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CHAPTER 3

Exciton Transition Energy and Bowing Parameter of

AIGaN Alloys

3. 1 INTRODUCTION

GaN and its heterostructure with juGaN have attracted much attention to fabricate high

powernligh speed heterojunctionfield-effect transistors[" as wen as near UV laser diodes[2] and

vision-blind UV detectors.P) In such device applications, a crucial property of the AIGaN anoys is

the composition dependence of the band gap energy (Eg),which is described by a linear behavior

of Al mole fraction (x),and a nonlinear deviation of bowing parameter (b).Up to now, a number of

investigations have been done on the determination of the two parameters x and b.[4lAlthough the

composition of AIGaN auoys obtained by chemical evaluation methods, such as electron probe

micro analysis (EPMA) or Rutherford-backscattering
'spectrometry

(RBS), etc" is considered more

accurate than that extracted from the measurement of X-ray diffraction (XRD), itwas suggested

recently that with taking account of the in-plane biaxial strain effect on bothL latticeparameters, a and

c, the XRD method is also possible to generate precise ju content and, furthermore, provides

information about the microstructure of epitaxial layers.[51 ch the other hand, for the bowing

parameter, because the investigations were performed on samples in different structures, growth

methods and growth conditions, itis difficult to present a universal constant. In fact, there has been

a relatively large variance in the values of bowing parameter reported so far.
[4)

Therefore in practical

meaning, providing
a simple and effective method seems more useful than trying to give a unified

value of bowing parameter.

Reflectance measurement as a powerful method has been used in many works to yield the

knowledge of optical constants and excitonic resonance structure of Ill-V column semiconductor

materials.[6,7,81The three characteristic excitons (A B, and C) of the wurtize crystal structure GaN
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and AIGaN are usuauy used to deduce the band gap energy (Eg).For GaN, the large exciton

binding energy permits its excitons to exist even at room temperature. It is predictable that for

AlxGa1_xN also, the excitons win exist and strongly influence the room temperature band structure,

specially in low N composition region. a the other hand, reflectance measurement is, if possible,

obviously convenient in determining the Eg of AlGaN anoys, compared with other optical

spectroscopic methods, such as photoluminesence (PL), cathodoluminesence (CL), and optical

absorption (OA) measurements. the recent study of Ochalski et al. has employed reflectance and

photoreflectance (PR) spectra to detemhe the EFX Of AlGaN, but without any discussion on
I

reflectance measurement.[9] More recently, Yu et al, have confirmed the feasibuity of this

measurement in estimating the Eg of AlGaN auoys in AIGaN/GaN heterostructures, but with a

+

difference of 3% (above 100 meV) compared with PL measurement.[101 In the experiment,

however, we found that the thickness variation of the juGaN layer may change the line shape of

reflectance spectrum and create uncertainty in determining the location of excitonic energy. It was

shown that this uncertainty may be the reason for the large discr.epancy between the reflectance and

PL measurements. Hence the application of this method remains to be elucidated in model analysis

and accuracy modification. For such purposes, a reflection model of two absorbing layers with a

transparent substrate was used
to

perform a detaued discussion on the experimental data. Based on

this discussion, the EFXS Of juGaN obtained from a fitting procedure were found in an exceuent

agre'ement with that from PL measurement. Combining the results of the reflectance and XRD

measurements, we obtained a downward bowing parameter b=0.53 eV in the excitonic transition

band gap of AlGaN epilayer.

3.2 EXPERIMENTAL PROCEDUFtE

The samples in this study were grown on sapphire (0001)substrate by the horizontal atmospheric

pressure metal-organic chemical-vapor deposition (MOCW) method. Trimethyganium (TMGa),

5Z
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TriJnethyaluminium (TMAl), and ammomia (NH3) Were
used as source materials for Ga, ju, and N.

ju the epitaxial layers were
nonhauy undoped. ne sapphire substrate was first heated at 1100oC

for 10 min. in a stream of hydrogen for cleaning. Then the temperature was lowered to 500oC to

grow
a 30-nm GaN buffer layer. Subsequently, the temperature was elevated to 1080oC, at which a

1.5-LLm-thick GaN layer and a AIGaN layer with a thickness between 30 and 200 rm was grown.

The heterostructure is illustrated in Fig. 3.1. Reflection spectrum was measured in air for light

normauy incident to the surface of the sample with a 0.1 nm spectral resolution. A tungsten lamp

was used as the light source. ne peaks in reflectance spectra have also been confirmed by He-Cd

laser source (325nm) PL measurement for low ju COmPOSition samples. XRD measurement was

used a rotating anode Rigaku RINT2000 diffractometer, with Cu Ka1/Ka2 doublet (^Ka1=0.1540562

nm).
ne scan step was 0.002 degree. An measurements were carried out at room temperature.

3. 3 RESULTSAND DISCUSSION

3.3.1 Composition of the AIGaN layer

JT

m
-

fI～

G
j

J

IQ
Ld

Cq
V

A
-

III<

qn

E
q}
-

=
4-

h

ei
id
I

H

126 127 128 129

2Theta (deg)

FIG. 3. 1. nD spectra for an AlxGa1_xN/GaN/Sapphire heterostructure.

For wurtzite structure ALGal_xN crystal, the lattice parameter of principle crystal axis c can be
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obtained from XRD measurement in the syrrmetric (0006) reflections of 28/0 mode by using the

Bond method (Fig.3.1, c

-^Kay!sin8
- 0.154056%sin8nm). ,Revalue forc is often used to

calculate the mole fraction (x) assuming the validity of Vegardr s law. Principauy, the relaxed lattice

parameters
a. and co from the binaries AIN and GaN, a.(x)and c.(x)of stress-free temary AL

Gal_I N films should be related
to mole ihction (x) by the linear expression

c.(x)-c.GaLV(1-x).c.AL"x
, (3.1a)

ao(x)-a.Ga"(1-x).a:Nx. (3.1b)

where the fully relaxed lattice constants, a. and c., are taken to be 3.1892 A and 5.1850 A for

GaN,[1l] and 3.1114 A and 4.9792 A for AIN,L12] respectively, values which are now widely

accepted. However, in most cases, the lattice parameters are changed by lattice mismatch, thermal

expansion change, point defects, and size effect, etc.[131 In view of these changes, the actual lattice

parameters a and c could be, under a crucial assumption that in-plane biaxial strain is dominant in

the AIGaN layer, related to the fully relaxed ones by strain ratio,

Ec /Ca
(c-co)

/(a-a.) =

_2fkc. a
o

C,3 (3.2)

where the C is the elastic stiffness constants of the juGaN epitaxial layer. Considering that the

elastic properties of ternary varies 1inearly with the composition of arbitrary binary compounds,

AIN and GaN, the values Cl3=114 and C33=381 GPa(cc/Ea =-0.60 ) for GaN (Ref. 14) and

Cl3=120 and C,3=395 GPa (cc/Ea =-0.61 ) forjW (Ref. 15) wereused to set the value of strain

ratio of AlGaN as
-0.60

here, which is also identical to that used by juaSaki et al. in Ref. 16.

The mole fraction x of the alloys can then be calculated by solving Eqs. (3.1)and (3.2).Because

the AIGaN I,ilms are so thin in this experiment and all samples show relative high 2DEG mobility,

thev can be considered as perfectly strained by GaN layers, and then we can assume that
I

ao (x)- aoGalV here, The composition values therefore obtained from the measured lattice constants

are shown in the next section.
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normal incidence

Medium 0 (air)
no=1 ,

do=co

Fig. 3 :2. Schematic diagram of the AlGaN/GaN/sapphire heterostructure

and the reflection and transmission of the normal-irlCidence light in this

multuayered system.
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3.3.2 Interpretation of reflectance spectra

In Fig, 3. 2, the AIGaN/GaN/sapphire multilayered structure is drawn schematically. Assuming

that the thickness of sapphire substrate is infinite and the roughness of the top most epnayer is

negligible, at normal incident, the power renectance of this structure which takes the multiple

reflection into consideration can be written as

R-VF-Lo2.

Where ro2

r20

to2 -

i.2t2.r,3

eXP(-2a2d2)eXP(-i82 )
1 - r23r20

eXP(-2cr2d2 )eXP(-i82)

r.1. r12

eXP(-2ald1)eXP(-ja1)
1 - r10rl2

eXP(-2qd1)eXP(-j61)
,

r21. flo

eXP(-2ald,)exp(-j8l)
1 -r10r12

eXP(-2q4)exp(-j8l)
,

tolt12
eXP(-a14)exp(-j61/2)

1 -rlOr12

eXP(-2q4)exp(-j8l)
,
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t20 =

all Ll

t21t10

eXP(-CY14)exp(-jal/2)
1 -r1.r12

eXP(-2q4)exp(-j61)
,

56

(3.3d)

exp(iOg.)(ij-01,12, 23; rg. -

-rp.
,

0? -

arg(rg.)) (3.4)

are, respectively, the Fresnel reflection coefficients of air/AIGaN, juGaN/GaN and GaN/sapphire,

and the corresponding transmission coefficient
t?. =1 +r?.. a is the absorption coefficient, n the

refractive index, and.d The thickness; 81

-=nld1
and

82

-=n2d2
; Kl-al"4a and

K-, =

a,A/4JT.

Using Eqs. (3.3), the reflectance spectra of AIGaN/GaN heterostructure was numerically

calculated. In the calculation, the absorption coefficient spectrum of GaN was taken from our

previous work;
[17]

the absorption spectrum of AIGaN was obtained from the rigid shift of GaN.

For avoiding noticeable error, the Al mole fraction ofAIGaN is set to be a relatively low value, x i

0.ll. The energy locations of the maxima ofexcitonic profnes in the absorption spectra of GaN

and AIGaN, named EGM and Elm respectively,
were used as identifications corresponding to the

extrema in reflectance spectrum. Published data of Brunner et al. were used for the refractive index

of GaN and Ah.lGa..,N as a function of composition
x and energy below the band gap.[lS] Above

the band gap, the data ofAmano et al. were employed.["1sapphire is considered to be transparent

with the refractive index as a function of wavelength quoted from Ref. 20. It should be mentioned

that the phase factor exp(log.)in Eq. (3.4)may also contribute to the phase shift in reflectance

spectrum, However, this is neglected in the most of the literature.

The detaus in the reflectance spectra can be explained by the calculated spe.ctrum inustrated in

Fig. 3.3. As expected, model calculations show that the excitonic structures in absorption spectra

ot. GaN and AIGaN are just the cause of the corresponding vauey and peak in the reflectance
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spectrum. As shown in Fig. 3.3, the rellectance can be divided into three regions, which are the

photon energy (a)below theJabsorption edge of GaN; (b) between the absorption edges of GaN

and AIGaN; and (c)above the absorption edge of AlGaN.
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Fig. 3. 3. Numerimuy nlculated renectance spectral of Alo.llGao.89N/GaN/sapphire

heterostructure (dashline).ne solid line represents the experimental data- Renectance

alld absorption spectra of the GaN/sapphire Structure are also given for comparison- Eu

and EAM Were used as identification respozlding to the maxima of excitorl Profiles h

absorption spectra of GaN (solidline)and Alo,1lGao.89N (dashedline),respectively.

In the region (a),as the normal-incidence beam experiences relatively weak absorption, the

renected beam consists of the lightsthat reflected from the interfaces of air/juGaN, AIGaN/GaN

and GaN/sapphire. In this region, the renectance spectrum is dominated by the interference effect

results from both AIGaN and GaN layers phase factor exp(-j61) and exp(-j62). In the region

(b), due to the strong absorption of the GaN layer, the second term in Eq. (3.3) tends to be

negligible, and results in a drasticany change in renectance. Since the multiple reflections in the

GaN laver were eliminated in this region, the reflected beam only comes from the lights reflected at
J
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interfaces of air/AIGaN and AIGaN/GaN, and the shape of the reflectance spectrum is mainly

dominated by the interference effect results from
exp(1'81).

As the energy Of incident light further

increases and reaches into region (c), the absorption of AIGaN rapidly increases, resulting
in a

sharp change in renectance again.
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Fig. 3.4. E.yperimentaL renectance spectra for AlxGa1_xN/GaN/Sapphire (xaround 0.1)

hve[eroslruC[ureS With various [hicknesses of AlGaN layers (d1).ne thickness values

were measured by thickness monitor in the growth process of epilayers. [t shows that

the excitonic profue of GaN is hidden in hterference fringes when dl is about 200 nm.

Besides the excitonic resonance structures Of GaN and AIGaN, we would like to address the line

shape of reflectance spectrum region (b),where the interference effect caused by the AlGaN layer

may strongly modify the spectral line shape and confuse the recognition of the excitonic profile
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desired. Figure 3.4 displays the experimental reflectance spectra of different thicknesses of juGaN

layers. For Al composition x around 0.1, we can see that the variation of dl results in noticeable

changes in the spectral lineshapes of region (b).Speciauy, we found that when dl is about 200 nm

[Figs.3.4(c)and 3.4(d)],the reflectance spectra show quite a difference in shape. In Fig, 3.4(c),

lTtwo
peaks.T appear near the excitonic position of AIGaN and the excitonic profne of GaN seems to

be hidden (3.403 eV seems to be an extremum value of interference fringes rather than a value of

EGM Which is indicated by another arrow at about 3.43
eV);

however, in Fig. 3.4(d)the excitonic

peaks of GaN and AIGaN can be identified clearly. In
order to be clear in assigning both AIGaN

and GaN peaks from Figs. 3.4(c)and 3.4(d),the reflection model was again used to analyze the

experimental spectra, wh.ere the thickness of the AlGaN layer is a variable parameter. Because

heterostructure devices are usuauy grown on thick GaN, where thickness enables the multiple

reflection in the GaN layer diminished at energy above EgGaN, the innuence of the variation in

thickness of the GaN layer (d,)was not found and, therefore, was not concerned here.

In Fig. 3.5, the calculated spectra of different thicknesses of AIGaN layers are shown. As for the

variation in thickness of the AIGaN layer (d1),it was seen that the energy location EAM Of the

identification line does not shift with the changes of thickness dl, Whne the line shape changes just

like the changes of the experimental one (Fig.3.4).It was also found that the peak like shape

presented below the EjM [Fig. 3.5(c)]is a interference fringe result from the juGaN layer when dl

is 192 nm. Under the effect of this fringe, the excitonic profile of GaN is undistinguished, whne

that of juGaN is stin visible. For interpretation, we
utnized the calculated spectra ofR.1 (R.1-V.1I2)

as shown in Fig. 3.6. It comes as no surprise that the line shape ofRol exhibits a trend to agree

with that of R as the thickness d1 increases. We can know that in regions (b) and (c),the large

value of cr,d, of the GaN layer lets R-R.2 [SeeEq. (3.3)].According to Eq. (3.3a),ro2 Win

approach rol aS the d1 increases, meaning that the thick enough dl Will eliminate the multiple

reflections in the juGaN layer and only leave the reflected light of rot remaining. As a result, R wu

approach t() R.1. Figure 3.6 provides a direct observation that R.1 acts aS a dominant factor in the
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amplitude of power reflectance R around the exciton resonance energies ofAlGaN. Because Rot is

not affected by the variation of thickness dl, the excitonic profue of AIGaN cannot be diminished in

the line shape changes. In contrast to the AIGaN layer, the GaN layer has to reflect its excitonic

profile through the renected lights of r12 and r23 and, therefore, it is easny affected by the

interference effect and its excitonic profne may be hidden by the interference fringe. The calculated

model demonstrates that the occurrence Of interference fringe starts from about d1=40 nm with a

thickness period about 75 rm.
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Fi g. 3. 5. Calculated renectance spectra for Al...8Gao.92N/GaN/Sapphire heterostructures

with thickness (d1)Changes corresponding to that h Fig. 3.4. The line shape of region(b)

shows the changes in agreement with that in Fig. 3.4, while the energy location of E,u4

(3.62leV) are not shifted.
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Fig. 3.6. Chlculated reflectmce spectra ofRo1 (dashed line)and R (solidline)with

various thickness d1. With the increase Of d" Rot Shows a blend of agreement with R

at the excitonic profue ofAIGaN. It also shows the amplitude ofRol is a dominant

part h that ofR.

We can surrmarize the results of the above analysis as: (i)without the presence of interference

fringes Finregion (b)l],both excitonic profnei of GaN and AIGaN can be easny identified in the

reflectance spectrum; (HL)with the presence of interference fringes, the excitonic profne of the GaN

layer is possibly overlapped, but the excitonic profile of AIGaN can be observed. The interference

fringes win only present at the low optical energy region ofEFX and not shift the excitonic position.

This lets us easuy assign the peak of juGaN; (hi)the application of the renectance measurement in

juGaN/GaN/sapphire heterostructures is not hited by the layer thickness of AIGaN (except

AIGaN layer is too thin to be detected).
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Figure 3.7 inustrates the experimental TeneCtion spectra of juGaN(-30nm)/GaN(-1500nm)

samples with various ju mole fractions as a function of the photon energy. The positions around

peak and vauey of the spectra were taken as the free excitonic transition energiesl(EFX)Of the

AIGaN and GaN layers, respectively, as indicated by arrows. Detemhation of the location of EFX

will be described in the next section.
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Fig. 3.7. Room temperature reneCtmCe SPeCtra Of AlGaN(-30 nm)/GaN(-l500 nm)

heterostructure samples with various Al mole fraction, x- The excitonic transition

energies of GaN
(E&a")and AlGaN (Ego")

are marked by vertical arrows. The inset

shows the spectrum of the x=0.l6 sample. Broad feahres ascribed to exciton-LO phonon

interaction were observed at optical energies about loo meV above the EEXa"
andE&a"

,

respectively.

At room temperature, the three characteristic excitons (A, B, and C) could not be individuany

observed and were arranged in one broadened vaney.
We can see that with the increase bf ju

composition x, the EFX Of NGaN shows a clear shift to the high energy left. Another interest is

that, for f_he samples ofx i o,16, the reflectance spectrum exhibits bro'ad features at which the

energy is about 100 meV above the free excitonic transition energiesof _GaN
and juGaN,
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respectively. Simnar features have been reported by several studies in the absorption spectra of

GaN epnayers taken at low[21) and room temperature[22). However, to the best of our knowledge,

there have been no reports on the observation of such features in neither absorption nor reflectance

spectra of AIGaN anoys. Itwas suggested that this broad structure is due to the exciton-LO phonon

interaction in an indirect phonon-assisted absorption process which an incident photon

simultaneously generates a ground state free exciton and a LO phonon, resulting in a resonance

feature at the corresponding energy in the spectrum. In the range of OSx5; 0.15, the LO-phonon

energy ofALGal_xN ranges from about 735 cm-1 (91.2meV)
to 770 cm-I (95.5meV).[231By reason

of the exciton dispersion, the energy spacing between the maximum of broad feature and the band

edge exciton is slightly higher than one LO-phonon energy.[22] The observed features indicate that

LO phonon assisted exciton formation also plays an efficient part in the ALGa1_xN anoys (in this

case, x 5; 0.16).For Al mole fraction above 0.16, the exciton-LO phonon interaction were no

longer visible (Fig.3.7)and may be attributed to the anoy broadening effect, due to the increase of

ju COntent, Which leads to a decrease of the Bohr radius of the free exciton in AIGaN[24] and makes

the broad feature merge into the broaden excitomic profiles.

3.3.3 Free exciton transition energy and bowI'ng Parameter

In the spectral region which is of excitonic profne, we can determine the energy locations of the

excitons with a simplified procedure. The spectral 1ineshape due to the exciton transition of energy

hv
i
Can be approximately described in a form of Lorentzian dispersion,

R(v)-A +4.Re
hvi

-hv+iri
(3.5)

where Ro is a constant of background reflectance, and A, hvE
,
ri

, and Oi denote, respectively, the

amplitude, the energy location, the broadening parameter and the phase factor of exciton i (i=A,B,

c).[251
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At room temperature, the three discrete excitons (A, B, and C) could not be individually

distint,tJuished. However, they stin have a strong impact upon the reflectance spectra that

nonexcitonic models cannot fit.t26]In order to perform meaningful fits to the spectra, the minhum

possible number of free parameters were tried. In case of normal incidence, namely, Eic aj(is7
the

resonance strength of the exciton C band to conduction band transition (r: -

r:) is very weak in

the resonance strength.[27J Therefore the exciton resonance structures in the reflectance spectra are

dominated by the A and B exciton transitions here. Considering that the A and B excitons are

relatively close in energy, we treated the 4 ,
ri

, and
OI. Of two excitons as the same one in the

fitting process_
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Fig. 3.8. A typical fitting curve of the experimental reaectmce spectrum of

Alo.o8Gao.92N/GaN heterostructure with the AlGaN layer about 200 rLm. The free

exciton transition energy (E:x) obtained shows a good agreement with the peak

energy of the PL spectrum.

For the purpose of comparison, we also performed room temperature PL measurements on the
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samples ofx<0.16 juGaN alloys, where the exciton resonance energies
are below the excitation

energy of the 325 nm He-Cd laser source (3.815eV).
A typical comparison ofreflectance and PL

spectra is shown in Fig. 3.8. The free exciton transition energy ofA (rv9.-rc7, E:x)is obtained

by least-squares fitof Eq. (3.5)in reflectance spectrum. Table 3.1 summarizes the results of two

measurements, and shows that the difference in E& of AIGaN is less than 6 meV. Such a result is

acceptable because numerous studies have demonstrated the fact that for undoped GaN and its

temary compound AlGaN, the dominant peak in room temperature PL spectrum is due to the free

exciton transition (FX).[28
]

Table 3.1. Comparislon of the free exciton transition energies(E& ) of AlxGa
1-I

N

(x<0.16)epilayers determined &om the renectarlCe SPeCtra and the peak energies

obtained from PL measuremerLtS.

Strictly speaking, the band gap energy is defined as the sum of free exciton transition energy

(EFX)and its binding energy (Eb),namely Eg=Eex+Eb. However, the condition is complicated in

temary compound AlGaN. Up to now the binding energy of AIN is not clear. Moreover, no precise

knowledge is avanable on the composition dependence of effective masses in ALGal_xN temary

auoys so far. In practicahty' theltransition energy of free exciton can be treated as one of the most

precise substitutes of true band gap energy (Eg),namely, the excitonic bandgap,[29'

The nonlinear dependence of the lowest direct band gap energy on the Al mole fraction can be

writterl in the follow expression,

EgALGd" -

EgGa"(1-x).
Eg^L"x

-bx(1-x)
; (3.6)

where Eg (GaN) and Eg (AIN) are the room temperature band gap energies determined to be 3.43

eV and 6.20 eV for our samples.

The group values ofx and Eg ofjuGaN alloys were hence used to determine bowing parameter

(b) by fitting Eq. (3.6).In Fig. 3.9, the fitting plot shows a value of b=0.53 eV, close to the
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reported value ofO.69 eVin Ref. 4 and 0.60 eV in Ref. 29. It is interesting to note that the samples

used in Refs. 4 and 29 were close to the samples used here in structures. In addition, analysis of

the measured c lattice parameter shows that the juGaN layers in au of the heterostructures were

subjected
to an in-plane tensne biaxial strain. It is known that the band gap, under Oe tensue strain,

decreases relative
to the unstained result. This in turn supports that the bowing in the AIGaN band

gap is downward.
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=
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Fig. 3.9. ju COmPOSition dependence of the exciton transition energiesdehved

from the renectance measurement. Such dependencies of band gap energy dedved

&om cL, OA, PL, PR, and spectroscopic ellipsometry (SE) methods in uterature

were shown together.

3.4 SUMMARY

In summary, a simple method combining the normal incident renectance with XRD measurement

to determine the ju mole fraction and bowing parameter Of juGaN anoys was presented.
By using
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a reflection model of two absorbing layers with a transparent substrate, the power reflectance of

juGaN/GaN/sapphhe heterostructure was numerically calculated. The results of the model

calculations show a good agreement with that of the experiments. Based on these calculations, a

discussion concerning the confirmation of excitonic profne and the influence from the thickness

variation of AIGaN layer was performed. Analysis shows that the reflectance measurement is

indeed feasible in determining the free exciton transition energy (EFX) Of AlGaN epnayer in

AIGaN/GaN heterostructure.

A precise value of EFX Was Obtained by performing theoretical fit on the excitonic profile of a

juGaN epnayeL Comparing with He-Cd laser
sdurcepL measurement, it was found that the

difference between the EF^X and the corresponding peak energy is less than 6 meV. In the low AI

composition (xi 0. 16),the reflectance sbectral
features of excitoniophonon

interacti.n were

observed at an optical energy -100 meV above the transition energy of band edge exciton of

AIGaN. This observation indicates that the samples under investigation are of high quality and also

provides support that the energy locations of E& identified are correct. With consideration of

in-plane biaxial strain, ju mole fractions were determined by using both latticeparameters of a and

c obtained from XRD measurement by using the Bond method. In the composition range of 0 5;

x<0.3, we found a downward bowing in the band gap of juGaN epilayer with a bowing parameter

ofb=0.53.
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CHAPTER 4

Back-ITIuminated GaN MSM Structure UV Photodiode

4.1 ]NTRODUCT]ON
L

Ultraviolet (UV) photodetectors (PDs) have a wide range of corrmercial applimtions, such as

flame sensors, engine monitoring, UV calibration devices
,
and secure intersatenite/underwater

communications. he to their direct and wide band gap, GaN-based compounds are the ideal

choice for the fabrication of various UV detectors. Among the different types of UV

ph.todetect.rs, the

me;al-semic.nductor-metal(MSM) ph.todi.de is a pr.mising mndida.e.wing

to its ease of fabrication and monolithical integration with field-effect transistor (FET)-based

preamplifiers. Recently, several high-performance Schottky MSM-PDs based on GaN and AIGaN

materials have been demonstrated;[1,2t3] however, they stiu suffer from performance limitations

which impede their development toward practical apphcations. A web-known drawback of the

MSM-PDs is the relatively low responsivity due to the shadowing of the active area by the

electrodes and the consequent loss of efficiency. Semitransparent electrode may be used to improve

the quantum efficiency, however, the main problem is their abnity to rejectthe visible and near UV

which may be affected by the internal photoemission at the metal/GaN interface, giving some

response from the active region gap energy down to the Schottky barrier height. Although this

problem has been overcome in GaAs based Schottky MSM-PDs by back iuunhation,[4,5] there has

been no comparable report on devices of the same structure based on GaN. Since sapphire

substrate is transparent in the wavelength range of interest, back illumination can be readny used to

improve the sensitivity of GaN/sapphire material-structure MSM-PDs by avoiding electrode

shadowing. In this study, back- inuminated GaN MSM-PDs with a thin active layer of 0.3 LLm

were thus fabricated and characterized. Compared with its top-muminated counterpart, the

back-illuminated MSM-PD exhibits a marked enhancement in responsivity with a value of 16.5

7l
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NW at an applied bias of 5 V under irradiance of 5 LLW/cm2.

Top iuumination

Pd/Au (80/100 nm)
+ + +

-

Back inunhation

Fig. 4.1. A schematic cross section of the structure of the GaN MSM-PD.

72

4.2 EXPERIMENTAL PROCEDURES

The cross-sectional structure of MSM-PDs fabricated in this work is illustrated in Fig. 4.1.

Double-polished sapphire substrates were used for back surface nlumination. An
epitaxial layer of

GaN was grown on (0001) sapphire by the horizontal atmospheric pressure metal-organic

chemical-vapor deposition (MOCVD) method. TMG and NHS Were used as material sources, and

H, was used as the carrier gas. Before the film growth, the substrate was heated at 1180oC in a

stream of hydrogen for 10 min. A low-temperature GaN buffer layer (30 rm)
was deposited at 500

oC immediately before the growth of unintentionany doped epitaxial GaN (0.3LLm) at 1130 oC.

Room-temperature Hah effect measurement revealed that the background carrier concentration is

5.6 x 1016 cm-3. Figure 4.2 inustrates the transmission spectrum of the grown sample and the

deduced spectral absorption coefficient of the GaN epnayer. A clear absorption peak due to free

excitons at 360 nm and Fabry-Perot oscination with a high transmittance of 0.81 at 385 nm

demonstrates that the GaN epilayer is of high crystalline and optical quality.

72
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Fig. 4,2. Trasmission spectrum of the wafer with no_rmal-incident light frotn

the back surface and the dedud absorptioLI SPeCtrum Of the GaN epilayer.

For the MSM structure, interdigitated pattems with the ac(ive area of 100x lO5 pm2, finger

width of5 pm , and gap spacing Of 15 pm were defined by photolithography using a Hg-Xe

lamp source (seeFig. 4.3} ne Schottky contacts of Pd/Au (80/100 nm)
were deposited by

electron-beam evaporation and formed by a standard ut-off process. Prior to the vamum

deposition, the wafers
were cleaned with organic solvents and then dipped in boiling aqua regia

(HNO3:HCl=1:3) solution
for 15 min

to remove the possible surface oxide of GaN fouowed by

de-ionized water rinse. At last, the samples were annealed in a flowing nitrogen atmosphere at 300

oc for 20 min, to improve the Schottky barrier height and ideal factor.[6,q

Fig. 4.3. Top view of MSM-PD showing the interdigitatedgeometry (hger

width of5 LZm, aZldgap spacing ofl5 pm

4.3 PERFORMANCE-CHARACTERISTICS ANALYSIS
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4.3. 1 Dark Current-Vo/tage Characteristics

The dark current is a very important parameter for characterizing the reliability and detecting

ability of MSM-PDs. A low dark current may effectively diminish the current noise and then lower

the minimum detectable power. In this work,
a HP4145B semiconductor parameter analyZer With

an accuracy limitation of 10 fA was used to record the current- voltage (I-V)characteristics of the

MSM-PDs.

<^

I 10-7
=
q)
I

-

% 10-8

U

i 10-9
CS

E3

10-"

0 5 10 15 20 25

Voltage (V)

Fig. 4.4. Dark current I-V characteristics for MSM-PD. The hset is

a logarithmic plot of lexp(qV/kn/[exp(qV/kT)-1]vs V.

As can be seen in Fig, 4.4, a low dark current was achieved at room temperature. T71e Value of

the current is 36 pA for a typical sample at 5 V bias. It was also found that no degradation occurred

up to 70-80 V, demonstrating good dark I-V characteristics. Considering the MSM structure,

consisting of two Sthottky contacts connected back to back, the dark current of the detector can be

described as[8J

I..a,A= Io exp(qV/ nkT)[1
-

exp(-qV/kT)] ,

I. -J44''T2 exp(-qQB /kT) ,
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where V is the applied bias, A is the contact area and the other symbols have their conventional

meanings.
A logaritlmic plot of [Iexp(qV/k77]/[exp(qV/k7V]vs.V was shown in the inset of Fig.

4.3. From the slope of this straight line, the ideal factor was deter=nined to be n=1.01. ne value of

n is close to unity, indicating that the surface states are neghgible. The intercept of this line shows

that the saturation current islo=2.06 X 10-l2 A, and the corresponding current density is Jo=1.72X

10-6A/cm2. using the value of the effective Richardson constant ofA.= 26.4 cm-2K-2,[q we obtained

the effective Sch.ttky barrier height QB-0.i3eV for the employed metallization scheme of Pd/Au.

4.3.2 Responsivity

102
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i
av loo

A
-
tI～

>
4I～

a 10-I
O
a
CJ5
q}

E<

300 350 400 450 500 550

Wavelength (nm)

Fig. 4.5. Top- arid back-illumhated spectral response of GaN MSM-PD

biased at lS, lO, 5, 3 V. The inset shows the bias dependence of responsivity

for the two illumizlation conditions.

Figure 4.5 depicts the top- and back-uluminated spectral responses of MSM-PD biased at 157

10, 5 and 3 V. A UV-visible spectrophotometer with
a xenon-arc lamp source and a

monochromator with a grating of 600 lines/rrm was used for these measurements in the range of

450-300 nm. The absolute values of responsivity were determined using a cahbrated Si detector,

For au spectra, there is a visible-radiation re)'ection of three to four orders of magnitude at the

absorption edge under the constant irradiance density of 5 LEW/cm2. For both the top and back

75
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i_uumination conditions, the responsivities remain reasonably flat for photons with energiesabove

the band gap. In the optical energy range above the band gap, responsivity larger than 0.3 NW was

obtained for top iuumination at a typical reverse bias of 5 V, which is in good agreement with the

report.[1] A marked enhancement in responsivity was found under the back-inuHhation condition

with a value of 16.5 jW at 350 nm for the same bias. Since the responsivity of the

back-inumination condition is about 55 times that of the top-inumination condition, the increase of

responsivity cannot be ascribed only to the avoidance of the shadowing of electrodes. Itwas found

that the responsivities show a linear dependence on bias voltage (insetof Fig. 4.5).Such behavior

indicates the presence of internal gain in the devices. That is, the real current responsivity of an

MSM-PD a( photon energy hv should be expressed as:

A

-#.rG,
(4.2)

where T7e_r(is the external quantum efficiency' q the electronic charge, h Planck's constant, v the

frequency of light, and rG the internal gain. For top- and back-iuumination conditions, the

measured spectral responsivities yield 77ex,TG Products of 1.1 and 56.8, respectively, at 5 V bias,

which evinces the existence of high internal gain in the case of back nlumination.

4.3.3 lnterna/ GaI'n

Internal gain has been found in both GaN- and GaAs-based Schouky MSM-PDs.[l-3JO,1u Most

likely, the mechanism responsible for the intemal gain is the increased electron injectionat the

cathode contacts due to the lowering of the barrier height by photoinduced hole accumulation.[l2"1

The accumulation of holes may result either from the trapping of holes close to the cathode or the

difilerenttransit speeds between the electrons and holes, where electrons traveling faster than holes

leave a residual density of holes at the cathodes. Another effect of hole accumulation is field

reduction in the gap region of the metal finger due to charge screening, resulting in an increased

recombination probability for electron-hole pairs, i.e.
, resulting in a linear responsivity dependence

onvoltage.
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A recent study on GaN-based Schottky barrier photodiodes and MSM-PDs by Katz et al.

revealed that the surface states at the semiconductor-metal interface can trap photogenerated holes,

thus reducing the Schottky barrier height and producing gain in the UV photoresponse.[14] In order

to explain the internal gain, they invoke the existence of trapping states at the GaN surface at

concentration, Nss , of -5X
109 cm-2 as reported in the literatures.[15,16]These traps are anributed to

threading edge dislocations, having acceptor-like nature, with midgap energy. Positioned below the

Fermi level, these traps are negatively charged. Photogenerated holes generated at the depletion

region, drift towards the metal-semiconductor interface due to band bending. ne holes are then

trapped at the surface sites, and produce net positive charge Qss=qNss. The metal negative charge

Qm , and the positive depletion charge Qd due to uncompensated donors, must satisfy the junction

neutrality condition

Qm+Qd+Qss= 0. (4.3)

Therefore, the depletion charge Qd must be smauer than if the charged surface states were
absent.

This means that the depletion width and the
amouit

of band bending (orthe hunt-in v.ltage Vbi)

win be reduced correspondingly

_
ikivh.-iEhznhabn = Vu-h,k
2c,so. (4.4)

The reduction in Vbi under inu=miation causes a reduction in the i)B(a)B=Vbi+Vn, where
Vn is the

energy difference between Femi level and the bottom of the conduction band). nis process can be

described as a lightinduced change in the Fermi-level partial pinning (orchange in the position of

the characteristic charge neutrality energy).
Assunhg Nss-5 X 109 cm-2, and d (V2 o),Katz et al.

obtain a reduction in OB Of AOB-50 meV, for the amount of accumulated holes shown earlier. At a

reverse bias of 5 V we get Ad)B-70 meV. Therefore, the current under inumination is

･u[uhD,bn

-AA'T2exp(-#)
exp(qv/nkT)[1-exp(-qV/kT)] -Iph. (4.5)

Applying Eqs. (4.1)and (4.5),the responsivity win be
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[exp(%)
-1]Ih,A

-Iph

78

(4.6)
W

where I,h is the photocurrent
due to photogenerated electron-hole pairs. According to Eq. (4.6)

there are two mechanisms contributing to the photoresponse, ne first is the "primary current"

maintained by carriers optically generated in the depletion region, I
,A.

ne "Secondary current" is

due to the lowering of the Schottky barrier caused by inumination and trapping at interface states.

This mechanism is responsible
for the gain. For forward bias, and reverse bias higher than 1 V, the

secondary current is much higher then the primary current.

The photoresponse increase With voltage, under reverse bias (seethe inset of Fig. 4.5),is

caused by the dependence of barrier reduction on the bias [Eq. (4.4)],and the increase in dark

current. Field dependence barrier height, or tunneling, may be responsible for the mrTent increase

in reverse bias. For these mechanisms the photoresponse caused by barrier height- reduction has the

same bias dependency, as the dark current itself.

4.3.4 Currents under il/umination with various power densI'ty
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Fig. 4. 6. Top- and back-inuminated photocurren[-voltage characteristic under

･Lherdifferent irradiance densities of the hadiance with wavelengd1 0f 350 nm.

In Fig. 4.6, the photogenerated currents with the dark current subtracted
are shown. The
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wavelength of the irradiance light is 350 rm. For the Schottky contacts without the effect of hole

accumulation, the I-V curve should be horizontal in the regime of photocurrent saturation. The

rising photocurrents with increasing voltages under top and back illumination indicate the

occurrence ot. electron injection.Note also that the voltage at which saturation current is achieved

shows dependence on the irradiance density, establishing
the presence of the charge-screening

effect due to the hole accumulation. In the case of back nlumination, the incident UV light generates

a large density of carriers immediately beneath the electrodes, and then a large excess potential drop

resulting from the accumulation of holes occurs near the cathode contacts, leading to a vast injection

of electrons. Unlike the back iuumination, the top-illuminated photoexcited carriers are primarily

excited in the gap area of the metal finger7 drift to the electrodes and contribute to the photocurrent.

In this case, the accumulation of holes, we speculate, is mainly due to photoinduced holes collected

around the periphery of metal electrodes. For this reason, the excess hole density is much less than

the case of back iuumination, leading to a much smaner electron injection.It should be noted that

the charge-accumulation effect is indicated to result in a slower transit the of the photocurrent;

however, the high ratio of photocurrent
to dark current Obtained under back illumination is stillof

interest in its abuity
to detect low-intensity UV light.

4,4 SUMMARY

In conclusion, back-inuminated GaN-based MSM-PDs operating in the UV region were

fabricated and characterized.
These photodetectors exhibited

low dark currents and high

responsivities. Spectral characterization exhibits
a visible rejectionratio of four orders of magnitude

under 5 V bias and hradiance density of 5 LEW/cm2. The responsivity recorded at 350 nm is 16.5

NW, which is much larger than the value (0.32 jW) of top nlumination. The optical

characteristics of the devices showed evidence of high intemal gain. The likely mechanism

responsible
for internal gain was proposed

to be the electron injectiondue to the hole accumulation
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et'fect.The high responsivity of back illumination was ascribed to the enl1anCment Of the electron

injectionby a high-density optically generated charge. The back iuuminated MSM-PD with such

high responsivity may have potential appucations in flame sensors and engine monitoring, where

the speed is not the primary issue.
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CHAPTER 5

GaN MSM UV Photodetector with Recessed

EIectrodes

5.l I.NTRODUCTION

Over the past few years, ultraviolet (UV) photodetectors (PDs) based on III-nitride compounds

have attracted considerable interest in mnitary and commercial applications. A number of reports on

GaN or AGaN photoconductive,[1]schottky barrier,[2]p-n junction,[3b-i-nstructure,[41 metal

semiconductor metal (MSM) structure,[5,6] and avalanche photodiodeP] uv detectors have been

reported in the literature. Recent studies on Schottky MSM phdtodiodes based on GaN or AIGaN

have demonstrated their superior performance in terms of response speed, quantum efficiency, and

device noise, Moreover, compared with other photovoltaic photodiodes such as Schottky barrier

andp-i-n UV PDs, their fabrication is simple and compatible with the field-effect transistor (PET)

process. Conventionauy, the MSM-PD is a
planar structure consisting of two interdigitated

electrodes on a semiconductor surface. The planar structure, however, usually brings about

problems of the electric field being nonuniform between the two
planar contacts and the electric

field strength fading off rapidly with increasing distance from the electrodes. Despite recent efforts

to improve the quality of the photoactive Ill-nitride epuayer,[837 there have been few studies on the

improvement Of this simple photodiode structure by changing the electrode configuration. It is

known that a key factor influencing the efficiency and speed of MSM-PDs is the rapid sweepout Gf

photogenerated carriers associated with a high electric field strength and short conduction path. At

below reach-through bias conditions the carrier collection time can be prohibitively long. Even

under higher bias, the carrier collection time can stnl remain long due to delays from carriers

generated deep within the semiconductor layer. Increasing the bias does not always provide an

acceptable solution
to the delay problem. As the applied bias increases, the dark current, due to

thermionic emission and tunneling at the Schottky contacts, increases strongly. Therefore,
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alternative device designs should be proposed, A recessed-electrode structure, compared with the

conventional planar one, has the potential to provide a uniform and enhanced electric field within

the lightabsorption region of the MSM-PD. Thus, the motivation for this work is to fabricate and

characterize GaN-based MSM-PDs with recessed electrodes.

5.2 EXPERIMENTAL PROCEDURES

The GaN films were grown on (0001) sapphire by the horizontal atmospheric pressure

me[alorganic chemical-vapor deposition (MOCW) method. Trimetylgauium (TMG) and ammonia

(NH,) served as precursors, and H2 Was used as the carrier gas. Before the film grlowth, the

substrate was heated at 1180oC in a stream of hydrogen for 10 Hh. Epitaxial growth started with

the deposition of a 30-nm-thick GaN buffer layer at 500 oC, followed by deposition of a 0.5-Ltm

-thick Lmintentionally
doped epitaxial GaN layer at 1130oC. Interdigital pattems with the active area

of 100 x 105pm2, finger width of 5 pm and gap spacing Of loam were defined by

photolithography using a Hg-Xe lamp source. The exposed 'parts of the GaN epuayer were

recessed by self-bias boron trichloride (BC1,) plasma reactive-ion-etching (RIE). The etching

process was carried out under a 10 W RF power with the BC13 gas flow rate Of 10 sccm. The

chamber pressure was maintained at 3.0 Pa during etching. A recessed depth of 0.25 pm was

selected, which is sufficiently deeper than the absorption depth (1/cy=0.12 pm in our case,

corresponding
to an absorption coefficient value of cy-8.23X 104 cm-1 at a wavelength of 360 nm)

of the incident UV light. In order to recover the damage induced by RIE, the samples were dipped

in boding aqua regia
for 10 min and annealed at 750oC in N2 ambient for 30 min.

Schottky contacts

(LqOnm Pd and 100 nm Au) were
subsequently

deposited by electron-beam evaporation and

formed by an etching process. The resulting cross-sectional structure of the recessed-electrode

MSM-PDs is depicted in Fig. 5.1(b). For comparison, conventional planar MSM-PDs were also

fabricated on the same wafer with the structure shown in Fig, 5.1(a).
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Pd/Au (80/100 nm)
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[I] [II]

Fig. 5.1. [I ]Schematic cross Sections of the GaN-based MSM-PDs with

(a)plaTlar electrodes P) recessed electrodes; [I ]Top view of MSM-PD show-

ing the izlterdigitatedgeometry

5.3 CHARACTERTST[CS ANALYSIS

5.3. 1 Current- voltage behavI'Or

Measurements of the dark current-voltage (I-V) characteristics of the i4SM-PDs were
performed

with an HP4145B parameter analyzer at room temperature. The typical I-V characteristics for both

o -tq

o-9

i:1
=
Q)
f

J～

; 1.
U

.i
a 10

E=

0 lO 20 30 40 50

Bias voltage (V)

Fig. S.2. Dark I-V characteristics of the conventional and

recessed-el-ectrode MSM-PDs at room temperature.
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types of MSM-PDs are compared in Fig. 5.2. At a typical operating bias of 10 V, the leakage

currents are 21.4 pA and 50.8 pA for conventional and recessed-electrode MSM-Pb, respectively.

To evaluate the fabricated Schottky contacts, we formed sateute Ohmic contacts by auoying indium

dots directly on the GaN epuayer.,

5.3.2 Analysis of series resistance effects on I- V characteristI'CS

The current-voltage relationship for a
metal-semiconductor Schohky diode, based on the

thermionic field emission model, is given by the following equations:[10J

I - I. exp(qV/nkT)[1
-

exp(-qV/kT)], (5.1)

where I is measured cuTTent, V is voltage applied across the )lunction, n is the ideality factor that

describes departure from the ideal diode equation for reverse bias as well as forward bias. ne

prefactor Io is the extrapolated saturation current given by

Io -AA
''T2

exp(-qQB /kT) , (5,2)

Under forward bias (qV>3 kT), Eq. (5.1)reduces to the familiar fom often used
to detemie lo,

I I Io exp(qV/nkT).

～

i
～

-

=
Q)

J～

r
-

J～

JJ

U

10-7

10-8

(5.3)

-20 -15 -lO -5 0 5

Voltage (V)

Fig. 5. 3. Current-voltage characteristics of a (Aun'd)/i-GaN Schottky diode.

me Schottky corltaCt is one electrode of the MSM-PD, arid the ohmic contact

is the satellite Lndium dot.)

A semilog plot ofl vs V yields a hear relation where the intercept at V=O is lo and the slope is
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q/nkT. DLle tO th.ehit,c'hcurrent under forward bias, these measurements are relatively immune to the

effects of leakage paths. However, the high series resistance Rs, of the semiconductor (such as

GaN) film lhits the forward current and causes departures from linearityover much of the forward

region, as evident in Fig. 5.3. Thus, accurate determination oflo and n cannot be obtained from the

plot due to the effect of series resistance.

Series resistance has been observed to dominate current conduction processes in large-band-gap

semiconductor rnaterials and has been reported to affect I-V measurements on diamond fums by

other research groups. ne series resistance contributes a prominent component because, at large

currents, the voltage drop occurring across the series resistance of the diamond film is large and

occurs in addition to the voltage drop across the junction.nerefore, the correct voltage across the

j'unCtion is considered as V- IRs, where Rs, is the series resistance. Thus, the contribution of Rs, to

the experhental I-V data can be subtracted from the thermionic field emission model of Eq. (5.3)

aS

I = Io exp[q(V- ms)/nkT],

Differentiating Eq. (5.4),one gets the following equation:

I-i(i%-f),

(5.4)

(5.5)

The equation implies that if a
plot ofl vs d V/d ln(I) yields a straight line, then Rs, can be

obtained from Vslope of that linear behavior, Thel vs d V/dln(I) characteristics are shown in Fig.

5,4. (a).The plot is indeed linear for the forward voltage range investigated. One can also obtain

the series resistance- of a Schottky diode from its forward bias I-V data using the approach

described by Norde[117or Lien, So, and Nicolet.[12)

Once the series resistance at a particular temperature has been evaluated by this method, its

contribution to the experimentalI-V data can be subtracted from Eq. (5.5).Figure 5.4.(b)shows a

ln(I)vs (V-IRs) plot. ne curves are linear over the entire voltage range. Accurate values ofn and

lo were then determined.
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Fig. 5.4. Plots of I vs dV/d h(I) of the Schottky diode which the

schottky contact is one planar electrode of MSM-PD and the ohmic

contact is a satellite hdium dot. ne slope of linear plot indicates a

constant series resistance value.

The prefactor Io can also be extracted from the reverse I-V characteristics througha SemnOg Plot

oil/(1 -expLq(V-Rs)/kT])
vs (V-Ips),obtained from Eq. (1)taking Rs into consideration. Figure

5.5 shows the I-V characteristics of the Schottky diode plotted in this manner, Io is determined

fr()m the point where the curves cross the V= 0 axis. Due to the low-current densities associated

with reverse currents, the measurement is less effected by Rs. As is the case for extrapolation from

semuog I-V characteristics in forward bias, the value of Io can be accurately determined from

reverse bias semilog I-V since the plot is linear over the entire reverse region for the temperature

range investigated, However, due to the heating effect caused by the reverse biasing of the

jLlnCtion,Io values obtained from the reverse bias are slightly higher than those obtained from the

forward bias region.

These examinations, therefore, indicate that the current conduction of the diode can be modeled

by the mod-ified thermionic field emission equation in both the forward bias and reverse bias

regimes for the Schottky diode. The diode can be modeled as an Schottky barrier in series with Rs.

From the corrected thermionic field emission model, accurate values of n and lo, can be obtained.
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Fig. 5.5. Reverse bias h(U(i -exp[-qP-rRs)kTJl)
vs (V-IR,)characteristics

of a (AuGd)/i-GaN Schottky diode taking series resistarLCeS into COnSideration.
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According to the method proposed above, analysis on Pd/Au Schottky contact of MSM-PD

shows that the saturation current Io, idealityfactor n and Schottky barrier heighLf QB are 0.65 pA,

1.05 and 0.85 eV for the planar contact and 1.76 pA, 1.09 and 0.83 eV for the recessed contact,

respectively. The degraded idealityfactor and barrier height in the case of the recessed Schottky

contacts may be related
to the near surface damages induced by RIE. This degradation together with

the increased junctionarea of the Schottky contacts led to a higher leakage current in the

recessed-electrode MSM-PD. It was also found that the leakage current of the recessed-electrode

MSM-PD requires a lower voltage to achieve a saturation "knee" and is less dependent on bias

above the so-called knee voltage. This implies an enhanced and uniform electric field distributed

through the gap space in the recessed-electrode structure.

5. 3.3 0ptI'Cal propertI'eS

The spectral response of the MSM-PD exposed
to an irradiation power density of 10 pW/cm2 is

shown in Fig. 5.6. A UV-visible spectrophotometer with a xenon-arc lamp source and a

monochromator with a grating of 600 hes/mm were used for these measurements in the range of

450-300 nm. The constant hadiation power density was corrected with a thermopne unit, while

theabsolute values of responsivity were determined using a calibrated Si detector.
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Fig. 5.6. Comparison of the spectral response characteristics of cozNentiozlal and

recessed-eledrode GaN MSM-PDs biased at 10 V. ne inset shows the variation of

responsivities
with increasing bias voltage.
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For both types of MSM-PDs, the responsivities
are quite flat over the band gap and exhibit a

sharp cutoff at the absorption edge. Under 10 V bias, the responsivities at 350 rm are 0,134 jW

and 0.071 NW for the MSM-PDs with and without recessed electrodes, respectively,

corresponding to an extemal quantum efficiency of 47.5% and 25.2%. Taking into consideration

the shadowing of the electrodes and the surface reflection of the incident hght, the internal quantum

efBciency 77hl is related to the current responsivity
mE aS Shown by

mE. - a(1-R(sTt)7hL, (5.6)

where A is the wavelength, h is Planck's constant, c is the light velocity, q is the electron charge,

R is the power reflectance at the air-GaN interface, s is the gap spacing, and
～ is the metal finger

width.[13l TakingR=21% at 350 nm, s=10 pm and w=5 Llm, the internal quantum efficiencies of

the planar and recessed-electrode MSM-PDs at various bias voltages of 5, 10, and 15 VweTe then

calculated and are listed in Table 5.1.
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Table 5. 1. Intemal quantum efficiency of the conventional planar

and recessed-electrode MSM-PDs at various bias voltage.

Type Of Ile12Ce Internal Quantum Efficiency (%)

conventional

5V lOV l=V

12･= 41･8 120･6

re CeSSed-eleCIlOd e 31･6 90･2 224･3
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Itwas shown that the intemal quantum efficiency was obviously higher for the recessed-electrode

MSM-PD. We attribute this to the enhanced electrical field strength in the deep portions of the

active layer in the case of the recessed-electrode MSM-PD, which results in efficient sweep-out of

photogenerated carriers. Under the applied bias, the depletion
region

is deepened and widened by

the recessed electrodes, the electric field strength in the photoactive region w_as higher, and the

electric field distribution was more uniform. For this reason, the conduction path along the electric

field line via which the carriers travel to the electrodes was shortened. As a consequence, the

generated electron-hole pairs in the photoactive region could be separated and conected efficiently

by the recessed electrodes with less recombination-eliminating effect. It was also found that the

responsivity increases as a functionyof bias voltage, as shown in the inset in Fig. 5.6. nese

characteristics combined with the internal quantum efficiencies of more than 100% are evidence of

some internal gain. ne reasons for this internal gain have been discussed in the chapter 4. Here,

we would uke to simply remark itagain.

In the bias range under consideration, both types of MSM-PD are partiauy depleted; i.e" a

low-field diffusion region is present between the two depletion regions of the cathode and anode

contacts. As bias increases, the diffusion region decreases due to the increase of the two depletion

regions, and the carrier diffusion effect subsequently decreases, leading to a proportionally

increased photoconductive gain in the responsivity. Another contribution to the internal gain is

generauy considered to be the in].ection of additional electrons at the cathode contacts by

photoinduced hole accumulation, leading to an internal quantum efficiency over 100%. ne

9l
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possible mechanisms responsible for the hole accumulation in GaN-based MSM-PDs have been

discussed by Monroy et al..[141 we speculate that the larger intemal gain present in the

recessed-electrode MSM-PD is due to the improved separation of photogenerated electron-hole

pairs leading to an increased density of holes accumulating at the cathode contacts.

5.3.4 C-V-F measurement

If a metal contact to an extrinsic semiconductor results in the formation of a depletion region in

the semiconductor adjacentto the contact, the system may be treated as a voltage-dependent

capacitance. The depletion region froms a barrier to the flow of mobne charge carriers to from the

metal into the semiconductor. Under certain conditions, the height of the barrier and the charge

density in the depletion Lregion can be obtained from a measurement of the variation of the

capacitance with applied voltage. One such case is that of the Schottky barrier in which it is

assumed that the charge density in the depletion region is constant and due only to the ionized

donor atoms.

Most commercial capacitance meters measure the capacitance of the diode under test by applying

a constant RF voltage , and monitoring the imaginary component of resulting RF mrrent. If there is

no series resistance in the equivalent circuit of the diode, the imaginary component of the RF

current is directly proportional to the depletion
region capacitance. In the presence of series

resistance, however, itis straightforward to show that the measured capacitance, Czn, is given by

m

1+(a)RsC)2
, (5.7)

where C is the actual depletion region capacitance, wis the measurement angular frequency, and Rs

is the series resistance. Clearly Cm<C, and one would like to have (wRsC)2<<1. Fig. 5.7 ulustrates

some of the sources of series resistance encountered in realistic test diode. From Eq. (5.7),itcan

be seen that there are several possible ways to reduce the effect of series resistance, since its

influence is only felt throughthe product (wRsC)2.Assuming the resistance itself has been reduced

as much as possible, one could reduced the capacitance by using test diodes of smaner area. It is
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not practical
to use diode areas below 104 cm2, however, because of the increasing importance of

edge-effect and stray-capacitance correction, and the difficulty of measuring such smau areas

accurately. Another method is to
reduce the measurement frequency, but itshould be noted that the

too low measurement frequency may let singa1-to-noise ratio become worse.

Circular Schottky Annular ohmic

contact with contact

v=vo+vlej
O' (

Fig. 5.7. A cross-sectional view of a metauic Schottky contact on an epitaxial

semiconductor film with Sapphire substrate. rme dashed liLleindicates the depletion

region near the Schottky contact. The depletion-layer capacitance is shown in series

with resistances which arise from the undepleted semiconductor and the ohmic coIltaCt.

For Schottky barrier MSM-PD, the calculation of the capacitance at zero bias has been introduced

in the chapter 2.3. For capacitance-voltage (C-V) characteristic, Sze has shown both theoreticauy

and experimentally that Schottky barrier MSM-PDs have a maximum capacitance when a smau

positive
or negative bias voltage is applied and a local minimum in capacitance at zero bias.[1" This

results in a characteristic hump in the C-V curves from such a structure. The maximum arises from

the capacitance of a forward biased barrier (anode)at one interface acting in series with a reversed

biased barrier (cathode)at the other contact. The total voltage drop across the structure is given by

the sum of the voltage drop across the forward biased (V ) and the reversed biased (Vc) interfaces

and any voltage drop that occurs across the bun of the semiconductor (V bulk ) Which is a function

of the thickness of the semiconductor (i),so that

v= va + vc +vbu[k(i). (5.8)

sze took the voltage drop across the semiconductor
to be zero and showed, using standard

expressions for the capacitances of the interfaces that the total capacitance of the structure is given
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by

with

c- cacc/(ca'cc),

ca

-J5,

94

(5.9)

(5.10)

(5.ll)

where q is the charge of an electron, a the dielectric constant of the semiconductor, and N. the

doping concentration of the semiconductor. For symmetrical structures, the hunt-in potemial V,

was taken to be the same for the two interfaces (VD=Vb=VJk). In the limit of sman apphed voltages

(v< <vD), the resultant' capacitance reduced to

-W(1.a),
(5.12)

Thus, the capacitance of the structure increases initiany with bias voltage. At higher voltages most

of the voltage drop occurs across the cathode contact. the capacitance

(5.13)

then decreases with increasing voltage. These two limits imply that the capacitance of the structure

goes through a maximum at small voltages resulting in a peak in the C-V. For V>VRT, the

semiconductor is completely depleted, and the capacitance per unit area is the same as that for a

parauel plate condenser. Typically, the measured capacitance for a sy7TmetriC MSM structuie is

syrr-etrical with respect to the voltage axis. For voltages large than fVRTIthe capacitance should

remain constant.

Capacitance-voltage-frequency (C-V-i) measurements were carried out using an HP4284A
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LCR meter with frequencies ranging from 500 Hz to 1 hmz. For the MSM-PD structure with the

highly resistive epuayer, the series resistance (Rs)may introduce error in the measured capacitance.

It is generally accepted that the C-V measurement should be questioned unless a2AC<<1. In our

case, the value ofR. extracted from the forward I-V characteristics of the Schottky diodes is in the

range of40 to 60 KE2. Note that this value may be larger than that in the MSM-PD because of the

longer distance between the Ohmic and Schottky contacts (-100-250 LLm).To reduce the effect of

Rs on C-V characteristics, a useful method is to lower the test frequency.

～

O
-

X

V

Q}

U

=
C3

-

f-

U
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EL
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o 5 10 15 20
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Fig. 5. 8. C-V-F characteristics of the converltional azld recessed-ele&ode MSM-PDs.

Figure 5.8 shows the C-V-F
characteristicsof

the conventional and recpsed-electrode

MSM-PDs. It was observed that the C-Vmrves at 500 Hz are Very Close to the mrves at 1 KHz.

Assuming that c5=3 pF, the maximum-value of a)AC is 1.13 at 1 MHz, while itis only 1.13X

10.3 al 1 KHz. We therefore consider that the Rs induced error Can be neglected when the &equency

i 1 BHz. For the planar MSM-PD, the capacitance trace increases from its zero-bias value to a

maximum and then decreases monotonicauy, which is in agreement with the typical curve trend

reported in the uterature. nle trace for the recessed-electrode MSM-PD7 aS COmPared to the p1anal

device, starts at a larger zero-bias value, decreases more rapidly and flattens out at lower bias. This

trend supports the hypothesis that the electric field in the active region is enhanad due to the
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recessed electrodes. In this case, the voltage drop across the depletion
region of the Schottky

contacts under the same applied voltage wu be larger in the recessed structure than in the planar

structure, leading to a faster extension of the depletion
region (i.e., a faster capacitance decrease)

with increasing bias voltage. As the frequency is increased, the capacitance dependence on bias

becomes less pronounced due to the effect of large Rs. In the case of the recessed-electrode

MSM-PD, the C-V curve exhibits a downthrow when the frequency is varied from 1 KHz to 10

KHz. This downthrow may be due to the RIE-induced defects which partially compensate the

depletion region.
[16]

The anomalous C-V characteristics at high frequencies are therefore caused by

a combination of the effects resulting from large Rs and RIE-induced defects.

5.5 SUMMARY

In summary, GaN-based MSM-PDs with recessed electrodes have been fabricated and their

characteristics have been compared with the conventional planar structure. The photodiodes

exhibited low leakage current and capacitance. An enhanced responsivity was found in

recessed-electrode MSM-PDs with a peak value of 0. 134 jVW under the irradiation power density

of 10 pW/cm2, corresponding to an internal quantum efficiency of 90.2%, which is a 42.4%

improvement over that of convemional MSM-PDs. The improvement was ascribed to the enhanced

and uniform electric field in the photoactive regions due to the recessed electrodes.
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CHAPTER 6

Summary and Future Trends

6.1 SUMMARY

The work of this dissertation is focused on two aspects. At first,itis started with an investigation

on the optical properties of ALGa1_xN, including the optical absorption in n-type GaN and the AI

composition dependence of bandgap in ternary AlGaN auoys. Both of them are the most important

properties in design and characterization of ALGa1.xN UV photodetectors. Based on the knowledge

of these properties, the second part of this work means the fabrication and characterization of GaN

MSM-PD were performed with an
objectto

improve the performance especiany the responsivity of

this type photodetector, Here, we surrmarized this dissertation as the follows.

In chapter 1, the background of the UV radiation, the state-of-the-art ALGa1_xN based UV

photodetector and itspossible application were discussed.

In chapter 2
, the basic operating principles of the metal-semiconductor photodetector including

Schottky barrier photodiode and Schottky MSM-PD were presented. Generauy the behavior of

these devices results from the absorption of UV radiation with consequent electronic effect in GaN.

For this reason, the optical absorption process in undoped and Si-doped n-type GaN was

discussed. The fouowing discussions on the photoresponse mechanism showed that the optical

parameter of interest is the absorption coefficient, cy (A ),and the electrical parameters of interest

are minority carrier diffusivity, D, and diffusion length, L. At last, the performance figures and

their analysis method, which can be utnized in understanding the operation of devices and the

optimization of performance,
were also presented..

In chapter 3, the research works on optical properties of the ternary ALGa1_xN alloys are

reported, The normal-incidence reflectance measurement was employed to obtain the free exciton

transition energy (EFX) Of juGaN auoys in ALGa1_xN/GaN/Sapphire heterostructure grown by

MOCW. It was found that the thickness variation of the juGaN layer may cause a noticeable
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change in the line shape of reflectance spectrum and impede the identification of the desired

excitonic position. By using a reflection model of two absorbing layers
'with

a transparent

substrate, the experimental reflectance spectra were theoretically simulated and utnized to explain

the reflection mechanism in ALGa,_xN/GaN heterostructures. On the basis of the above analysis,

the feasibuity of the reflectance measurement for such heterostructures is confirmed. At room

temperature, the EFXS Obtained from the fitting showed an excellent agreement with the

corresponding peak energies
in the photoluminesence spectra. Furthermore, at the optical energy

position about 100 meV above the EFX, the spectral feature of exciton-LO phonon interaction was

observed in the rellectance spectrum record for low Al composition (x5;0. 16).Using the ju mole

fraction derived from x-ray diffraction measurement, the bowing parameter of the epitaxial AIGaN

layer was determined. In the range of 0 5;x<0.3, the resulting bowing parameter shows a

downward value of 0.53 eV.

ln chapter 4, the fabrication and characterization of back inuminated MSM-PDs based on GaN

grown on (0001) sapphire were introduced. The photodetector with a thin GaN layer of 0.3Lm

exhibited low dark current with a saturation value of 2.06 pA. A visible re]'ection of more than four

orders of magnitude was observed in the spectral responsivity under 5 LLW/-2 irradiance at 5 V

bias. The responsivity was 16.5 jW at awavelength of350 nm, which is 55 times that of the top

ulumination case. The results hply the presence of high internal gain under back nluHhation, due

to the high density of charge generation.

In chapter 5, GaN-based MSM-PDs with a recessed-electrode structure have been fabricated

and characterized. The photodiodes exhibited low leakage currents with a typical value of 51 pA at

10 V. Spectral response revealed a responsivity up to 0.14 jVW at 350 I- under 10 V bias,

corresponding to an internal quantum efficiency of about 90%, which is a 55.6% improvement

over that of conventional MSM-PDs with planar electrodes. The improvement was attributed to the

enhanced and uniform electric field due to the recessed electrodes in the photoactive region, leading

to a more efRcient carrier collection.
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6.2 FUTURE TFIENDS

Despite the remarkable developments in ALGa1_xN-based UV photodetectors, true
solar-blind

detectors with very low noise levels and signal amplification have not yet been reported. Past

research works on these devices show that several factors, just as in development of other

ALGa1_xN-based optoelectronics (LED and LD
etc.),

have played a key role in realizing high-

performance photodetectors, such as better control over the residual oxygen concentration in the

MOCVD growth process [especiauyby use of improved purity precursors, NHS
, and (CH3)3Ga]

and use of optimized buffer layers as a template for active layer growth; the development of low

defect density epitaxy, using the ELO or quasi-GaN-substrate approaches; ability to grow high

quality AIGaN with high ju-content; better stoichiometry control to
avoid high n-type doping

backgrounds in epitaxial material; improved processing methods in the areas of olmic and

rectifying contacts, dry etching, facet coating, cleaving and implant activation and isolation, and

finally in device design. With consideration of these factors, the further research works win be

concentrated on the following aspects.

(I)The main issue in the fabrication of UV detectors seems to be one of improving material purity

and quality. In order to establish true solar-blind photodetector, high-quality and well-controlled

ternary ALGa,_xN is essential. In n-type ALGa1_xN, minority hole diffusion length L, decreases

with increasing doping level. A decrease of Lp is explained by a decrease in the carrier mobnity

(diffusivity),LL A,
due to ionized impurity scattering.[1] significant improvement in the

short-wavelength response win result if the nhority carrier lifetime can be increased towards its

radiative limit in material
to which a minority carrier-blocking contact can be applied ( as explained

in the chapter 2).

Currently, there are stin no widely avanable lattice-matched substrates foLrthe growth of wurzilic

GaN. As a result, most materials today stiu have high threading dislocation (TD) densities. It is

indicated that minority carrier reCOmbination, taking place at dislocation, decrease the minority
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carrier liilethe, and therefore, diffusion length.[2.3,4] Recently, Akasaki research group of Meijo

university has succeided in reducing both etch pit density and dislocation density to a great extent

by insertion of the second LT-buffer layer between a high-temperature (HT) groLwn GaN.n

sapphire.[5,6] crack-free and high-quality thick ALGal_xN, with x ranging from 0 to 1, has been

grown on sapphire, using low-temperature interlayer. The low-temperature ALN interlayer reduces

tensile stress during the growth of AlxGal_xN, whne simultaneously improving the crystalline

quality. Cross-sectional JEM showed that by using the multi-step buffer layers dislocation density

in GaN decreased to mid 107 cm-2, which is one to two orders of magnitude lower than those of

convemional single
LT-buffer layer method.[7]

Lateral epitaxial overgrowth (uO) was used to produce areas of low dislocation density in close

proximity to areas with the high dislocation density typical for growth on sapphire. For Schottky

barrier photodiode, an improvement of one order of magnitude in the UV/visible contrast has been

observed, in comparison with devices on standard GaN on sapphire. ne significantly lower

residual doping concentration reduces markedly the leakage current, and increases the detector

bandwidth.
[S)

A comparison forp-i-n ALGal_xN photodiode demonstrates the use of LEO GaN can

signii'icantly improve the photodetector noise performance and high-frequency response.[91 This

procedure and its many variations[10,
1l]

wnl continue to be advanced and simplified, improving the

quality of GaN fhs on inexpensive, large area substrates, and reducing the process costs, and,

will be important until GaN substrates become available.

It is speculated that incremental improvements in crystal quality of ALGa1.xN film quality on

both sapphire and Sic substrates will continue to be made as epitaxial growth processes are

refined, and, the fabrication and characterization of UV photodetector on improved ALGa,_xN

epilayer will thus continue to be one of the future research trends.

Although the well-established process technology for GaN epitaxy on sapphire and sihcon

carbide ensures that these wul remain the most corrmon substrates for the foreseeable future,

efforts should stillbe made
to

grow large Gab crystals. If GaN substrates become avanable, the
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quality of the epilayers can be improved. Point defects and dislocation density win decrease and

there will be an overall improvement in the device performance. On the other hand, in order to

accomplish integration of Ill-nitride photodetectors with Si electronics, these devices win have to

be grown locany on an already processed Si chip. Some hteratures have reported the UV

photodetectors
fabricated on ALGa1_xN grown on the Si substrate.[l2] The results show that the

performance is stiu hmited by the quality of ALGa1_xN which need to be improved in the days

ahead.

In addition to growing GaN films with low defect densities, another key requirement for

fabricating devices is the abihty to precisely control the desired electrical properties of the thin film.

In general, wide bandgap semiconductors are diffimlt to dope due to native defects. When the

enthalpy for defect formation is lower than the band gap energy, the probability of generating a

defect increases with the bandgap, i.e. the energy released by donor-to-acceptor transition.There is

an urgent need to find acceptors with a lower activation energy to improve p doping and hole

mobnity. If heavier p doping becomes possible, it win help in solving the problem of making

ohmic contacts to thep-type nitrides.[13]

(II)Whne further improvements in the ALGa1_xN quality can be expected to
enhance device

operation, further device advances wn1 also require improved processing technology. Owing to

their wide bandgap nature and chemical stabihty, GaN and related materials preient a host of device

processing chanenges, including difficultyin achieving reliable low-resistance p-olmic contacts,

lack of efficient wet etch process, generally low dry etch rates and low selectivity over etching

masks, and dry etch damage. These problems constitute an obstacle to successful demonstration

and commercialization of some AlxGa1_xN-based photodetectors, such as phototransistors, whose

performance
are much more affected by the immature fabrication techniques. To fuuy exploit these

device applications, a number of critical advances are necessary in the areas of high temperature

thermal processing, Ohmic contact to p-type material, dry etching process, and device passivation.

Iip-n junctionvarieties are to be used, highp-doping in such a high mole fraction juGaN is no
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easy task and none has been demonstrated. Doping efficiency of donors and acceptors decreases

drasticauy as the concentration of Al and band gap of juGaN increase. ne ionization energy of Si

in AIGaN increase from 20 to 54 meV for ju concentration of about 20%. No p-type conductivity

in AIGaN has been achieved for more than 13% Al. Good ohmic contacts on n-type GaN can now

be made but contacts on p-type GaN continue to be a problem. Schottky barrier varieties may

remove the requirement ofp-doping. However, if avalanche photodiodes (jWDs) are pursued for

their advantages of high-speed, high-sensitivity and much-needed gain, as required by systems

applications, the Schottky barrier varieties may not be as successful as the p-n junctionvarieties

have been in avalanche photodiodes based on conventional compound semiconductors, Moreover,

if one very littleis reauy known about the ionization coefficients of electrons and holes in GaN and

its alloys. The calculations are frustrated by the lack of reliable data on the properties (such as

complete band structure)of these materials. To date, there have been few reports
on the

GaN-based APDs.[14,l5] The development of ALGal_xN jUDs has been hampered by the formation

of micTOPlasmas due to defects in the material.[l67 Its fabrication will be treated as a remaining

challenge in the future research work.

(II1)The lack of knowledge of physics parameter is not only limited in the design of avalanche

photodiodes. There is also a need for experimental data on the ju-mole-fraction dependence in the

ternary ALGal_xN system of the absorption coefficient, the refractive index, the minority camier

mobility and life time and on the band offsets in heterojunctionformed from materials within the

ternary system. In addition, the calculation of the minority carrier diffusion length L, via L = J6= ,

presents the greatest uncertainty owing to the almost complete lack of knowledge of the minority

carrier lifetime, I.

It comes with no doubt that if these problems are solved, many more devices will be

corrmercialized. Researchers working in this area are looking forward to new exciting

developments in the next few years.
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