　2θ〜（b　scan　and　astropg　Rr　PL　e孟ission　at　348�owith　ve理naπow　FWHM　value　of　67meV（6．5�o）are9一9一・bt・i・・d，1・diρ・ti・g　high・琢・t乱llih・q・・1i砂・ndミm・・th　int・�qce・i・MQw・regi・n・’恥th・best　of　our�qowledge，　this　is　the．唐高≠撃撃?ｓｔ　PL　FWHM　value　obtaine面om　AIInGaN／AIInGaNMQw　in　the　open　literature．　　　　　Then　a　LED　structure磁a6　growh（Fig．3．2a），．in　which　the　MQw　is　same　withabovementioned　st血cture、．Howeveちthe　surface　of　the　wafbr　ls　fUll　of　cracks（see　Fig．3．2b）．W6　believe　this　is　due　to　the　large　lattice　mislnatch　between　the　cladding　Alo．26GaN　layer　andG・N．．t・mpl・t・・Th・塾・・t　re・・1・ti・n飴・thi・p・・b1・m．i・t・・eplace　th骨G・N　t・mp1・t・withAlGaN　template，　because　this　can　reduce　the　large　strain　between　the　temPlale　3nd　claddingl・y・・H・w・v・ち9・・舳・fthi・k（・1μm）AIG・N・耳・apPhi・e・r　siii・・n・ub・t・at・i・ag・eatchallenge　fbr　the　researchers．　Till　now，　only　fbw　group　has　succeeded　i取growth　of　high　AIF（＞50％）content　AIGaN　template　on　sapphire　substrate．　This　su切ect　is　too　large　to　be　soIvedln　current　p勢。リect・　　　　　　　　　−MQWsNi／Au灘難（a）P’GaN50nmP・Al・．26GaN100nlhP幽AIInGaN30nmn・Alo，26GaN100nmTi！A11Ni1An・GaN4μη1蝋F．鱗舗、裸轄пASapphireF∫93・25吻襯∫・伽伽・・醐伽G・醐ED伽〃4’云∬・吻・・脚・・岬・μ伽醐4．E夏ectroniρs　applic島tion　fbr〔luatemary　AIInGρN4．11ntroduction　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　　　　ヒSince　the　first　demonstration　of　an　AIGaN／GaN　HFET　I5，　impressive　progress　has　beenm、d，　i。　th。　n。ld。f　high．P・w・・and　high一丘・q・・n・y・1・ρt・・ni・・pPlicati・ns16．　Th・highperfbrmance　of　qaN−based　HFETs　is　primarily　due　to　the　existence　of　a　high　mobility10一10一　　two−dimensional　electron　gas（2DEG）at　the．AIGaNIGaN　i耳terface，　which　is　created　by　a　　large　conduction　band　off忌et，　and　by　the　strong　Piezoelectric　and　spontaneoμs　polariza重ion　　effbc‡s　in．the　heterostructure17，　Further　improvement部n　HFET　perfbrmance　can　be　expected　　if　the　Al　mole丘action　of　AIGa：N　barrier　layer　is　increased．．However，　with　this　f澁ther．increase　of　the　A藍mole　ffaction，　the　increasing　lattice　Ihismatch　between　AIGaN　and　GaN　　ΨiU　decrease　the　critical　thic�qess鉛r　the　strained　AIGaN　barrier，　resulting　in　the　generatlon　　of．・misfit　dlsloc碑tions　and　g　cracks，　To　solve　the　prob16m，　quaternary　AlInGaN　was　　proposed18’19to　replace　AIGaN　as　the　barrier　m琴terial　because　of重bllowing　twb　advantages：　　First，　use　of　a　quaternary・allows　the　independent　a（漸ustment　6f　the　bandgap　and　lattice　　constant，　so　that　the．built−in　strain　can　be　controlled　below　the　critical．　Second，1argerP・1・・iza・i・n　m・y　be　exp・・t・d　i・・q・・…n・珊AII・G・N　barri・・wit戸・ig・i負・an・Al　m・1・丘acti・n　m・i・ly　d・・t・an　i…ea・e　i・・p・nt・n・・昇・p・1・・izati・ぬ・．lt　h・・been　th・・f・ticallデ。　　predicted　that　the　spontaneous　polarization　is　as　large　as　the　piezoelectric．polarization　in　　　　　・　Ga　face・ヂ’且。鱈震．曽盛ε8絹」｛ド3冨舅窟’≡ε護蒐oI2’壽記（b）　　　　　　　　　　仙‘1％，・・．＝，∴・・’、1．層二一．ジジ猿完一〆門@　　　91．　．！　　　　　　　　　　　　，．畢　rAI属lno．ogG8N　　　　　　　　　　　　　　り　ド　　ロ　　　　　　　　　　　　　　　　　　　ユ　リ　　　　　　　　　　　　　．口”湘・1％・，GaN　　　　　　　　　　　　　　　AI養GaN蝿D．0　　　　　0．2　　　　　0．4　　　　　iD．6　　　　　ユL8　　　　　LO　　　　　1，2　　　1・・pla・・st・・i叫fAl，蓄・，Gal。．，N〔％）　�s4，1の1ω5ヒ乃θ〃3α”05か〃。∫愛眉8ρプ！41肋GαN《｝切V礁ET　3かπo如眉θ，の♪7物¢o泥”oα10αJo衡1α”oπq〆茄θ　　　　　短’α伽わε魏¢¢η訪θ∫π「ρ如ηθ5か・’η（〜μ伽Gα物η4∫乃¢ρ・1α伽伽’励・θ4訥θ¢’伽層漉船’ウ．四丘zite　g「oupぎ耳I　nit「ides　incleasing丘om　GaN　ove「InN　to　AIN　Figu「e　4・1’！s粋owsmech・ni・m・fth・・ccuπ・nce　i・Pψ・izatl・n−i・d・・¢d・h多・t・無・・g・（PISC）・nd　th・th…eticalsimulation　aboht　the　relat孟on　between　the　PISC　density　at　the　heter（加nction　interface　and　thein−plane　strain　of　the　hetero−epilayer（AlInGaN）．　From　the　f玉gure　we　can　unders‡and　thatmuch　mor6　PISC　density．　can　be　available　ln　AlI耳GaN　stmcture　than　ln　AIGaN　ifwe　keep　thein−plane　strain　as　a　cOnstant．fbr　both　cases．　In　this　section，　the　properties　of　Schottky　contactユ1一11一properties　Qn　AlInGaN　were　examined　initially，　since　Schottky　contact　issue　is　the　key　pointi・th・HFET・Al・・gρ．q_i・・h・ight　l・ad・t・・m・ll・・1・欲・ge　cuπ・nt・nd　thu・imp・・v・・th・・・ir・．1・vd．・nd　th・high・・1・・g・p・・脚・nce・fth・d・vice・Th・n，　th・．・・v・I　AII・GaN　HFET・　　　　　　　　　ノwere　fabricated　on　sapphire　suりstrate　alld　so血e釦rther　effbrts　had　been台ngaged　in　theresearch　about　no�oally−off　operation．4．2Schottky　contact　toαuaternary　AIInGaN　　　The　Schottky　barrier　diodes』（SB．Ds）properties　were「examined．　on　a　series　of　thickundoped　AIInGaN　with　diffbreht　Al　content　gr6wn　by　MOCVD．　A且er．the　gfowth　of　l．3μmof�odoped　GaN　on　c−plane　sapphire　substrate，　about　400�othick　AIInGaN　was　deposited　at900。C．　The　EPMA　measureme喚ts　revealed　that　the　Al．血01e　fセaction　of　the　4　samples　Wereapproximately　7，9．5，13．5　and　l　7％，．respectively，・and　the　In　mole　ffaction　was　about　2％．These　fbur　heterostruρture串ar6ples　will　be　refbrred　to　as　S　1，　S2，　S3　and　S4，　respectively，　withincreasing　Al　mole　fセaction．　In　the　fbllowing　parts，　we　will　discuss　the　properties　of　S　l　first，‘since　the　latti6e　of　AlInGaN　epilayer　in　S　l　is　lattice　niatched　with　GaN，　the　AI　dependentproperties　will　be　discussed　later．　　　「　　　　．　　　　　　　　　　　．　　　、　　　　’4．2．lNear−ideal　Schottky　contact　on　AIInGaN　epil環yer　lattice−matched　with　GaN　　　　　　From　PL　r血easurement，　a　strong　band・edge　e血ission　at　355�owas　obsewed．（seeFig．4．2．1−1）倉6m　S　l　with　narrow　fUll−width　athalfしmaximum　value　of．52　meV，　hnplying　t耳ehigh　crysta11ine　quality．　The　shoulder．垂?ａｋ　atlonger　wavelength　originated　ffom　underlyingGa：N　layer．　Lattice　matching　in　AIInGaN／GaNheterostmcture　was　con丘�oed　by　theobservation　of　the　overlapping　of　AlInGaNand　GaN　peaks　in　X−ray　dif登action（XRD）　　　　　　　　　　　　　　　　　　　　　　　　、spectrum（see　the　inset．of　Fig．4．2．1−1。）。　Thus，1．2曾。・9亘む’i話0．6唱8三　⊇0・30．0�o52meVGaNGaN＆AHnGaN　　　　　（0004）71　　　　72　　　　73　　　　74　　　　7　　　　　2θ　（degree）　　　　　340　　　350　　　360　　　370．　380　　　390　　　400　　　　　　　　　　　　　Wavelength（nm）F’g．4．2．1−1　　PL乙　　卿θ0〃〃〃謬　qズ　5「1　　α∫　ηつ0〃露　　　彪1ηρθrα艀θ．7乃θ’η3θo’吻耶溜〜DroOO4ノ　　　分・2θ30αηqズαZ｝ovθ5〃zκ’〃zθ．12一12一．we　believe　that　the　thick　AIInGaN　layer　is　practica11y　unstrained．　Hall　measurement．indicatedthat　the　sample　exhibited　n　type　property；sheet　carrier　densities　were　3．2×1012　cm−2　and2．2・1012cm”2，・1ect・・n　m・biliti・・w・・e　432・m2／V・and　826・m2／V・at…mt・mp・・at・・。・hd77K，　respectively．　　　　　　High−work−fUnction　Pd　alld　Ni　were　selected　as　Schottky　contact　metal，　respective豆y．B・魚・e魚b・icati・g　SBb・・thr・ampl・・w・・e・lt・a・・nically噂6・・ed　in　acet・ne　and　m・th・n・1，the　sur魚ce　oxides　were士emovρd　in　boiling　aqua．r6gia　fbr　30　min　and　rinsed　in　deionizedwater．　Then，　Ti姶1／Ni／Au　layers　were　fbrmed　by　electron．beam　evaporation　usingconventional　lif�e一〇ff　technique　o飢he　sample，　which　fbllowed　by　annealihg　at　7500C　fりr　30　sin　nitrogen　ambie堪to　Obta孟n　ohmic　contact．　Finally，　Pd／Ti／Au　and　Ni／Au　Schottky　contactdots　with　150　Fm　diameter　v》ere　patterned　respectively　using　photorosist　li負一〇ff　technique．Prior　to　transfもrring　the　sample　into　the　evaporatign　chamber，　the　samples　were　dipped　inHCI：H20』i1：1）etchaht　fbr　l　lnin　to　remove　possible　oxide　ob　the　surface，　　　　．　　　　The・cu「「ent−voltage（1−V）．P「ope質ies・f　th・SBD・w・・e　mea・u・ed・t…m憩mp・・ゆ・eusing　Agilent　4156C　semiconductor　analyzer，　The　series　resi〜tances　were　fbund　to　be　about．〜Q80Ωfbr　two　types　of　diodes．　The　typical　semilog　fbr〜ダard　characteristics　are　shown　in　Fig。4．2．1−2，it・b・havi・・can　b・d・・c・ib・d・・i・g　th，�oi。hic　emi、9i。。血。d。12’、　　　　　　　　　　　　　　　　　　　　　　　」＝」，［・xp（9ηηん7）一1］・（4」）where／g　is　the　saturation　current　density，ηis　ideality　factor　and　the　other　symbols　have　theirusual　meanings，　Schottky　barrier　height（SBH）andηcan　be　obt母ined　ffom　experimentallyavailable　values：ゐ（intercept　on　vertical　axig　of　semi−log　J　vs　7　plot）ahd　the　slope　value　of　7vs　lnノ：　　　　　　　　　　　　　　　　　　　　　　φ，．，一（嗣1・レ＊＊・・ル，）　（42）　　　　　　　　　　　　　　　，・一◎初論　　（4．3）　　　　　　ホネwhere．4　is　effbctive　Richardson　constant　andの．7is　barrier　height♂Athサoretical　value　of　theRichards6n　constant．ca血be　calculated　using．4＊串＝4π初＊�ん２／乃3，where乃is　Planck’s　congtaht13一．13一alld．η7＊is　the　effbbtive　electron　mass　fbrAlxlno．02Gao．g8．xN，　whic虹can　be　estimated　by　alinear　extrapolation　fピom　the　theoretical　Valuesof　AIN，　InN　and　GaN22’23，　Th6uncertainty　iぬか＊will　result　in　very　little　error　in　the　value　ofφみu，since　an　error　of　a　factor　of　3　in！i＊＊�ｉｖ�?ｓ　rise　to．an　error　of　only　aboutん7．　　．・　・　　　　　　　　’　　　　　　Using　Equation　4．2−1，一2，一3，　the．　barrierheights（西）and　ideality．factor（ηvalue）weredetermined　to　be．1．32　eV　I。05　fbr　Pd／Ti／Au　　　　　　　　　　　　　　　　　　　　　　，SBI）s　and　O。98　eV，　LO7　fbr　Ni／Au　SBDs，　　100　　1σ28．1♂琶1ボε1♂　　160　　162一30．Reverse　Bias（V）　　　一20　　　　　’・100o　　Pdハ「i／Au△　Ni〆AuForward壷転・ヂ▲『）θ@。。Reverse　　　o　．0。0　　　　　0．5　　　　　LO　　　　　L5　　　　　2．g　　　　　　　　Forward　Bias（V）F’g．4．2．1−2，　∫りrwor4　　απ4　　r¢vθ，5θ　∬＿7　　　0加〆αo’θr’∫”σ5げわ。’んP〃π伽α〃4　　　N’伽・伽α5・繍切1・4ε…∫1，・e・pecti・・ly・Th・dζta　a・e重hサ・v・・ag・V・1・・忌・f　10　di・d・・and　th・・t・nd・・d　d・vi・ti・n串．鉛・・b・v・飴・・v・1…a・e2・1％，0・5％，1・7％・nd　2・6％，・e・pゆ・ly・Th・barri・・h・ight・・f入II・G・N　SBb・（Ni・098・V，　Pd・1。32・V）did・・t・・rre1・t・with　th・m・t・l　w・・k魚・・ti・n・（Ni・5・15・V，　Pd・5・12・V）・Simil・・ph・n・m・n・n　w・・鉛und　by　G・・et・124，Ψhirh　w・・．considered　to　be　due　to　the　illterfacial　int6ractions　between　the　Ni　and　semiconductor．　　　　　　The　reverse　characteristics　we止e　also　shown　in　Figi　4．2．1−2，　the　leakage　current　fbrPd／Ti／Au　sBDs　is．16wer　as　2×lo−8A（1．1×lo幽4A／cm3）at　a　high　reverse　bias　of　30v　and　is　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　about　l　order　lower　than　that　of　Ni／Au　SBDs，　　　昌25冶」一30�e芝“35〕〔．4。Nミげ．45二　　　一5�@●Ni／AuPd1Ti／Au　　　　　2．50　　　　　2．75　　　　　3ワ00　　　　　3．25　　　　　3．50　　　　　　　　　　　　　　1000！T（K1）F’94．2，1−3．1〜’c乃αr礁。〃∫フ10’∠7〃ρ』／7う　v5／000ゾη　　　げP〃7激’αη4／W伽∫伽”＠4’04θ5・η81．which　maybe　due　to　the　lower　barrier　height　ofNi／Au　SBDs．　Strong　breakdown　waS　notobserved　up　to　the　reverse　bias　of　90V　fbr　bothdevices。　The　I−V　characteristics　indicated　thatnear　ideal　and．　high　perfb�oance　SBDs　hadbeen　aghieved．　　　　To　con負�othe　baπier　height　Of　theseSBDs，．we　also　measured　th6　temperat“red・p・nd・n・6．・f鉛�o・・d　I−V・h・・act・・i・ti・・14一14一（1−V−T）・Fig・4・2・1−3・h・w・斑・h・・d・・n．　pl・t［1・（J，／T2）・・100q／T】・f　P田Ti／A・．・nd　MA・SBDs，丘om　which　the　barrier　height　and　Richardson　constant　6an　be　calculated　using　theEqu。42．　The　barrier　heights　are　consistent　with　that　of　room　temperature　I−V　meas亡rerdent．Hbwever，　the　Richardson　constant　were　smaller　than　that　of　theoretical　val亡e，　which　may　bedue　to　the　decrease　of　effbctive　contact　area25．　　　　Capacitance−voltage（qrV）．measurements　were　pe�ubmled　using　HP4845A　LCR　at　a丘equency　of　l　MHz．　Both　metals　SEのs．　exhibited　similar　C−V　characteristics．　However，　wecould　not　obtain　the　barrier　height　value　f士om　it｛）ecause　of　the　nonlinear　relation　of　1／Cl　vs　V．Fig，4，2．1−4　shows　a　typical　c−v　p16t　of　Pd／Ti／Au・sBD，　the　capacitance　decreased　fねst　with、in・・ea・i・g　th・τ・verse　bi・・up　t・5V；・lmQ・t　k・pt・・n・t・nt　d皿i・glth6・ang・・f　5−20V；．・nddec・ea・ed．・g・i帥・n　th・bi・・面・・ab・v・20V．　Thi・．も・h・vi・・i亀di伽・ent　with　th・t・fSBD・nbhlk　G・Nジwhi・h　w・・31…h・w・i・Fig．4．2．1−4（・1・・ed・i・cl・）b・c・即・・i・・n．　We　a杜・ib。t，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1the　dif陀rence　to　the．鉛�oation‘of　2DEG　at　the　AIInGaN／GaN　inter飴ce．　The飴st　decrease　ofcapacit・nce　at　1・w　bi・・i・d・6　t・th・i…ea・i・g　thi・kness・fd・pl・ti・n・pace　ch・・g・・egi・n、i・the　thick　AII皿GaN　layeL．With　incre耳sing　the　bias，　the　depletion　region　reached　theAII・G・N／G・N　i・t・・飴ce　and　the　elecl・・n・f2DEG　b・gan　t・b・d・pl・t・d．　T眞・d・pl・ti・n・egi・nwould　no，　change　uρtil　the　whσle　2DEG　wasP・ll・d・w・y・th…thecap・。it・nce　w・・ld　keepconstant　during　this　period．　With釦rther　increasing　the　bias・the　depletion　regio昇・passed　the　　hetero−interfacp　　and　　penetrated』　intounderlying　GaN　layer，　which　resulted　in　th6　continuous　decrease　in　capacitance．　Thefbrmation　of　2DEG　is蝕her　conH�oed　by　the　depth　dependence　of　electron　concentrationprofile26　calculated　fセom　above　C−V　plot（see．、the　inset　of　Fig，4．2．1−4）．　　The　peak　ofelectron　conc6ntration　of　9，5×1018　cm鰯3．atや、目’ミ匡1．o【）　o　o　三唱　o自9108642？・”と屋101重§10・δ　10！6B、7．．鴨0200　　　　　400　　　　　600Depth（皿m）　ア　∫ア。，。3。8。一30F’9．4．2．1−4，　C−7　　30乃0々κソ　6」∫06々　　5肋0雌γ4’0漉0〃わ〃ん．Gα1V¢103θ40〃01φ．　　加∫ε’∫ぬOW5θ’θαroη00ηαヲ〃’rα∫’0カρπ〜〃！θ　　加ノ〃ZηGαハγGα1V訂πご。’z’rεoolo〃α∫θ4プ》o〜？2　　’1〜θC一レ「oz‘7vθ，”20　　　　　一亘O　　　　　　O　　Bias（V）c々αアαo！ε7’甜た　σP6溜凋〃　oη．31　吻6η　o’κ1（ジ　αη415一15一about　390nrn　below　the．3urface　corresponds　to　the　locatioh　Qf　2DEG　cha�oel飾】�qed　at「AII・G州／G・N　i血…車ce・Th・・hee・ca�ui・・d・nSi呼・bt・i・・d仕・m・与・i・t・g・atib・・f・b・v・carri・・p・・五le26Pw・・ab・ul　3．・7×1012　cm−2，　whi・h　w・・c・n・i・t・nt　with　th・d・�Sf　H・IImeasurement．　　　　1…mp・・i・・n　wilh　p・1・・izati・n・聴・t・the　c・nd・・ti・n　b・nd・館・t　i・・u・．・amp1・w・・1dcontribute．PeSs　to　the鉛�oation．　of　2DEG，　because　both　AIInGaN　and　GaN　layer　wereundoped　and　the　value　of　conduction　band　o缶et　is　very　small（The　band　gap．diffbrencebetw6en　AIInGaN　a耳d　GaN　obtained　f士om　the　PL　measurement　was　small　as　63me＞）。　Thus，we　believe　that　the　fbrmation　of　2DE（｝was　assign6d　to・the　ekistence　of　large　spontaneous’polarization　in　strain一且ee　AIInGaN　layer．4．2．2Alμmihium　compo．sition　dependept　propertios　of　Schottky　contact　on．AlInGaN．4．22−A．Material　charact号rization　　’　　　　PL・pec・・a・f・h・鉛肛・am早1・・（S1−S4）面・・e・h・w・i・Fig・4・2・2−1・・i・w戸i・h、・・…ngband　edge　emi串sioh　was　observed　at　room　temperature　with　a　shoulder　peak　at　longerwavelength　corresponding　to　the．emission　fセom　underlying　GaN　layer，．　As　expected，　the　band9・p・n・・gy　i…pa・ed　with　increa・i・g　Al　m・1・丘acti・n・．H・w・v・…1・a・di晩・e・・β・can　b・observed　betw6en　the　theoretical．垂昼ﾇdiction（Vegard’s　Law）and　the　experimental　data（see．Fig．4．2．2−1b），　Fu質he�oore，．@the　FwHM　Yalues　of　emission　peaks　increase面om　53　to　83m・Vwith　iρ・・ea・i・g　Al　m・1・丘・・ti・n，　implyi阜g　th・i…ea・e　i・・ll・y・・mp・・iti・n・l　di…d亭・・　　　　The　structural　properties　of　the　fbur　samples　were　charaCterized‘using　XRD．　The　latticemismatch　between　AIInGaN　and　GaN　increased　with　the　incorporation　of　AI　as　shown　in　the（0004）ω一2θ、scans（see』Fig．4．2．2−2a），　Figure　422−2b　shows　XRD・asymmetrical　reciprocaI・pace　m・pPi・g・・bt・i・ed丘・曲・士AII・G・NIG・N　h・t・…tm・加・e・a・・und（20互4）．It・・uld　b・・een　th・t　th・・pi1・yers　h・“・lm・・t　th・・aln・in−pl・n・1・ttiむe　c・nst・nt・a・thρG・N　t・mp1・t・，implying　that　coherent　gro》vth　was　occurring　and　that　the　strain　relaxation　of　the　AIInGaNlayers曽as　negligible」t　is　worth　noting　that　the　diff士actio孕of　the　quatemary　peak（see　Flg．4．2．2−2のand　spot（see　Fig。4．3，2−2b）overlapped　with　that　of　GaN　in　S　l，indicating　lhe　latticematching　in　the　heter（ヵunction．’1Thus，　it　can　be　concluded　that　the　tensile　strain　in　quatema】y16一16一ゼ伶『ε甥雷．oり自印缶1．21．00，80．60．40．20．01aserS4S3　S2　S1IGaN（a）320　　　330　　　340．　　350　　　360　　　370　　　380　　　　　Wavdength（nm）　〉巴お国師。う．儒4．03．9協3．83．73．63。5．．3．4In＝2％鬼1船ガ　　　　　　　　　　（b）．　Vegardls　Law・亀3oS40．05Og10　　　　　　　0．15Al　mole　haction0．20F’942・2−1ωPゆ・・〃・σ4オ励α02G・α98描G・崩・∫…伽・陥・1…〃吻・・伽・，�輝1・雌6・〃獅σ勲α02d・α98癬…畑1加・1・伽’・励w乃’・勧…1漁・・伽・・吻ψ’・47卿1孟∫α∬〃襯9伽Vα1励り・（ゾ陀9αハ傭五αW．　巴。●閉8ε1げ1061051♂1げぐ1♂101100』（0004）GaN＆Sl　　　　　S2　S3　S4（a）780．掬講葺欝　　77誓、蜘三72．07λ5　　　73．0　　　735　　　2θ（d｛gree）74．0．S置7衡　　　72夢・』i多瞬り．然．禦繭騨・猫，．「�S鞠42・2−2X躍）泥・〃1墨引・オ鳩。2G・、，8榊G・渦6’・…∫鵬泥吻例砂2θ・・…ルρ00のepilayers　increased　ffom　S　l　to　S4　　　　　　　　　　　　e　enhancement　of　the　piezoelectricpqlarization　in　the　quaternary　epilayers．　The　high　crystalline　qualities　of　th（｝4quaternarysampl・・w・・eρ・nH�o・d行・m　th・FWHM・・1・…fth・ω・can・や・（0004）and（2024）pl・耳P・t・9・th・・wit与th・・e・fth・、2L・pect・a・Thi・c・n・1・・i・n　w・・c…i・t・nt　with　th・・e・ult・of　AFM　meas旦rements（not　shown），　which・revealed　that　growth　was　occurrihg　in　the蜘θ．伽騨顧・・1’・・ψ剛脚卿卿’〃脚・・襯4・　　　　　　　　　　　　　　　　　　　，v守hich　could　result　in　th17一17一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　じsteprflo“mode　with　root　mean　square（RMS）roughness　less．than　O　5　nm　RMS　value　wasR）�odto　be　ihdependent　ffom　the　Al　mole　f士action．　　　　T・inv・・tig・t・t与ρ・lect・・ni・．P・蜘i…fAlI・G姻／G・N．h・t・…tm・加・e・，　H・llmr・・皿rm・nt・w・・e　p・面�o・d　h・i・g・t・nd・・弗・d・・P・uw　g・・m・t取・Th・負lm・w・・e斧ll・砂P・and・h・・b・m・・mp・・a・肛・・h・e・caπi・・c・ncen・・a・i・咽i…ea・ed丘・m　3・孕・1・12．・・4・1・1・13cm2（see　Table　II），　whi・h　i・p・ssi吟ly　d…g・h・i…ea・ed　2DEG　d・n・i騨t無・’h・・…i・舳・r・・eal・d　by・h・i・・τr・・ed・？・d…i・ゆ・nd　r論・t・hd　p・1・・izati・n（b・th・p・nt・n・・u・and　pi6…lecl・i・）i・th・AlI・G・N　1・y・・H・w・v・ちth・m・bility（μ紛・・1…didnot　increase　monotonou〜1y　wlth　sheet　carrier　density　Furlher．understanding　of　th6phenomenon　is　expected　af�eer　the　C−V　measurements．　　　　　　　　　　　　勧1・πZ陸・脚’・・ゆ・�K・・”…力娚D写ρ・曜・・”…ゾ礁加・・2G・・，・8認酷。・藷・謂（arl難、、（、。窪翫1懇。蜘、三物物μ翻”（　　祐10二�`海騨3）「SlS2S3S40．0700．0950．1350，17053546183N．A，237258208N．A．6重66325100．320．470．854．14326555773121．051．14L281，731，32　　　　1．621．2β‘　　　．1．581．21‘　　　L811．12　　　　2ρ622413010323、0．05．0，0950．172ご064．2．2−B．S¢hottky　diodes　properties　　　　　　，（1）1−Vcharacteristics　　　　As　shown　in　Fig．4．2．2−3a，　theゐand　the　310pe　of　7　vs　lnJ　increased　ffoln　SI　to　S4，indicating　a　decrease孟nの一蹴nd　an　increase　inη。　Figure　4．2．2−4　shows．the　plots　ofの．Fan4ηas　a　fUnction　of　Al　mole　f士action．　The　result　is　an　average　of　the　data丘om　10　SBDs　fbr　each、ampl，．　Acc。，di。g　t。　s、b。ttky−M・廿th・・琢27，　th・b，rri・・h・ight・f・n　sBD・h・uld角ll・w　　　　　　　　　　　　　　　　　　　　　　　　　　　　　9φ＝ψη3一κ3　　　　（4，4）wh・・e砺i・w・・k釦・・ti・n・f企・t・1・ndゐi・elect・・n・缶・ity・f・emi・・nd・・t・・．　The　elect・・naffinity　of　AlxIno，02Gao．g8−xN（為）can　be　calculated　assuming　a　lillear　dependence（Vegard’sL・w）6f・lecl・・n・鐙・ity（〃パ2．05・V　28，伽一4，2・V）・n…　　　　　　　　　　　　　　　　　　　　　Zg一（0・02・燃・4・1．16）一2・15・・（45）18一18一wh・・e御’奄刀@still・hav・i1・bl・仕・卑th・open　Iiterature・　It　can　be　seen　that　為decreases　with　in6reasillg　κ，　「whichindicates　that　the　Schottky　barrier　height　ofAlxI耳。．02Gao．g8−xN　increases　withκ（see　Eq．45）・．Thi・耳eem・・6　r・ρ・・adi・…h・・e・・1・・obtain信d　fセom’the　I−V　m6asurements（seeFig・4・2・2−4）・T唄・p・耳d・pce・fth・t・・n・理AIG訥Schottky　barrier　height　on　Ai　mole丘acti6n　has　been　investigated　by　many9・・ups29−35，　and・11中・・e・ult・．w・・e　i・agreement　with　Scho賃ky−Mo賃theory．　Webelieve　the．conflict　in　ou士case　is　due　to　the．d・vi・ti・n・f　A耳ゆN　SBD・p・・P6而・・ffom　　an　　ideal　　Schottky　　diode，　　asdemonstrated　by　the　dependence　of　theideality　factors　on　the　AI　mole丘action（seeFig．42．2−4），　The　calculation　ofφ．7　isbased　on　the　the�oionic　emission　model　in　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，whi・h　the　cuπ・nt　n・w』堰E・nly　d・・tgthe�oionic　emission　and　the　ideality飴ctorηis　near�oity・With．an　increase　i卿・the．barrier　height　obtained　ffo甲　Eqご　（4．2）would　deviate丘om　the　true　value，　　　1♂　　　165．8毒1♂直り．　　　　　一9　　　　10　　　　圃11　　　10O　S1△　S2ロ　S3＋　S4　　　　ムロ＋今　ロ＋　　0⊃△　　　　△　o　　　◇�A0．0　9310　9510　’一710　一り10　コ　　100。3　　　　0．6　　　　0．9　　　　1．2　　Forward　Bi劉5（V）．1。5．密ご．5謡9ぜぜノ騨穿　　口酬十　S4ロ　S3△　S20　S1（b）　　　0　　　　　　　　　10　　　　　　　　　20　　　　　．　．　30　　　　　　　　　　Reverse　Bi劉s（V）1ηg42．2−3　ω　Forwαハ4　α〃4　例　ハεvθ直5ε　1＿レF　　　O加roO’¢r’5∫’C5（〜プP〃4�b妬02Gαα98．認　　　30乃0∫壊y4’00�s3、　　　　　　Fig斑・4・2・2−3b・h・w合th・’取pi・a1・everse．rh・・耳・t・・i・ti…f・h・4・距…fSBD・↑h・1・・lease　i・leak・g・C・π・nt　w…b・ew・d　i・high　Al　m・1・丘acti・耳・amp1…St・・ng　b・r・kd・w・w・・n・t・b・e・vゆpt・th・・ev…epi…f90V・xcept鉛・．S4・whi・h　b・・k・d・w・・t　15V・19一19一（2）C−Vrh・・a・t・・i・ti・・　、∫　　　　　To　fhrther　understand　the　natule　of　Alxlno．d2Gao．98−xN　SBDs，　C−V　me母surements　wereper拓�oed，丘om　which　the　Scho晦baπier　heightρan　be　also．　obtained（see　Fig．4．2．2−5）byusing　the　linear　relationship27　between　1／C2　and　bias　7　　　　　　　　　　　　　　　　　　1／C2）一叫…〉〔φC一ゾξ一吻．（4・6・）・　　　　　　　　　　　　　　　　　　ξ＝（ん7／9）・ln（2＞σ／2V4）　　　　’　　　　　　　　　　　（4．6b）where　C　is　the　measured　d丘挽rential　capa6itance　per　unit　area　andεis　the　dielectric　constantof　Alxlno，02G耳。．g8−xN，　which　was　estimated　by　a　linear　extrapola廿on　ffom　theεvalue　6f　AIN，InN　and　GaN　assuming　the　validity　of　Vegard’s　Iaw．ξis　the　potential　measμred　f｝om　Femilevel．to　conduction　band　edge；　ノ〉ヒ　is　the　conduction−band　effbctive　s‡ate　density　ofAlxIno．02Gao．g8．xN，　which　is　related　to　the　effbctiVe　electron　mass　of　semiconductor；1％is　thei・nir・d　d−c・hcen・・a・ig・；轍h　i・ぞ・1…d…h・・1・P・・f　1／C2　v・πFゆ・e．4・2・2二！・h・ws「　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　the　typical　plots　of　1／（フ2　versus　7　fbr　4　　　　　　　　　　，』andgap，望e剛17　’、ampl，、。　Th，、。lid　li。，、　a，e‡h，1inea士2．2（　　2琶．、鳥遷・・．霞籠1・4121壷．μ’！’’’’王　壬／，，’’”’！’’’’’φ，一μ2　　』L8書し6£．　　　あし・養．・・当1　　　　　5％　　　　　　　　IO％　　　　　　　　15％　　　　　　　　20％　．　　　　　　　　　　　　Al　mole飾actionF’94．2．2−4Plo∫（〜ブわαrア1θ7乃θ’9んごαη6」’4θα〃リノブhc∫or（〜プ　　　P醐4諏α02Gαα98，。2＞30乃0’吻、∂0’々〃e〆滅0虎5　　　Vθア5〃5オ1〃20’θ．．か6〜α∫0ηダ功ε0わ5乃1加eゴ5α9π’漉．　　　ノわr’乃θのノθ．オ〃酌θrθ3〃〃5αzε酌θαvθγ�rθvo1�g2　　　ノア。〃210漉v’oθ5．fitting　results　fbr　th6　data　of　1／C2　bbtainedfbr　bia写es　in　a　small　rangg．　The　barrierheightψc−7was　obtaine4　ffom　　　　φc．，一覧・ξ副9，　（4．7）where巧・is　the　intercept　of　the　linearfitting　line　with　the　horizontal　axis．　It　isworth　mentioning　that　the　C−V　data　areindependellt　of　ffequency　between　10kHzand　l　MHz．　　　　ObViously，　、the　　dependence　　ofmeasured　1／C2Sata　on　the　bias　voltagegradually　deviated　ffom　linearlty　withdecreasing　Al．　mole　f士action（see　Fig。20一20一42二2−5），indicating　the　inhomogeneousdarrier　distribution．　Therefbre；　it　isnecessary　　to　　calculate　　the　．carrierprofiles　by　using　the　C−V　profilillgtechnique，　which　allows　bne　to　measurethe　carrier　concentration35　　　　　　・，・←3ん…〉斐（4．8）・，as　a　fUnction　of　depth　　　　　z＝εoε／C，　　　　　　　　　（4．9）where　7　is　the　voltage　applied　to　theSchottky　contact．　To　obtain　the　fhlrca血ier　profile，　a　reverse　bias　bf　betweenOand　40V　vψas　applied．to　the　SBDs，診　霞四9三〇一）りりこ15129630S3S2S4S診0・暮匙も一〇．りb満　　0．3oS4一6　・4　凹2　0　2　　　Blas（V）●　　　　　■6　　　　　　　剛4　　　　　　　−2　．．　　　　0　　　　　　　　2　　　　　　　　　　　　　　　　Bias（V）F∫94．2．2−5．Plo’　（〜ブ〃（）2　vθr5�g3．レ7ノわr　30乃。〃震y・4’o漉5　　　　　勲吻∫θ4〃・摺餌砺。2σα、ゆ、剥ρα酌〃μご�蒲吹@　　　　τ乃θ501此11’17θ3αrθ∫乃θ1加θαrプ詑’∫η9γθ5μ1Z3／br酌θ　　　　　1κ｝26ぬ’αα’α3〃3α〃わ’σ8rαη9ε．　Zちθ加5θ∫なα　　　　　〃7�r〃塑θ41だμo’（1ゾ34．except　fbr　the’SBDs　in　S4　because　of　the　lower　breakdown　voltage（less　than　15V）．　As　showbin　Flg．4．2．2−6，　a　high　density　2DEG　Was　fbrmed　at　the　heterointerface　and　increased　with　Almole丘action，　which　resulted　ffom　the　increase隻n　the　conduction　band　off忌et　and　thepoIarization（both　piezoelectric　and　spontaneous）in　the　AlInGaN。　It　should　be　noticed　that　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　the鉛「matign　rf3DEG　in　Sl　is　m・i・ly　d・・　　　　20ヂ　自。．．9駕ち　器　暑　　910　1910　1810　1710　6101�J5iiiii、＿i．．＿i．＿i．1，．1．．　　．　　　　　　　　　　　　　　　，　　　　　　　　　　　■　　　　　　　　　■　　　　　　　　「　　　　　　　　　　　　　　　コ　　　　　　　　　コ　　　　　　　　　　　　　　ロS4：　：　：　：：　　，　　　　　　　　　　　　，　　　　　　　　　，　　　　　　　r　　，　　　　　　　　　　　　　　　，　　　　　　　　　　　．　　　　　　　　　．　　i．iiii　　i　i　iii’’””堰f∵1’”｝”1｛”＿＿p＿．．．i＿レ．赫．　　　　　　　　　　　　　　　　　　に　　　　　　　　　　　ロ　　　　　　　　　コ　　　　　　　ロ　　i　i；ii　　．　　　　　　　　　　　　　　　「　　　　　　　　■　　　「　　　　　　　　　「　　　　　　　■i．ii・i。iii，1．1，．．．．．．．．．．．．i．．P『．　1．噛．，1，．，．　　．　I　　　　　　　　　　　　　　　rの　　コ　　　　　　　　　　　　　　　　コ　　　　　　　　　　　　　　けビ：1　　　　　　　　：　　　　　　　　：　・　1　　　　　　　　　　　　　・　　　　　　　　　　　　・　：畳　　　　　　　　：　　　　　　　　：　ヒ　ロ　　　　　　　　　　　　　　コ　　　　　　　　　　　　　　ロ…il　　　i　　　i「・iils3　　i　　　ii’i’1”響・i、、’…’｛∴i斗…．・．……・｝……｝…・旨・コ　　ロ　コ　　　　　　　　　　　　　　ロ　　　　　　　　　　　　　　コiil　・i　i　i．　．1　　　　　　　　．　　　　，　　　；F’g4．22−620　　　30　　　　50　　　　　　　100　　　　　　200　　300　　　　500　　　　　　　　　　　Depth（nm）　　　　　Cαグ〃θr　oo〃。ε〃〃α”oηprqρ1θ5　’〃　∫ノ昭助妬02Gαα98碑MG副3∫γ麗。伽θ5　cα10ぬ’θ4〃。朋C−7〃2θα5鷹〃2傭5　’to　the　spontaneous　polarizε斗tion（see　5セ。∫’o解4．2．1）because　of　the　small　conductlon　bando伽et　value　and　negligible　strain　at　theheter句�octign．　Besides　the　2DEG　peak，　a．n・t・arri・・c・ncent・ati・n　p・g負le　ca・・1・・b・observ6d　in　the　shallow　AIInGaN　region，whi6h・・π晦d・…h・．　b・ρkg…hddoping　in　the　bulk　quatemary　region，　sincealI　the　AlxIno，02Gao、g8．xN　samples　wereunintentionally　doped．　It　can　be　Seen　that，21一21一with　the　increase　of　AI　mole丘action，　the　background　dopipg　in．the　Alxln（）．02Gao．g8．xN．、i。、，ea，e面。m．1016　tQ　1018　cm−3．　This　sug9，、t、　th・t，　b・・id・・th・鉛�o・ti・n　Qf　2DEG，　highdensity　background　donors　in　AIInGaN　epilayer　also　leads　to　the　in6rease　in　sheet　carrierdβ11sity　obtained丘om　the　HalL　measure卑ents．　Therefbre，　Hall　m6bility　values．　were　resulted廿om　the　parallel　coh“u◇ti叩・of　both　quatemary　layer　and　2DEG　The　lower　mobility　value　in．high−A旦・御16can　be　expl・i・・4　i…�o・・晦・catt・・i・g廿・m・h・high　d・n・i・γウackg・・mdd・n・rs・1・・dditl…d・・t・th・incr，・・e・£t阜・backg・・und　dg・・r『c・hcent・ati・h・th・d・p1・ti・nlength　decreased　ffom　about　200　nm　in　S　lを020nm　in　S4（see　Fig．4．2．2−6），　resulting　in　a　　　　　　　のnarrowing　of．狽?ｅ　barrier　width　as　the　Al　mole　ffaction　inbreased．　　　　　It　ls　worth　noting　that　the　2DEG　profile　of　s4　c6uld　not　be　available　because　of　theexistence　ofhigh　density　lb≠モ汲�ｒｏｕｎｄ　donors，　which　resulted　in　the　large．　leakage　current　a血dearly　breakdown（see　Fi自，4，2．2−3b）．．　The　origin　of　background　dbnors　is　still　unclear．．It　mayb・a賃rib・t・d　t・th・n・ti・・d・飴・1…imp・・ities　rel・t・d　t・th・Al　i・6・mo「ation・Fu貢he「e髄is　needed　to　reduce　and　unde士stand　the　background　donor，串ince　it　will　deteriorate　theper鉛�oance　of　Schottky　diode　and　HFET．　　　　In　Fig．42．2−4　the　AI　mole　f弛actioll　dependence　ofψc．レagrees　well　with　the　prediction　ofSchot｛ky一．Mott　theory　except　fbr　the　S　l．We　believe　that　the　barri6r　height　obtained丘om　C−Vme耳surement　is　r血uch　closer　to　the　true　barrier　height，　since　the　data　obtained　in　C−Vm，aSU，em，nt，　a・e　ext・ap・1・t・d　t・1／C2−0・・π・・p・ndi・g　t・nea・n・t−b・nd・・nditi・n・．φσ，　i・also　called　Hat−band　barrier　height，　With　respect　to　theψc．グvalue・of　S　l，we　believe　it　has　veryl・・g・・e∬・・，becau・e　inacc・・at・（1・・g・・）・・1…fb・1琴caπi・・c・解cent・ati・n（・6・・‘th・heterointerf技ce）was廿sed　to　calculate　the．b包rrier　height．　As　shown　in　Fig．4．2．2−6，、the　carrierdistribution　in　AIInGaN　region　b6comes　more耳omogeneous　with　distance　ffom　theheterointerface・Obtaining　an　accurate．carrier　denslity　fbr．　the　bulk　quaternary　in　Sl　isimpossible　by　C−V　measurement　because　of　its　longer　depletion　length（about　220　nm）．i堪h弓quatem昂ry　rpgion．　Let　iΦe　supposed　that　much　more　accurate　carrier　deηsity（lower　density）can　be　detected；alarger　absolute　slope　value　ofthe　linear　fitting　line（see　Fig．4．2．2−5）will　beavailable，　by　which　thρhorizontal　intercept　of巧will　significantly　decrease．　Thus，　theφc−722一22一value　will　decrease　a　lot　althoughξincreases　slightly　due　to　usipg　a　lower，ノ〉レvalue（see　Eq．4，7）．N．　K・b・t・・t・110　P・・P・・ed・m・th・d　t・d・d・ce　th・φ。一，・f血一G・Nwith　i・h・m。9，n，。u，carrier　con¢entration　profile，　by　which　nearly　O．2　eV　decrease　in　φδ一7　was　fbund　incomparison　With　Iinear　fitting　method．4．2。2旧C．」）iscussion　　　As　shown　in　Fig．4．2．2−4，　the　I−V　be耳avior　of　Schottky　diode　deviated丘om　an　ideal　onewith　increasing　AI　mo16　f士action，　which　was．　accompanied　by　an　increase　ih　the　diffbrencebetweenφc．7　and画臥．In　fact，　many　factors　may　result　in　such　abno�pity　of　I−V　behavior，・u・恥・・（i）i・舳・e・t・t・・at・thi・・xid・1・y・・b・伽een　th・m・t・1・nd　th・・emi・・ndu・t・r37；（ii）9・n・・ati・�u・ec・mbi…iq・withi血th・d・p1・ti・n・egi・n27（・一2）、（iii）・unn・li・g，脆、・、　i。　highlyd・P・d・emi・・nd・…ls27・38；（i・）im・g・恥・ce　l・磁・・i・g・f・h・S・h・晦barrier3g　and（。＞1・hb血・9・n・・u・S・h・tt坤barrier4q41・W・b・1i・v・・h・tth・i・・m（i）・nd（ip・・e　inapp・・P・i・・…』exp1・i・Q・・exp・・im・nt　d・t・，　becaμ・e　th・C−V　d・t・i・i・d・p・nde・t丘・m　th・丘・d・，n、y4豆andlh・・曲。6・xid…f・li・amplg・．w・・b・li・v・d　t・b・・em・〉・d・負・・dipPi・彦th・・amp1・・i・aqua　regia　fbr　30　min，　　　Due　to　the　existence　of．1窺rge　density　background　donors　in　high−Al　contained　sample，　itseems　tg　explain　the　abno�oity　e◎sily　in・te�os　of　t・m・1i・g・脚and　im・g6．飴・ce　e働…since　both　effbcts．　depend　on　carrier　density．　However，　it　is　not　true　if　we　estimate　thelnagnitude　ofthese　ef偽cts．（1）TunneIing　Effbct　　　入cc・・di・g　t・Fi・ld　and　t眞・�oi・nic一戸・ld・missi・h　th・・理27，　th・’b・πi・・1。wi。g△Φ，。，ncaused　by　tunnelihg　effbct　is　given　by　　　　　　　　　　　　　　　　　　　　　　△Φ伽。・．（15β00）2／3弓／3　　（4．10）wh・・eらi・b・童1・i・p…n・i・1．・f　s・h・ttky　di6d・、and　E・・一筆／耀＊…i・c耳・・ac…i・・i、pa「amρte「of加nneling・The．1a「gest△Φ・・nn　i・S4・an　be　e・重im・t・d　t・b・’less　th・n　10甲・V　by�qowing　e脆ctive　mass（〜0．22吻。），　dielectric　constant（〜10），　carder　concentration（〜1018cm舳3）and　built　in　potential（〜1．V），　which　implies　the　tunneling　6ffbct．D　plays　a　negligible　role　in　the23一23一transport・（2）Image　fbrc610wing　of　Schottky　barrierTh・b・πi・・1・wi・g△Φ・血9・a・9・dby　im・g・b・ρe　e飴rt・an　b…tim…dbデ7　　　　　　　　　　　　　　　　　　△Φ1溺9・gEm耳・／4駕・・　．　　（4ユ1・）　　　　’　　　　　　　　　　　　　　　　　Emax一（29ハ「4／8ε0）1／2函万，　　（4．11b）wh・叫・x　i・・h・m・xim・m・lect・i・丘・ld　i・th・d・p1・ti？・・egio9・The．la「gest　baπie「lowing　inS4．due　to　the　high　background　40ping　up　to　2×1018c耳n咀3　is　estimated　to　be　O．1　eV，　which　cannot　explain　nearly　l　eV　diffbrence　between　theφc−7　andの一7　in　S41（3）Inhomogeneous　Schottky　barrier　　　　A・・thr・p・ssib1・rea・・n　th・t・e・ult・i・1・・g・“i脆「ence　be甲een　I−V　and　C疇Vm，a、血，m，nt、　i、　b、画i・h・m・9・n・i質es40・4星．1・thi・th・・可it　i・b・li・v・d　th・t・ny・p・ti・lvariation　in　the　baπi6rs　will　cause　the　c�oent　now　pre免rehtially　through　the　ba�uer血i�oa，while　barrier　height　measured　by　C−V　method’奄刀@the　mean　value　of　the　variation．　Therefbre　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　『’one　will　expect　intuiti＞ely　thatの一7．is　smaller　thanφc．防T毎e　barrier　diffbrence　between　thetw。　m，a、。，em，nt‘w、、　exp士・・S・d　as40・　　　　　　　　　　　　　　　　　　　　　　　　4Φ沈9一σ。2攻2嗣．　（4．12）whereσ万is　standard　deviation　of　aマerage　built　ip　Potential．謔盾?　s　chottky　diode．　The　barfierinhomogeneities　may　originate　f士om　the　interfhce　roughness　of　Scho茸ky　contact　or　alloyρ・mp・・iti・n・l　di…der31　i・m・lti−el・m・nt・・mp・und・rmi・6・d・・t・rs・W・b・li・v・th・t　th・barrier　inhomogeneities　of　AlInGaN　may　mainly「≠狽狽窒奄b浮買Td　to　the　alloy　comかositionaldisorder　slnce　the　surfaces　of　AIInGaN　were　observed　to　be　atomically　flat　and　the　roughnessw・・ei・d・p・nd・皿t・f　Al　m・1・丘acti・・．　N・�o・lly　th・．1・マ・1・f・11・y・・mp・・iti・ρ・l　di…de・i・’characterizedやy　a　standard　deviation　of　band　tail　potential　fluctuationσ，　which　may　bed・duced丘・血th・亭1…f・rmp・・a加・e　dep・bd・n・b・ndgap4広43・Th・m・g・i血d・．・f圃・、h。uldbe　cl・・e・・eac益・・h・・al・h・ugh・h・1・d・丘・i・i…a・e　n…xac・ly・am・．’B・1i…143鉛und24一24一、　　　　　　　　　　　　　層that　theσvalue　in　AlyGa1．yN　increased　ftom　7　meV　at　y＝5％to　21　meV　at　y＝25％』indicatingthe　increase　of　alloy　disorder　with　Al　incorporation．　In　this　work，　the　increa等ed　PL　FWHM・al・・丘・m　53．t・83　m・V　With　Al　i…叩・・ati・n　i・・n・・fthe　evid・nce・fthe　enh昂ncem・nt・f・・mp・・iti・n・1　di…d…Th・σ』磨E1u・・f　S2．w…e・tim・t・“『t・b・ab・ut　g　m・V　ih・即・evi・u・work（see　the　Table　I　in　section　2，1），　Therefbre　by　referehcing　the　change　ofσin　ref　43，　wecan　estimate　theσvalue　of　S4　wilI　not　increase　too　much　even　the　Al　mole　ffaction　wasincrea3ed　up　to！17％，』If　the　nearly　O．9　eV（exoluding〜0，1eV　ofimage　fbrce　effbct）dif魚rencebetweenφσ7　andφ匹F・in　S4　is　attributed　to　the　barrier　inhomogeneities，　the．σvalue（see　Eq．4．12）should　be　fhore　than　210　meV，　such　highσvalue　is　obviously　too　unreasonable　toaccgunt　fbr　theセarrier　inhomogeneities　caused　by　alloy　compositlonal　dis6rder　in　AIInG包NIn　ref　31　the　di脆rence　between　theφc−r　ahd・の一70f　Alo．2Gao，8N　Schottky　diodes，　which　wasve「iHed　to　bβdue　to　the　b窒秩uie「inhQmogeneitiサs　caused戸y　Al・・mp・Siti・nal　di…d…W・・Qnly　about　O．2　eV，　　　　　　　　　　　　　　　　　　’（4）Polarization　effbct　　　According　to　the　above　4iscussion，　i‡is　clear　that　the　traditiollal　electron　transportmr・hani・m・・f　S・h・杜ky　di・d・6・n　n・・quan・i…i・・ly・xpl・i・・he　ab・r�oi妙・whi・垣・dica・・th・t　the　elect・・n　t・an・p・貢i・AlI・G・N／G・N　S・h・ttky　di・d・i頭・mi・・t・d　by・n・th・・τnechanism　Here　we　propo『e　that　the　increased　di三士encel　betweenφσ7　andの．7、with　Alincorporation　may　be　due　to　pol畠rization　effbct　in・AIInGaN．　The　Schottky．diodes　ih　thi呂stUdyare　fabricatρd　on　fhlly　strained　AIIngaN／GaN　heter（加pction　structure，　not　on　a　bulk．・emi・・nd・・・…Te・・il秩cai・i・AII・G・N　l・y・・i…ea・e母wi・h・h・i…ea・e・f今1血・1・丘action（see　Fig．42．2−2），　whiqh　reshlted　in　t耳e　enhancement　of　polarization　effbct．　　　Actually，　many　studies　revealed・that　bar士ler　height（obtained　by　I−V　measurement）ofS・h・tt切Di・d・・n・t・ai・・d　Al，Gal．y丼／G・N　HFET・tm・血・i・．a・1・面・・0．5−0．87，V44一・・aty−22−40％with・・理1・・g6　id・ality魚…r474’士ang・d　i・1。7−4．0，…hSBH・。1。，、．a，econsiderably　lower．　than　those　of　AlxGa1−xN　bulk　structure29’35（obtained　by　either　C−V　or　I−Vmeth6d），　which　is　sevβra1・mlcrons　thick．　and　is．　fully士elaxed．　E．　Monroy2g　et　al　su卑1harized25「一Q5一、・h…p・bli・h・蜘・・1…fb・lk　A1・ral・γN　S・h・ttドy　di・d・…nd・h・w・d　th・t　th・SBHincreased．　f士om　l　t62eマwith　the　increase、of　y　valUe　f士om　O　to　35％，　Z、　Lin　et　a150　point6d　outthat，　due　to　the　existence　of　strong　polarization　effbct，　the　SBH　of　strained　AlG3N／GaN　HFET．can　n・t　b・d・t・ゆ・4．賢y・・nv・皐ti・n・l　th・�oi・nic　e�ussi・n　th・・取（1−V　mea・肛・m・nt）ゴwhi・hWould　yield　a　large　error．　　　In　AlyGal．yN／GaN　H耳ET　stm6血re，　AlyGal，yN　baπier　layer　is　co�oonly　20−！0　nm　thick・nd　i・p・・v・n　t・b・仕ee丘・m・el・冬・ti・n・v・n　ifン・・1・・i・a・hlgh・・40％51・D・・t・th・thi・も・�ui・・1孕y・・a耳dth・鉤・m・t脚fhigh　d・h呂ity　2DEG・au・ed　by．・t・・ng　P・1・flzati・n・伽・t・th・n・t・a・・i・・c・nb・・t・ati6・pr・負1・i・th・thi寧Aly6a1・，N　l・y・・cap・・t　b・・b・ew・d　i・th・C−Vm，a、田，血6ht，　Th。，，。C・2　v，，，u・Vpl・t　w・uld・・t　yi61d．a・t・aight　li・・．　Th・・e鉛・e　th・C−Vm・母・uが・m・nt・1・・．ca・n・t　b・utilized　t・d・duce　th・SBH・f　Al，Gal．yN／G・N　HFET・tm・血・e・Based　on　this　point，　photoeτhission　technique　was　proposed　in　re£52，　by　which　thサSBH　of△1・Gal尋N／G姻HFET・・四・・槍・碑・・d・d岬・・b・1・29・．L12・nd’・56・Vお・y＝’5％・25％、hd　30％・5み53，．士・・pecti・・ly．　S・・h・・1亡・・a・e　al忌・伽ly　1・・g・・tha・，th・t　p・bli・h・d　l−Vresults44−41　althoヒgh　the　authors　did　not　giveの一面r　companson　in　their　s血dies．　Co�oohly｝b・・hph・・g・missi・n　and　r−V　m・・h蜘e・h・ughゆbe　acc血…平・y・・d・duce　th・SBH54　i・coエnparisoll　with　I−V．高?ｔｈｏｄ，　　　　B・・ed　Q・・b・v・di・c・・si・n，．w6　P・・P・・停th・t，　d・・t・the　enh・ncem・・t・fp・1・・izatig・・恥・twith　Al　inco叩oration，．th6　1−V　behavior　of’Schottky　diode　on　the　strainedAlxIpo．02Gao．g8−xN／GaN　stropgly　deviates丘01雄the　the�oionic　elnission　theory．　The　deviation　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　しyi・ld・d・1・・g・ﾏ∬・・iゆaπie「height．v31ue・ツhich　gave　an6PPosite　Al　dependenttendency　in・・ﾚP・・i・・nwi・h・h・．P士・di・・i・n・f　S・h・tt騨・tt　th町・0・・h…h・・h・・d・・hl・・q・ir・m・ntofφc．μvalue　ffom寧chottky　diodes　on　thp　strained　AlxIn6．02G吊。．98−xN／GaN　is　attributed　t6　the・hiρk　l・y・…fAl父1・Q，9・G・・，98−xN・．whi・h　i・1・・i血・3『thi・k…h・n・h・・．・fAl・Gal−yN　b・噸1・y・・in　AlyGal．yN／GaN．　HFET　structure　and　is　also　thicker　than“epletion　length　of　Schottkybarrier．　Thus，　the　carrier　profile　in　AIInGa：N　layer　could　be　observed　by　C−V　measurement，　inwhi、h、C−2　versu、　V　pl・t　yi・ld・と・・t・aight　li・・（・ee　F19．4．2．2−5）．　P・・．t・th・亀ccu・acy・fC一マmethod　in．obtaining　SBH，．the　tendency　of　Al　dependentφひ7．〜vas　consistent　with　the26一26一P・edi・ti・n・fS・h・廿ky−M・tt　th�S・whi・h・e・・lt・d　i・・1・・g・di恥gnce　b・tweenφσ・and伽To　date　the　electron　transport　mechanism　in　Schqttky．@interface　related　to　polarization　e脆ct　isstill　unclear，　which　is　expected　to　be　explore“．4・2・2二Dβ・i・fS・mmary　　Pd　S・h・賃ky　b・πi・・di・d・・w・・e魚b・i・at・d・n．　und・P・d．Al．1・。．。2G・。．98．xN／G。NheterostrUctures　with　diffbrentκvalues　less．than　120％．　The　material　properties　charact6rizedりyPL，　XRD　and　AFM　indicated　that　the　quatemary　samples　were　co聴erently　groWn．　on　Ga：Ntemplate　with　high　crystalline　quality．　The　flat　band．barrier　height　obtained　by　C−V　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　！measurement　increased　in．high−Al　samples．up　to　2．06　eV，　which　agreed　well　with．　theprediction　of　Scho賃ky−Mott　theory．　Fu曲e�oqre，　both　a血inc士ease　in　background　dqnorconcentration　an4’?ｎｈａｎｃ６d　high−density　2DEG　profiles　were　also　observed　in．C−Vmeasurements　as　the　Ahnole　f士action　was　ihcreased．　H6wever，　the　I−V　behaviors（ieviated丘・mth・t・f・・ideal　S・h・枕ky　di・d・with．Al　i珠・・Φ9・ati・n，　whi・h碗・・acc・mp・ni・d　by・nincrease　in　the　di脆rence　betw6enφc−7　andの．7　up．to　peafly　l　eV．　The　large　difi飴rence　ofbarrier　height　be助een　I−V　and　C−V　measurement　could　not　be　quantitativeiy　explained　byt・adlti・n・1・lect・・n　t・an・p・舳ech・ni・m・・f　SCh・ttky　di・d・，・u・h・・t�pn・li・g・騰・t，　im・g・鉛「ce　e脆ct．@and　b母πie「inhomogeneities　theo理1βt「o耳g　Pola「izatigρe聴ct　in・t・ai・・dAlxIno，02Gao．98−xN／GaN　heterostmcture　is　proposed　to　acco�ot　fbr　the　results，　sin6e　similarph『nomena葺ad　been　observed　extenSively　in　串tr昂ined　AlyGal−yN／GaN恥eter（加nctionstructures．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，　　　　　　　　　　　　　　　　　　　　　し4．3Quaterna畑AIInGaN　based　Hbtemstr腿ctu止e　Field　Ef艶ct　Transistors　　　　Epilayers　of　quatemary　AIInGaN　were　grown　by　MOCVD　on　c−plane　sapphiresubstrates．　Af�eer　the　growth　of　3μm　i−GaN，　about　30　n±n　undoped　AIInGaN　was　deposited　at9・・．C・B・恥・e・h・d・Yice　p・bcessi・g・・h・h・1・・…m・血・・w・・e　ch・・ac…ized　by　Xm．te中nique，　photoreflectance（PR）measurempnts　and　Hall　measurements．　　　　　The　device　isolation　was　acc・mpli・h・d　by　m・・a．　d倒・t・hi・g　d・w・t・i−G・N　by『BC1・pl・・m・・ea・ti・・i・n・t・hi・g・Th・b，100一�q二thi・k　SiO・passi・・ti・n　l・y・・w・・d・p・・it・d　by27一27一・electron　be年m　evaporation，　The　Ti／A．yNi／Au（15／70／12／40　nrn）an4　Pd／Ti／Au（40／20／60　nm）were　deposited　as　Ohmic　contact　and　Schottky　gate　contact，　respectively．　The　dimensions　ofth・d・vice・u・ed　i・thi・rep・質・・e．E・鉛ll・w・・s・肛ce一血・ih　dilt・nce（L・の＝8岬；9・t・wi壁th（鴎）＝　15μ〃7；gate！ength（五g）＝2μ〃2　and　source−gate　distance（．乙3g）＝3μ配，　The　dccharacteristics　were　measured　using　Agilent　41．56c　semicond豆ctor　parameter　analyzer．　Tomeasure　the　2DEG　density　as　a　fhnction　of　chanpel　depth，　C−V　measurements　were　carriedout　at　l　MHz　on　Schottky　diodes　usl阜g　HP4845A　inductance，　capacitor　and　resistance　meter．4．3．1Properties　ofAlxlno．02qao．g8．xN！GaN　HFET　with　diffbrent　x　vahle．　　　　　Four　samか1es　6f　AlxIno．02Gao．g8．xN　were　grown　with　2％In耳nole　fyaetion　and　di脆rent　xval・・，（10，17，22，』≠獅пD31％）・且・・6i・・食・・，　th・飴ur　sampl・3・・e・面・d　t・ρ・S・，　S・，　S・，．・nd　S・，respegtively，　with　increasing　the　Al　mole　f士action．　　　　　Figure　4．3．1−1　shows　the　XRD　asymmetrical　rεciprocal　Iattice　mapPings　of　Ifburh・t・脚・t・τes・in　which中e’same．in−plane．latliceρrpstant　between　AIInGaN　3nd　GaNrevealサd　that．the　coher6nt・growths　of　AIInGaN　barrier　layers　were　obtalned・MQreover・thedec・ea・ed・ut一・脚・1・ttice　c・n・・…仕・嚥・・S・i・dica・・d　th・t　th…n・ile　in−pl・n6…ai・i・AII・G・N・pil・y・・．i…ea・即ith　th・Al　i…Φ・・ati・h・脚hi・h　w・・ld・e・ult　i・・n　i…ea・e・f、piezoelectric　polarization　field　in　AIInGaN　layeL　It　is　worth　mentioning　th耳t　the　in−planestrain　ill　SD　is　similar　to　that　inAll．26Gao．74N．／GaN　HFET　structure　54）．The　ba茸dgap（壕）lof　AIInζ｝aN．　estimatedby1‘垂q　measurement　55）was　fbund　toincrease　f士om　3．628，3．804，3，887　to　4。058．eV，　respe¢tively，禽ith　increasing　the　Almole　ffaction．　Roorb　temperature　Hallmeasurement　revealed　that　the　materialsexhibited　n　tybe　properties．　An　increase　insheet　carrier．denslty　with　AI　mole　fセactionwas　Qbseヒ＞ed（see　Fig．4．3．1−2），　which　　　785．　　　　　　SA’　　　780　　＝775．　　　　　　　　ご之三770．r？」ε735．♂780，．　　　775；　　　770．．　　　　ロ．〈2．“．．鱗》讐1：1…sヒ冠糞．・画幅勲．�_擁曝讐…1・lsザ；ｿ・・�`嚇畢：ii　　　　　720　　725　　730　　73ξ　　720　．725　　736　　735　　　　　　　　　　　　　q“（1σ3r1・）・．、　　　　　　　　　　　　まF’g4．3．1−1　XRD　α5ッ〃2η2ε〃’cα1解。ψrocα’1α”たε　　切卿’η95α’り�g武力rカ〃r濯zηGαMGoノ〉　　舵∫θ705〃〃。！ε肥328一28一1000800∫♪600三三4・・婁　　．2000　　　　　　　，さ’亀〔急　　　を’1耶：2％・・14M　　量　　幕1・13s　　　§　　至10129り　0．0　　　　　　0．1　　　　　　0．2　　　　　　0。3’　　　　　0．4　　　　　　　　　AI　m．01e　haction」F「∫g43．1−27乃θρ10∫qズη20わ∫1’リノση45乃θθ∫cα「「’θ「　　　　　飽〃5∫リノ03ζリシη0が0〃（〜ハ41〃101θノ｝αα’0η，庫・・e・f・・nv・nli・nal　AIG・N／G・N与・・・…�q・…e・←1000・m2V’ls−1）54）・’whthe　material　quality　needs　to　be　fUrther　improved．　　　　　　．　．　　　　　　Th・dc　ch・・art・・i・ti…fHFET・r・vea1・d　th・t・11　th・HFET・．・文hibit・d　g・・d　pi・・h・仔characteristics．　Figure　4．3．1−3　shows　the　plbt　of　drain−source　current（乃）5）versus　drain−sourcevoltage�議ha・act・ri・ti・・aゆ脆τρ・t・・1・…ξ9・t・・s・u・ce　v・lt・g・（稔）や・SA　and　Sp・With　increasing　Al　mole　f士action（See　Fig．43．1−4），　both　the　maximum　drain　current（々漁）・・dlth・p・ak・xt・i・・i・t・an・c・nd・・t・nce（翫＿）i・・fea・ed，　whi・h　w・・m・yb・d・・t・th・lenhancement　in　2DEG　density．　The　largest　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　50　　　　　　　　　　　　　　1500畑η副and　g栩溺碍was　obtained　in　SD　to　b6．about　1230　mA／血m　and‘138　mS／mm，τespectively．　The々御階value　was　niuchhigher　　than　　　that　　of　　conventionalm・dul・ti・n一�SP・d．　A1・，26G・・．・4N　HFETs　54）that　has　Similar　device　4im今nsigns．　andsimilar　lattice　strain　with　SD．　We　believedthat　it　was　attributed　to　the　largerspontaneous　polarization　in　AIInGaN曾塁40昌130塁、。量三100　　　　　　　　　　　　　　　　　　　　　　　ロmay．　b『4ue　to　the　enhancement　of2DEG　at　the・heterointerfabe　createdby　the　increased　condhction　bandof飴et‘@　and　　　pOlarization　　　（bothspontaneous．and画ezoelectric）in　theAII・G・N　13yr・T＃e　enhρncem・n・i・2D13G　denslty　should　be　」阯rtherco耳firmed　by　C−V　measurement．　Themobility　values　did　not　vary　too　mμchwith　Al　content　and　kept・at　around　700cm2V’1s’1．　The　values　are　lower　than　　　　　　　　　　　　　　　　　　ich幽indicate　that01200　　　　　　　　　　　　900　　　　　　　1．OV　　　　　　　　　　　　　　　　　　　、△V＝一2Vgmm雌　　　　　　600　　　　　　　　　　　　　　　　　　9m鵬又　　　　　　　　　　　　　　　　　　　138mSlmm　　　　　　　O．5V　　　　　　　　　　　　300　　　　　　　　0V5101520　05101520　　　　　So腿rce−drain　vo髭age（V）Fゴg4．3．1−3　7乃e」ρ10孟5　（〜ブ30z〃℃ε一6かζガηoμη「θη∫vθ「3π5　　　　　50Z’roθ一〃α加VO1∫α9θノわr　5α〃4フ1εε4αη45b29「29一barrier　in　SD，　Which　resulted　in　higher2DEG　densit》へH6wev臼r，　the　g初溺碍waslowφ　（conimonly　〜200　mS／mr血　inmodulation−doped　AIGaN　based旦FET），whiρh　was　maybe　due　to　the　lower　Hallmobility　value（689　cm2V蟹ls’1）in　SD．　　　　C−Vmeasureτnents　conducted　onSchottky　diodes　of　the　fbur　samplesindicated　th耳t　2DEG　had　fbrm6d　atAlInGaN／GaN　　interface　（see．　Fig．4．3．1−5），面ith　the　increase　of　Al　mole　f士actign．measurements．．In　addition，cm’3曹室・・3凄鋸．省・・2琶壽、　　10S．A偲ピ、、、△∠・O1“囮貰、、Sス擁遇　　　　　　　　、、O9�oa匿、、△’　O．　　、□　　　SDIn；2％0　　　・5　続　　5　　冒　　　き　　3　　三・108　　・．差・15　　　�P．1　　　　　　　　　　0，2　　　　　　　　　　0，3　　　　　　　Al　mole　h’actioηFな43・．1−4伽1呵脱rρ・卿’・…　　　　　αノ〜）〃〃α’0〃qゾオ1〃20’θプアασ’0〃・10且02D・101，・101影・亘oP・lo16・10■タ・19且4・10nlozo　910鮎，’101凹’10P’10‘6910」5−lo14’i。whi、h　th・p・ak・16・t・・n・・ncept・ati・n　i…ea・ed丘・m　O．4・101g　t・φ・5・101gcm’3層　　　　　　　　　　　　　　　　　　　　　　　　　　The　resu．lt　was．consistent　with　the　data　of　H鉢ll・n・tp・6負1・・with　high・arri・・d・n・iti…f−1．5・・d−2．5・1018デ日呂8雪謹芒8塁9．（see　the　circled　parts　in　Fig，4．3．1−5）were　fbund　in　AIInGaN　barrier　region　of　Sc　and　SD，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・e・pecti・・ly・W・b・li・vr“th・ガs・・h　highZI　　　　　　　　　　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．rA�…1蒙ごOて一『−．、SB○．．．SD宦D101oo1000101）epth（nm）1001000F〜g4．3，1−57乃θゆぬρr（〜ガ1ε（〜ブ。αアrゴθ7飽η5∫乏ソノη抽・伽…〃〃伽器窃・9・卿・r・W加．P・・勲　　げ卵励。・∫θ5’加州1θ”・η1θη9伽∫zθ70伽5，，　　W痂C乃、oorrθ5ρ0η4’η910σγθツ10W　Oθ7漉r　　伽∫め乙．恥。’更℃1ε4ρα1戸’3∫η3cαη43わor8　　00rrε6ア0η4’カ9’0功θわα0左groπηゴdqρ’η96々η3め〜　　ノη伽9πα彪rηαゆα漉ア勿θr5・carrier　density　was　resulted　f士Qm　backgrounddoping　since．the　AIInGaN　barher　layers、were　all　uhdoped・．　It　was　just．　the　high　densitycarrier　in　AIInGaN　region　that　resulted　in・h・面・pl・ti・n　l・ngth，　whieh　lb・d・’th・．carrier　profile　in　AllnGaN　region　bould　be　　　　　　　　　　　　　　　　、detected．　However，　the　flat　ca士rier　profile　inAII・G・N　barrier　regi・阜・f、S・・nd　SB　c・uldnot　be　observed　due　to　the．　longer　depletionlength，　indicating　the　lower　carrier　density　inthe　barrier　layer．　In　comparison　with　SA，　asmall　part　of　gradient　carrier　profile　could　be．observed　in　barrier　re＄ion　of串B，．which　could30一30一not　be　detected　in　SA．　This　indicated　that　the　carrier　density　i茸the　barrier　region　of　SB　ishigh・μh・n　th・tli・S・・Th・・e恥・e・the　re・・lts　sh・w・i・Fig・4・3・1−5　impli・d・h・t　th・background　doping　density　increased　with　the　Al　inco甲oration　fピom　SA　to　SD．　Moreover，　theincre負sed　background　donor　densi取with　Al　incorporation　was　co面�oed倉om　other　thicke士AlInqaN／GaN．samples（see　section　4．2．2）．　Thus，　we　may　u茸derstand　that　the　increase　in　sheetcarrier　d6nsity　obtained．丘om．狽?ｅ　Hall　measurements　was　not　only　due　to　the　increase　ofconduction　band　off忌et　and　polarization　field　in　AlIpGaN，　but　also　due　to　t耳e　increasedbackgr6und　donor　density．　　　　The　gate　lgakage　properties　fbr　the　fbur　samples　were　shown　in　Fig．4，3．1−6．　Thebreakdown　was　not．observed　within　theavailable　bias　range（0〜100　V），　Moreover，it　was　also　fbund　that　th61eakage　current（郵）　increased．，　with　Al　incorporation，which　may　be　attribut信d　t6　the．　increasedbackground　doping，　　　　It　is　noteworthy　that　（see　Fig．．4．3．1−4）　　the　　threshold　』voltage　　（レ〜h）strongly　depended　on　Al　mole　fヒacti6n，　inwhich　no�oally−off　HFET　wasdelnonstrated　in　SA（also　see　Fig．4．3．1−3）．The　realizatioh　6f　no�oally−off．operationis　due　to　the　ef飴cti＞e　control　oconduction　channel　is　easy　to　be　pinchedFig．4．3．1−5，コだ　へ翌日≧旦．　司協　110　−11010101σSSASBSc▽　　　一100　　　−80　　　−60　　　−40　　　−20　　　　0　　　　　　　　　　　　　　　Vgd（V）」F「’94．3．ノー6肪θρ！o∫（〜ズ∫woイεr〃2’〃α19α’θ’eαん09θ　　・〃〃ε〃‘α5・．加・伽（ゾ9α∫θ一3・〃β・θrεvεr5θ　　わ∫α5／br∫乃θプ〜）z〃／1〃ン2GαノvγGαハ〜「ム。『EZ�e，　　　　　　　　　　　　　　　　　　　　　　　　　fsheet　carrier　density　by　a（聾usting　the　polarization　field．　The　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　off　when　2DEG　density　becomes　less．　As　shown　in　　　　　　　　　　the　depletion，length　at　zero　bias　ofSchottky　diode　in　SA　was　con丘�oed　to　beabout　280　nm（marke¢by　a　gray　arro〜v　mark）by　C−V　measurement，　which　corresponds　to　a・・塀1・w・・ca∬i・・c・ncent・ati…f・bq・t　6・10’4　cm−3，　i・di・ati・g　th・釦ll　d・pl・ti・n・f　th・’・h・nn・田・w・v・…h・為・・岬・魚i・ly　l・w・・i・．・6mp・・i5・nwi・h・h…f・一・nn・ゆ・lly一・nGaN　baSed　HFETs　due　to　the　l昂r自er　cha�oel　resistance　caused　by　both　lower　2DEG　density31一31．一and　mobility・・she　pe「や「manc6　imp一・nt　i・AII・G・N　HFET・（b・th・卿・lly一・押・ndno�oally−on）may　be　expeρted　by　improving　the　material　1．quali呼and　optimizing　the　device・・m・鵬・u・h・・r6d・・i・g　lh・backg・咽d・n・・t・i…ea・e　tゆ・ウili取qfAII・G・N／q・Nheterostnlcture；optimiz｛ng　the　barrier　strain．by　a（加＄ting　the　In　and　Al　mole丘action；optin｝izing　the　barrier　thic�qess砲nd　reducing　the　gate　length　to．　increase　the　transconductanceahd　so　on．、　The　results　indicate　that　quaternary　AIInGaN　is　a　promising　candidate　fbr　high‘powerand　hig取f≠equency　device　applications・4．3．2Realization　of　Norm昂11y−off　opemtion　on　Al耳nG訊N　b劉sed　HFETS　　　　F・・甲the　apウ1icati・n．　P・i・t・f・i・w・・nh・・cem・nt−mgd壱HFET（E−HFE冗．・・no�o昂11y．ofD　is　very　essential　since　utiiizing．　bo�nh．depletion．　mode　HFET（D−HFET）andE−HFET　will　significantly．simplify　the　circuit．　configuration　and　reducg　the　powerco馴mption　in　digit包110gi・apPlid・ti・nr・M・・e・v…th・n・�q・11y一・仔・P・・ati・n　is　st・・ng！yrequired　in　high　power　svレitching　application　fピom　the　f乞il三s窺fb　point　of　view，1恥date，　thgre　isno　report　conceming　about　the　realization　of　enhancement−mode（E−mode）operation、　inq…晦ワAII・G・NIG・N　HFET・，・xcept鉛・飴w　p・pers5ρ一59．・b・ut　E−HFET・・n　Alq・N／G・N．　　　　In．　comparison　with　D−HFETs，　GaN　based　E−HFETs　are　difficult　to　be　available　du6　tothe　exi・t・nce・f　lhigh　d・n・i触tw・一dim・nSi・nal．・lect・・n　g・・（2D耳G）・t　th・h・t…i・t・・飴ce，whighτ・・ult・i・・n・n7pi・・h・d一・仔…d・・ti・n・hann・1・t　ze・・9・t・bi…戸・・S・h・枕ky　9・重・FETs，　the　only　way　to　re31ize　normally−off　operation　is　to　reduce　the　carrier　density　under　thegate。　By　this　way，　mally　techniq耳es　were　utilized，　such　as　gate　recessing56，　barrier　layer・hinni・g（h・n−9・…eressibg）51・9・・e　a・n6・li・g　57・9…H…idサーb・・edpl・・m…ea・血・nt　58　and・elecli・・ly　gr6w・p・jmρ・i・n　g・・e　59・1・・his　sec・ig・，・h・鉛1藍・wi・g・w・m・・h・d・w・・e』u・ilizedto　re31ize　the　no�oally−off　operation　on　AIInGaN　HFETs．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（・ω伽鋸盤9’ゐ・伽’・・1解・　．　、　　’　．一　　’　　　The　device　structure　was　grown　by　MOCVD　on　a　c−plane　sapphire　substrate．　The　epilayerconsists　of　low　temperature　grown　GaN　buffbr　layer，3一μm−thick　i−GaN　and　an　undoped　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　32一32一quatemary　Alo，31no．02G助．68N．barrier．　To　realizeAlInGaN　was　a（恥sted　and　reduced　in　compari『onwith　that　of　D−HFET，　sincO　the　density　of　2DEGwill　decrease　when　the　barrier　thic�sess　is　reduced。Three　samples　were　grown　at　same　conditionexcept　fbr　the　bar士ier　thic�qess，　Which　Lv6re．determined　to　be　aもoutプ，10　and　22　nm．　Thedevices　were　fbbricated　in　the　same　process　withprevious．　Section　without　any　passivation，　　　The　dc　ch包racteristics　of　AIInGaN／GaN　HFETWere．mealured　and　the　result　was　su�oarized　inFig。4．3．2−1，丘om　which　one　can　find　that．theth・6・h・ld・・lt躯・・hi丘ed　t・w・・d・th・p・・iti・・direction　when　the　barrier．狽?ｉｃ�qess　was　reducedand　the　nq�oally−off　operation　was　realized　whenthe　E−modeqporation，　the　thic�qess　6f　　　　　　　　　　　　　J　　　Oε〉ξ弓喜300豊250壽1：：　　1000曾　　お　董5・・一暑1：1一一O一一一．鞘幽一一幽　　　　　■　　　　　　＼．▲．＼　＠V・・＝8V　　▲　　　＼▲／●！＠V・一1・・Vbarrier　layehs　7．�p．　Idma，．value，　which　was．　obtained　when　gate　is　biased　at　1．5　Vcorrespondingly．　This．　may　be　due　to　the　sheet　carrier　density　reduction‘翌奄狽?　thinning　thbarrier　layer．　On．the　other　hahd，　the　maxim�otransconductance　was　increased270mS／�owith　reducing　the　barrier　thic�qess，　whSchottky　junctiOn　capacitallce。　E−mode　operation　was　also　clearly　exhibited　in　thcharacteristics．isee　Fig・4・3・2−2）・in　which　more　than　400酬�oof輪value甲as・obtainedon　a　2　ml・・on−1・ngth　d・vice・when今＝2VS・・hマ・1・・ls　c6mpa「aple　to　th・t・fconventional　D−mod6　AIGaN／GaN　HFET．　The　threshold　voltage（巧ん）was　dete�oined　to　beO・02Vif　d・H・i・琴砺a・th・g・t・bi・・i・t・・c6pt・f　th・1i・・飢・xt・ap・1・ti・n・f・q…e…t・fdrain　current．　It　1’奄刀@worth　mentioning　that　the　data　obtained　above　are　all　ffom．theunpassivated　devices．．For　the　E−mode　device　with　electron　beam　evaporated　SiO2　passivation，m・・h．E…・・g11・p・6　w・・．・b・e・v・d・v・n．…1・w・caml・g・wi・g・・ndi・i・n・Sg・h・・ll・p・ecan　be　removed皿der　the　illumination　with　a　co�oon　bulb　lamp，　which　indicated　that　much　　　　　0　5．10　15　20　25’，30　　　　　　　　Ba「rier．Iayer　thic�q鰯（nm）F∫g，4．3．2−1，肋θplo’（〜ズ・奄�oジgル捌ωぐαηolレりカ　　・α∫αルη訪。η（ゾδα所θr1の・θ7砺。んηθ∬．　　¢3＝2μη，％＝ノ5μ〃2，L�u＝8μ〃り　　　　　　　　　　　　　　　　　　　　　　　，decreased　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　e　　　　　　　　　　　　　　　　　　　　　　　alot　up　toich　resulted　fセom　the　increase　in　the　　　　　　　　　　　　　　　　　　　　　eDC　transfbr33一33一曲ce　t・ap・w・・．．1・・ati・g　i・th・i・t・・魚ce　b・twp・n　t与・SiO・and・AlI・G・N．・u・魚ce・Mh・・?ｘｐｐｒｉｍｅｎｔｓ　are　needed　to　understand　it．　　　　　　　　　　　　　　　　　　　　　　　　　，冨．琶．印宥1000800600400．200（a）　　＝8VV　DS22nm10nm7nm400　　300冒甕200��8P000（b）　　＝8VV　DS22nm10nm．7nm　　　　　o　　　　　　．6　＿4　卿2　0　2　．4　　　●6　．4　●2　0　2．　4　　　　　　　　　　　　　　　　　　V、（V）　’　．　　．V・（V）’F’g4．3．2−2．刀・α〃垂rρμgρεπ’θ5　qプ∫〃θθ鹿vたθ3　w’酌4換’θ〃’∂α戸厚θ〆’痂。�qεぶ乱¢♂2μ鴨鷹＝ノ5μ耀、ゐ、8＝8μ〃〃の」町9碑酒8cθ∬∫π9　　　　Gate止ecessi血g　was．perfbrmed　on　30　nm−Alo．31no．02Gao．68N／GaN　HFET　structurps．　Tねe　RIE・・nditi・n　13・am・a・・h・t　i・i・・1・ti・n　pr9・ess・［BCl・ir・・ed・・an・t・h・nt　gas・the　6ha孟be「．plrss慨・i・3P・・P1・・mr　P6w・ri・10　W　I・thi・exp・・i卑r・t，4・a即les　we「e　used．ツithdi恥・ent　RIE．・t・hi・g　tim・・0，40，80，120・ec．　The　et・hi・g＄pe・d　w・・ab・ut　5−6・�u・ec・whi・hw・・c・面�o・d与yAFM・hecki・g・As　sh・w・i・th・Fig・4・3・2−3・b・th　l伽・xand　g・血欲＃ec「easedaりruptly　when　etching　time　is　increasillg，．although　the　Vth　moved　towards　the　po写itivedirection．　This　is　maybe　due　to　the　etching　damage　in　the　gat6　region，　which　may　be　avoidedby　p・・t・nneali・g　P・・cess・・ρpt加i・i・g　th・RIE．P…6ss・　　　　　T…軸・he　exi…nr・・f　d・m・g・・七h・p・・t・nn・ali・g　P…rsse・w・・e　p曲・岬・i・　which　the　devices　were　annealed　at　300。C　at　N2　ambi骨nt．　Fig．43．2−4　shows　the　HFETP・・a血・ters　a・a血・・ti・n・f　almealihg　tim・．　As　sh・w・，鉛・th640　and　80・ec−et・h・d　de・iceS，th・i・p・・P・丘i・・w・・e．・！m・・t　k・pt・・n・t・nt・衰er　sh・質．9・1・ng　time　ann・ali・g　P・ocess；how・v…　fbr　l　20　s6c−etched　device，　both．砺獄，．』g耀耀礁increased　more．than　several　ten　tlmes　after，・n享eali・g　P・・cesse・・T雌i・i・dicat・d　the　rxistence　oflon　damage　du「in解the　gate「ecessing・the　longer　recessing，　the　large士damage　is．　The　recoYery　e‡fbct　can　also、be　clearly　observed　in　Fig．，4．3．2−3，　in　Which　the　6−min　annealing　results　are　shown・fbr　colhparison　with　that　of　the34一34一as−etched　devices．　Finally，　a且er　damage　recovery　proce写s，　the　no�oally−6ff　operation　hadbeen・bt・1・・d　i・・120・ec−9ζ…信・βssed　d・vice　wi・h　l・w・・伽　8…2・・lu…　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2．01　　1．E＋04　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1，E＋03　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1．0　　1．E＋03　・　　　　　　　　　−、．、に．．一．＿．　　　　　　　　　　　　　　　　　　1．E＋02　　　　　　　　　　　『』『’』’『▲・・．、＼　　　　　　　　　　　　　　　　Oρ1’E雪01c　　．1・・‘1・．1卜・ざ。　，。　1。。．15。一5ρ，．・・　1・・　15・　　　　　　　　　　　Etchhgt�qe（sec）　　　　　　　Et・hh・t�q・〔・e。）　　．　　．　Et。hhgtimo（s・c）　　　’　　　　Flg　4．3．2−37物θρ10’（ヅ々巾�拡刑加αo〃4臨05αプ加σ∫’oη（ヅgα’θμεoε53θ∫oぬ’〃g’伽θプbr　o3一αψθ4απ4ρ05∫σ朋εα’θ4　　　　　　　　漉vたg6乙g＝2μ〃2，礁；15μ用，五5ゴ＝8μηρ　．1。6。　　　　　　　　　　　　　　　　　　　　　　　　　　　暦OOO　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　OD．　一一　　　　　　監トニー引i−一’π一�e．一∠凱蒔．�e＿＿二＿葦：：・…liiiil一…一一　　　　　　　　　　　　　　→ト80、ec　　b。　　　　＋40sec　　　，．　一ト120・ec　　　　．‡擁。　　　　O　　5　　1。　　15　　20　　　1　　　　　　　　　　　　　　−3ρ．　　　　　　　Anneali・gT・・・・・…．，．P‘λ1。elli．gl卑、．。．，最弱、．2．　．晶。elli，g軍や、．。，議＞20Fな43．2−4恥ρ1・’励＿＆＿・・既河9・’・彫・・∬・44・・’・・・…加’f・・卿・・∫・・母艦9伽　　　　　¢g斎2μ〃霧躍』＝15μ〃2，L∫イ冒8μ〃り5．Summary　　　　In　this　report，　the　growth　of　AlInGaN　and　its、　application　fbr　opto61ectronic　andelectronic　device　were　studied．　The　growth　of　AlInGaN　by　MOCVD　was　opti加zed　as　afhnction　of　growth　temperature．　The　great　dif飴rence　qf　ma‡erial　properties　were　observedb・tween　th・AII・G・N・amplr・with・ame　c・卑P・・iti・n　g・・w・・t　di働・ent　t・mp・・a血・・I　Th・m・t・・i・lq・・li取・f与igh　t・mp・・at・・e　g一・amp1・iS　m・・h・up・・i・・t・th・t・f　l・wtemperature　one．．Base　on　this　pointl　high　qua茸ty　MQws　structure　was　grown　with　a　strongρLemission　at　350　nm．：Howeveろthe　350nm　LED　was魚il『d　to　be　fabricated　becaμse　of　lackof　a　proper　AIGaN　template　on　sapphire　substrate．　The　electronic．　application　ofAIInGaN　was　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〆　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　35一35」also　studied．　Beihg．狽?ｅ　key　point　o玄HFETs，　the　Schottky．　contact　was　examined　first．　Finally，both　AIInGaN　b包sed　Eごmode　and．D−mode　HFETs　were　demonstrat6d　fbr　the　first　time　with　ahigh　pe面�oanc6艶which　indicate　quaternary　AlInGaN　is　a　promising　materiaf　fbr　high　power．and　high　ffequency　electronic　apphcations．Acknowledgemen重：　　　The　Author　would．likie　to　appreciate　Prof　Takashi　Egawa，　the　directorl　of　Research　Center・fN・n・一D・vice　and串y…ゆ・hi・c・n・・・…upP・丘．・…his　s・・dy・飴・hi・v・1・abl・di・ゆ9and　encouraging；the　auth6r　is　also　gratefUl　to　Pro£TakaShi　Jimbo，　Associate　Prof　ChunlinSh・・and宜i・・y・・u　I・hik・甲・鉛・・h・i・h・lp・nd・・1・・b16　di・cussi・n・￥・ny出ank・a・e　al呂・given　toDr，　DL　Ba加n　Zhang，　DL　Hao　Jiang，　IDrl　Maosheng　Ha6，　DL　Yj�oSun，1）rS亘bramaniam　Aru1�qmaran，　Dr　S．　Lawrehce　Selva均，「1）r　Satoru串enta，　and　lhe　othermembers　of　Reseafch　Cent6r　of　Nano−Device　and　System，　fb士their　kind　help　and　enlightendi・cussi・n．　ApP・eci・ti・hs　sh・μld　be　al・・帥・essed　t・J・p・h　S・・i・取鉛・t耳・P・・田・ti・n．・f　　　　　　　　　　　　　　　　エS・i・n・ﾏ．（JSPS）・恥g　NipPon呂anso『oΦo「孕tir脚d　Aichi劔agoya�qgwledge　Cluste「ofAichi　Sc三ence　a粋d　Technology　Foundation　fbr　thei士finan¢ial　support　in　this　studγRefbrence�j1H．　Hirayama，　J．　AppI．　Phys．，97，09110！（2005）．2J・Ll，　K・珍N・m・KH・Ki卑・J・YLib・H・X・Ji・・g・ApP1・Phγ・・L・tt・78・．61（2・・1）・．3H。　Hiraya血a，入．　Kinoshita，　T．　Yamabi，．Y．．Enomoto，　A．　Hirata，　T．　Araki，　Y　Nanishi，　YAoyagi，　Appl．　Phys．　Lettβ0，207（3002）．4X．H．　Wu，　CR。　Elsass，・A．　Abar夢，　M，　Mach，　S．　Keller，　PM．　Petro鉱S。h　DenBaars，　J．S，　Speck；S．J．　Rosner，　App1．　Phys．　Lett。72，692（1998）．．5s．　M・h・nty，　M　H・・，　T　s・g・h・・a，　Rs．Q。　Fa・eed，　Y　M・・i・him・，　Y　Na・i，生物・g，　S．　S・k包i，MateL　Lett．41，67（1999）．6pQ．　Mi・agli・，　E．A．　P・eb1・，．へM　R・・k・w・ki，　s，　Ei醐dt，　R，E．　D・vi・，　J．．・c理・t・I　G翻h　253，　1（5（2003）．・ゾLi。，　T　Eg。w。，　H。1・hik・wa　and　T　Jimb・，　J．　C域・t・1　G・・軸，259，245（2003）　、　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　36　　　　　．一36一8Y−H・C葺・・GH・G・i…A・エFi・ch・・，　J．　J．　S・ng，．S．　K・11・・U．　K．　Mi・�q・，　S，P　D・nbaars，　ApPI．　Phys．　Lett．73，1370（1．998），’H・S・照m・RA・M・1・・Jエ1・J・YLi…ndH・X・Ji・ng，ApPL　P＃y・・L・賃・76，1252（2…1．1QA・B・ll・」・C�q翫・n・S・S・i・i…an，　EA・P・・ce，．P，肱・・k・，耳・miy・，入．　F嚇・．・nd　YNakagawa，　Intemational　Con£on　Nitride　Semicondcutor（ICNS−5），　Na士a，　Japan，　Mo−P　1．060，（2003）11b・一H・Ch・n，　L−Y　H・・ng，　Y−E　Ch・n，　ApPl，　Phy・．　L・賃．80，1397（2bO2）．12s．ﾖ・g，YH・Li・，YB．　Lβ・，　J．　P　A・，　J．　B・i，S．　S・k・i，ApPl．　Phy・．　L，ttl　81，25・8（2・・2）。且3PG　Eli・ee鷲PP・・li・，　J・L66，・nd　M。・・i・・ki，ApPI．　Phy・．　L・賃．71．，569（1997）。14lEA鵬s．EL・B・・u£．RGM・1・…h，s．MB，d、i面pL−Phy、．L，t、，75，3315（1999）．15M，　A・if漁・n，　J．　N．　K・・nia，　R　A．　Sk。血gm、nl　D．　T　61、。n，　M．　Mac　Mi11�p，、nd　W謡，　Choyke，　AppL　Phys、　Lett．61，2539（1992），　　　　　　　　　　　　　　．　・16K　J・・hi・・T・Kikk・w・・H・H・y・h・i・T・Maniw・・S・．　Y・奪bk・w・・．M・Y・k・y・甲・，　N　A4・・hi，and￥．　Takikawa，　Technical　Digest　of　IEDM，　Washington，　DC，8−10　December　2003，　P．983，17O・｡mb・・h…B滋・u…J・Sm・質・J・R・Sh・aly・N・．d．W・蜘n・Kgh・・M・晦hy，　A・・J・Si・・ak・w・ki・W．J・S・ha理LF・E・・�q…R・Dimit・・v，　A・Mit・h・11，．・nd　M．　St・t・m・nn，　J．．　Appl．　Phys，87，334（2000）。．18M　A・if仙・n，」・W・Yang，　G，　Simip，　R　G・・k・，　M　S．　Sh・・，　H・ns−C・血・d・曲y，，　G，．Tam皿aiti・・A・Z・k・u・k…David　J・Smith・D・Ch・nd・ar・�q…�pd　R・Biρ�q・ll−Tassi・・，　ApPLPhys．　Lett．76，1161（2000）．1gET・Y・，　X・Z．　Dang，　P．M．　A・beck，　S．S．　L・u，・bd　G．J。　S・11i・・n，　J．　V・・，　S・i．　Tech。。1．　B　l7，　1742（1999）．20F・B・ma・di・i，　v．　Fi・・enti・i，・nd．D，．v・・d・・bilt，　Phy爵．　R・ヤ．　B　56，．Rloo24（1997）．−21S．MSze，　Phy・i…f忌・mi・・nd・・…D・vice・，2・d　ed．（Wil，y，　N，w　Y。，k，1981），　pp．245−311．22s・NMoha�oad　and　H・Morkoc，　Pro9．　Quant．　Electron．20，361（1996）．37一37一23V．　W．　L。　Chin，　T，　L，　Tansley，　and．s，　Osotchan，　J．　AppL　Phys．75，7365（1994）．24i・D・G・・，　F・M・P・n・M・串・F・ng・k・J・G…P・E　Ch・u・and　C・Y・Ch・ng・J・Ap孕1・Phy・・8・・　1623（1996）．25J．　D．　Guo，　M．　S，　Fe血g，　R，　J，　Guo，　F。　M．　Pan，　and　C．　Y．　Chang，　Appl．　Phys．　Lett　67，2◎57（1995）．26E．F，　Schubert，　Doping　in　III−V　Semiconductors（Cambridg6　University　Pfess，　Cambridge　1993），p．492∴　　　　　　　　．　　　　　　　　　　　　　　　　　　　　．　　　　　　．　　．　　，27E　H．踏もd・・i・k　a・d　R．　W．WiUl・m・，　Metal−S・mi…d・・t・・C・・tact・，2rd．・diti・n，　C1琴・end・npfess，　Qxfbrd（1988）28M・W・A9・J…M6C・ldi・・J・E串w・nbρ・g・T．g　M・Gill・・nd　R・J・H・u・n・t・i・・ApP1・　Phys．　Lett．66，197拳（1995）．29E，　Monroy，右，　C母lle，　R，　Ran6hal，　T。　Palacibs，　M．　Verdu，　F．　J．　San6hez，　M．　T．　Mont（加，　M．Ei・kh・鉱F．　gm…，Z・B・ug・i・u・，　a・d　I・M・・�o・n，　Selni・・nd・．S・i・Tech・・L　l7・L47　　（2002）．30EM・n・・y，　F．．と・li・，　J．　L　P・u，　F．　J，．　s…hp・，　E．　M・・6・，　F，　Om…，B．　B・aum・nt，・nd　P．．　　Gibart，　J．　Appl，　Phys，88，2081（2000）．31l・Kh・n，　H・N・k・y・m・・T・D・t・hp・・hm・K・Hi・am・t・u・・nd　N・S・w・ki・S・li“一St・t・Elect・・乎・　41．｝287（1997），　　　　．　　、　　　　　　　　　　　　　　　　．一32L　Zh己。，　A．　T，　Pi・g，　k　B・ut…，J，　R・dwi・g，・・d　I．　Ad・・id・，　EIβ・t・・n．　L・tt．35，745（1り99）．33D．　Qi・・，　L．s．　Y…ds．．刀D　L・u，　J．　M．　R・dwihg，　J．　Y．　Li・，・nd　H．　x・Ji・ng，　J・ApPl・Phy・・87ジ　801（2000），34｡・．Y・P・ly・k・v・NB・smim・v・A・V・G・v・・k・v・b・w・G・ev・・M・sk6w・・n・ki・M・s与i・…dJ・an珂・R・dwi・g・MRS　I・t・m・t　J・Nit・id・S・mi・・n＃・R…’3・37！1998）・35V。　Kumar，　D．　Selvanathan，　A．　Kuliev，　S。　Kim，　J．　Flynn，　and　I．　Adesida，　Electron．　Lett　39，．　747，（2003）、3←N，K亘bota，　J．　Ao，　D．　Ki�qta，　and　Y．　Ohho；Jpn．　J．　Appl．　Phys．43，4159（2004）．37Hρ・C・・d・nd　EH・Rh・d・・i・k」・Phy・・D4・1589（1971）・38R．E　Broom，　H，P　MeiT　a耳d　W．　WaiteL　J．　ApPL　Phys．60，1833（1986）・38』一38一、　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　�j3gvL照d・・…nd．メDR，　c士・w・ll，　s・lid−s・．　Elec・，。n．13，993（197Q）．40J．旺鴨m・・and　H．H．　G・賃1・ちJ．　ApPL並hy・．69，1522（1991）．　．　了　41R．T　T�og，　Phys，　Rev．　B，45，13509（1992）．S2c．　K。　S・�q・d・・，　S・mi・・nd・・t・・M・t・d・1・nd　D6。ice　Ch、，a、t，，izati。n，2・d　editi。n，　P，136，　A　　Wiley−Interscience　Publication．43A・B・l11・J・Ch・i…n・S・．　S・醜・an1，C・P1・恥leel・甘・・miy・1，FA　P・nce1，　S・T・n・k・・み，．一．　　F両ioka，　and　Y．　Nakagawa，　J．　Appl．　Phys．95，4670（2004）44C．　M」・・n，　H．　W．　Jang　and　J．　Lee，　ApPL　Phy・．　L・賃，82，391（2003）．45C・M・J6・n・J・Lee，　ApPl・Phy・・L・1・・95・69g！2・・4）・4噛・Mi・・a・T・N・切・・M・．S・i…T・・i・hl・Y・Ab・・T・・zeki・由・hik・w・I　T：Eg・w吊，　and　T・　　Jimbo，　Solid−St．　Electron，48，689（2004）．’47C・M・J・・n，　J・Lee，みPPI・Phy・・L・賃・82，4391（2003）・48A．　S・zza，　C．　D・・，　E　M・四an，　B．　G・imb・丘，　M．　A．　d孟F。丘e−P。i、s。n，　S．　L　D。1。g，　and　E，　　Zanoni，　Electron．　Lett．41，927（2005）．4gT．　N　a切。，　N，　Miura，　T．　oishi，　M．　suita，・f，　Abe，　T，　ozeki，　s．　Nakatshka，　A．　Inoue，　T．　　1・hik・w・・国・M・t・ud・・H・1・hik塾w・・T・Eg・w・・∫P・・J・Apか1・Phy・・43・1295！2004）・50z．　Li・，　w．　L・，　J．　Lee，　D．　Li・，　J．　s．　Flym・and　G．　R．　B・and・・，　ApPl．　Phy・．　L，賃．82，4364　　（2003）冒51l．　Miy・・hi，　M　S・k・i，田・hik・w・，　T．　Eg・w・，　T．　Jimb・，　M．　T・n・k・�pd　O．　Od・，　J．　C琢・t．　　Growth　272，293（2004）．52k　s・Y・・ql・琴i・g・hQi…sβ・L…Ks・B・u・・・…n¢J・M・R・dwi・g・今PPl・Phy・・Lr枕1　　73，3917（1998），53E・T・Y・，　x・z・D・ng，　L・s・Y・，　D．　Qi・・，　P．　M．　A・beck，　s．　s．　L・u，　G，　J．　S・Ili・�p，　K，　s．　　Boutros　and　J．　M．　Redwing，　Appl。　Phys．　Lett．，73，1880（1998）．51M・Miy・・hi，　M・S・k・i，　S．　Am1�qm・・ah，　H．1・hik・w・，　T　Eg・w・，　M．：脚・ka　ahd　O．Od・・Jp・．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　」　　J．AppL　Phys，43，7939（2004）．55H．　Jia耳g，　G．　Y．　Zhao，　H。　Ishikawa，　Tl　Egawa，　T．　Jimbo，　a取d　M．　Umeno：」．　App1，　Phys．89，　　1046（2001）．39一39一56W．B．　Lan鉛・d，　T：肱・・k・，　Y　Ot・ki　and．k　Ad・・ida、　Elect・・n．　L・tt∴41，449（2005）．57A，　Endoh，　Y　Yamashita，　K．　Ikeda，　M．　Higashiwaki，　K．　Hikosaka，　T．　Mastui，　S．　Hiyalnizuand　T．　Mimura，　Jpn．　J．　AppL　Phys．，43，2255（2004）58Y　cai」窯zh6u，　K，　J．　chen，　and　K．M．　pau，．　IEEE　EIectrqn．　Device．Lett．，26，435（2005）．5g　x，　Hu，．　G　si卑in，　J．　Yang，一M，　Asif　Khan，　R，　Gaska，　and　M．s．　shu鵡耳lectron，　Lett．，36，754‘（2000）。　　　　　　　　「．　　　　　　　．．　　　　　　　　．　　　　　1f40一40一

