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CHAPTER 3
Exciton Transition Energy and Bowing Parameter of
AlGaN Alloys

3. 1 INTRODUCTION

GaN and its heterostructure with AlGaN have attracted much attention to fabricate high
power/high speed heterojunction field-effect transistors™! as well as near UV laser diodes® and
vision-blind UV detectors.? In such device applications, a crucial property of the AlGaN alloys is
the composition dependence of the band gap energy (E, ), 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.¥! Although the
composition of AlGaN alloys obtained by chemical evaluation methods, such as electron probe
micro analysis (EPMA) or Rutherford-backscattering -spectrornetry (RBS), etc., is considered more
accurate than that extracted from the measurement of X-ray diffraction (XRD), it was suggested
recently that with taking account of the in-plane biaxial strain effect on both lattice parameters, a and
¢, the XRD method is also possible to generate precise Al content and, furthermore, provides
information about the microstructure of epitaxial layers.”! On the other hand, for the bowing
parameter, because the investigations were performed on samples in different structures, growth
methods and growth conditions, it is difficult to present a universal constant. In fact, there has been
a relatively large variance in the values of bowing parameter reported so far.”! 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 III-V column semiconauctor

materials.®”®! The three characteristic excitons (A, B, and C) of the wurtize crystal structure GaN
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and AlGaN are usually used to deduce the band gap energy (E,). For GaN, the large exciton
binding energy permits its excitons to exist even at room temperature. It is predictable that for
Al Ga, N also, the excitons will exist and strongly influence the room temperature band structure,
specially in low Al composition region. On the other hand, reflectance measurement is, if poésible,
obviously convenient in determining the E, of AlGaN alloys, 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
phot’oreﬂectance (PR) spectra to determine the Ep, of AlGaN, but without any discussion on
reflectance measurement.”’ More recently, Yu et al. have confirmed the feasibility of this
measurement in estiméting the E, of AlGaN alloys in AlGaN/GaN heterostructures, but with a
difference of 3% (above 100 meV) compared with PL measurement."® In the experiment,
however, we found that the thickness variation of the AlGaN 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 discrepancy between the reflectance and
PL measurements. Hence the application of this method remains to be elucidated in inodel analysis
and accuracy modification. For such purposes, a reflection model of two absorbing layers with a
transparent substrate was used to perform a detailed discussion on the experimental data. Based on
this discussion, the Eys of AlGaN obtained from a fitting procedure were found in an excellent
agreement 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 PROCEDURE

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

pressure metal-organic chemical-vapor deposition (MOCVD) method. Trimethygallium (TMGa),
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Trimethyaluminium (TMAI), and ammonia (NH,) were used as source materials for Ga, Al, and N.
All the epitaxial layers were nominally undoped. The sapphire substrate was first heated at 1100°C
for 10 min. in a stream of hydrogen for cleaning. Then the temperature was lowered to 500°C to
grow a 30-nm GaN buffer layer. Subsequently, the temperature was elevated to 1080°C, at which a
1.5-um-thick GaN layer and a AlGaN layer with a thickness between 30 and 200 nm was grown.
The heterostructure is illustrated in Fig. 3.1. Reflection spectrum was measured in air for light
normally incident to the surface of the sample with a 0.1 nm spectral resolution. A tungsten lamp
was used as the light source. The peaks in reflectance spectra have also been confirmed by He-Cd
laser source (325nm) PL measurement for low Al composition samples. XRD measurement was
used a rotating anode Rigaku RINT2000 diffractometer, with Cu Ka,/Ka, doublet (A,,,=0.1540562

nm). The scan step was 0.002 degree. All measurements were carried out at room temperature.

3. 3 RESULTS AND DISCUSSION

3.3.1 Composition of the AIGaN layer
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FIG. 3.1. XRD spectra for an Al,Ga, N/GaN/Sapphire heterostructure.

For wurtzite structure AL Ga, N crystal, the lattice parameter of principle crystal axis ¢ can be
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obtained from XRD measurement in the symmetric (0006) reflections of 26/6 mode by using the

Bond method (Fig. 3.1, ¢ = Pay o= 01540562/ nm). The value for ¢ is often used to
3sin 6 3sin €

calculate the mole fraction (x) assuming the validity of Vegard's law. Principally, the relaxed lattice
parameters @, and ¢, from the binaries AIN and GaN, a,(x) and c,(x) of stress-free ternary Al
Ga, N films should be related to mole fraction (x) by the linear expression

co(x) = (1-x)+c™x . (3.1a)

ay(x)=al™(1-x)+ai"x . (3.1b)
where the fully relaxed lattice constants, a, and c,, are taken to be 3.1892 A and 5.1850 A for
GaN,"" and 3.1114 A and 4.9792 A for AIN," 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.””! In view of these changes, the actual lattice
parameters ¢ and ¢ could be, under a crucial assumption that in-plane biaxial strain is dominant in

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

= (C-CO)/(a _aO) = _2_9&
Co ) Cy

£ 1€,

(32

where the C is the elastic stiffness constants of the AlGaN epitaxial layer. Considering that the
elastic properties of ternary varies linearly with the composition of arbitrary binary compounds,
AIN and GaN, the values C,,=114 and C,;=381 GPa (¢, /¢, =-0.60 ) for GaN (Ref. 14) and
C,;,=120 and C,;;=395 GPa (¢,/¢, =-0.61) for AIN (Ref. 15) were used to set the value of strain
ratio of AlGaN as -0.60 here, which is also identical to that used by Akasaki et al. in Ref. 16.

The mole fraction x of the alloys can then be calculated by solving Egs. (3.1) and (3.2). Because
the AlGaN films are so thin in this experiment and all samples show relative high 2DEG mobility,
they can be considered as perfectly strained by GaN layers, and then we can assume .that

GaN

ao(x) =a," here. The composition values therefore obtained from the measured lattice constants

are shown in the next section.

54

—206—



CHAPTER 3 Exciton Transition Energy and Bowing Parameter...... 55

normal incidence

J Medium 0 (air)
Ty1 Lo Y to ng=l, dy=c0
| T { Medium 1 (AlGaN )
10 01
¢$I'12 M r & ny=n,-ikj, d;=~30--200nm
T ! t12 Medium 2 (GaN)
M’ 23 Y |Gz meoikde-lSum
t T3 |l
¢ 23 T¢ V Medium 3 (Sapphire)
n3=ngz-ik3 (k3 =0), d3=2mm

Medium 0 (air)
ng=1,dy=c0

Fig. 3.2. Schematic diagram of the AlGaN/GaN/sapphire heterostructure

and the reflection and transmission of the normal-incidence light in this
multilayered system.

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 epilayer is
negligible, at normal incident, the power reflectance of this structure which takes the multiple
reflection into consideration can be written as

2

R
02

1-ryrp exp(-2a,d, )exp(-id, )| ° (3.3)
o= T +,12 eXP(—2a1d1)eXP("j5l)
Where 2 1 - ol exp(-2qdl)exp(- j 51) : (3.3a)
roo= ™+ CXp(~2a1d1)exp(—j61)
? 1= ngr, exp(-20,d, Jexp(-j8,) ° (3.3b)
_ tuln exp(-a,4, ) exp(~j6, /2)
" 1-rgn, exp(-204d, Jexp(-j6, ) ° (3.3¢)
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po= Intig eXP( _aldl)exp(—jél /2);
® 1= rn, exp(-2ayd, Jexp(-j6,)

(3.3d)

and

l(”i _”;‘)2 +<Kt 'Kj)z

rg.=

- exp(if,) (§j=01, 12, 23; ;; = -1 , 6; = arg(ry)) (3.4)
I(ni+nj) +(z<i+;<j)

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

and the corresponding transmission coefficient §; =1+7; . « is the absorption coefficient, n the

4w 4rx
= 7nldl and 6, =—nyd, ; kK, =a,A/4r and

refractive index, and d the thickness; o} 2

1
K, =Q,Al4T.

Using Egs. (3.3), the reflectance spectra of AlGaN/GaN heterostructure was numerically
calculated. In the calculation, the absorption coefficient spectrum of GaN was taken from our
previous work; 7! the absorption spectrum of AlGaN was obtained from the rigid shift of GaN.
For avoiding noticeable error, the Al mole fraction of AlGaN is set to be a relatively low value, x =
0.11. The energy locations of the maxima of excitonic profiles in the absorption Spectra of GaN
and AlGaN, named E,;, and E,,, respectively, were used as identifications corresponding to the
extrema in retlectance spectrum, Published data of Brunner et al. were used for the refractive index
of GaN and Al,,Ga, /N as a function of composition x and energy below the band gap."®! Above
the band gap, the data of Amano et al. were employed."”'Sapphire 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(i6;)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 details in the reflectance spectra can be explained by the calculated spectrum illustrated in
Fig. 3.3. As expected, model calculations show that the excitonic structures in absorption spectra

of GaN and AlGaN are just the cause of the corresponding valley and peak in the retlectance
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spectrum. As shown in Fig. 3.3, the reflectance can be divided into three regions, which are the
photon energy (a) below the absorption edge of GaN; (b) between the absorption edges of GaN

and AlGaN; and (c) above the absorption edge of AlGaN.
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Fig. 3.3. Numerically calculated reflectance spectral of Aly;,Ga,gN/GalN/sapphire
heterostructure (dash line). The solid line represents the experimental data. Reflectance
and absorption spectra of the GalN/sapphire structure are also given for comparison. Egy
and Ey were used as identification responding to the maxima of exciton profiles in
absorption spectra of GaN (solid line) and Alg,;GaggoN (dashed line), respectively.

In the region (a), as the normal-incidence beam experiences relatively weak absorption, the
reflected beam consists of the lights that reflected from the interfaces of air/AlGaN, AlGaN/GaN
and GaN/sapphire. In this region, the reflectance spectrum is dominated by the mterfc;rence effect
results from both AlGaN and GaN layers phase factor exp(-jd,) and exp(-;d,). In the region
(b), due to the strong absorption of the GaN layer, the second term in Eq. (3.3) tends to be
negligible, aﬁd results in a drastically change in reflectance. Since the multiple reflections in the

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

dominated by the interference effect results from exp(~;9d,) . As the energy of incident light further

increases and reaches into region (c),

sharp change in reflectance again.

the absorption of AlGaN rapidly increases, resulting in a

W
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Fig. 3.4. Experimental reflectance spectra for Al Ga, ,N/GaN/Sapphire (x around 0.1)
heterostructures with various thicknesses of AlGaN layers (). The thickness values
were measured by thickness monitor in the growth process of epilayers. It shows that

the excitonic profile of GaN is hidden in interference fringes when 4, is about 200 nm.

Besides the excitonic resonance structures of GaN and AlGaN, 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 AlGaN
layers. For Al composition x around 0.1, we can see that the variation of d, results in noticeable
changes in the spectral lineshapes of region (b). Specially, we found that when 4, 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),
"two peaks" appear near the excitonic position of AlGaN and the excitonic profile of GaN seems to
be hidden (3.403 eV seems to be an extremum value of interference fringes rather than a value of
E;y which is indicated by another arrow at about 3.43 eV); however, in Fig. 3.4(d) the excitonic
peaks of GaN and AlGaN can be identified clearly. In order to be clear in assigning both AlGaN
and GaN peaks from Figs. 3.4(c) and 3.4(d), the reflection model was again used to analyze the
experimental spectra, \;vhere the thickness of the AlGaN layer is a variable parameter. Because
heterostructure devices are usually grown on thick GaN, where thickness enables the multiple
reflection in the GaN layer diminished at energy above EgGaN, the influence éf 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 AlGaN layers are shown. As for the
variation in thickness of the AlGaN layer (d,), it was seen that the energy location E,,, of the
identification line does not shift with the changes of thickness d,, while 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 E,,, [Fig. 3.5(c)] is a interference fringe result from the AlGaN layer when 4,
is 192 nm. Under the effect of this fringe, the excitonic profile of GaN is undistinguished, while
that of AlGaN is still visible. For interpretation, we utilized the calculated spectra of Ry, (Ry, =)y, [)
as shown in Fig. 3.6. It comes as no surprise that the line shape of R, exhibits a trend to agree
with that of R as the thickness 4, increases. We can know that in regions (b) and (c), the large
value of a,d, of the GaN layer lets R~R,, [see Eq. (3.3)]. According to Eq. (3.32), r,, will
approach r,, as the d, increases, meaning that the thick enough d; will eliminate the multiple
reflections in the AlGaN layer and only leave the reflected light of r,, remaining. As a result, R will

approach to R,. Figure 3.6 provides a direct observation that R, acts as a dominant factor in the
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amplitude of power reflectance R around the exciton resonance energies of AlGaN. Because R, is
not affected by the variation of thickness d,, the excitonic profile of AlGaN cannot be diminished in
the line shape changes. In contrast to the AlGaN layer, the GaN layer has to reflect its excitonic
profile through the reflected lights of r,, and r,; and, therefore, it is easily affected 5y the
interference effect and its excitonic profile may be hidden by the interference fringe. The calculated

model demonstrates that the occurrence of interference fringe starts from about d,=40 nm with a

thickness period about 75 nm.

Reflectance (%)

Fig. 3.5. Calculated reflectance spectra for AlggsGagg,N/GaN/Sapphire heterostructures
with thickness (d;) changes corresponding to that in 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 Eay
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(3.621 eV) are not shifted.
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Al Ga, N/GaN:
x=0.11
~30 nm/~1500 nm

(a) l3.591 eV (AlGaN)

? 3.430 eV (GaN)
(b) x=0.10
l 3.679 eV ~80 nm/~1500 nm

25

20

15
26 ()

24 I
22
201
18 H
28 =
26 -
24 H
2 H
20 H
18 H

l 3.626 eV x=0.08
~200 nm/~1500 nm

Reflectance (%)

f 3.403 eV
(d)

x=0.07
~200 nm/~1500 nm

13.593 eV

3.432eV

ll[llIllllllllllll[lllllllllll

3.4 3.6 3.8 4.0 472 4.4 4.6
Photon energy (eV)

Fig. 3.6. Calculated reflectance spectra of Ry, (dashed line) and R (solid line) with
various thickness 4;. With the increase of d;, R, shows a trend of agreement with R
at the excitonic profile of AlGaN. It also shows the amplitude of R, is a dominant

part in that of R.

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

fringes [in region (b)], both excitonic profiles of GaN and AlGaN can be easily identified in the
retlectance spectrum; (i) with the presence of interference fringes, the excitonic profile of the GalN
layer is possibly overlapped, but the excitonic profile of AlGaN can be observed. The interference
fringes will only present at the low optical energy region of Ey, and not shift the excitonic position.
This lets us easily assign the peak of AlGaN; (iii) the application of the reflectance measurement in

AlGaN/GaN/sapphire heterostructures is not limited by the layer thickness of AlGaN (except

AlGaN layer is too thin to be detected).
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Figure 3.7 illustrates the experimental reflection spectra of AlGaN(~30nm)/GaN(~1500nm)
samples with various Al mole fractions as a function of the photon energy. The positions around
peak and valley of the spectra were taken as the free excitonic transition energies (Eg,) of the

AlGaN and GaN layers, respectively, as indicated by arrows. Determination of the location of Epy

will be described in the next section.
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Fig. 3.7. Room temperature reflectance spectra of AlGaN(~30 nm)/GaN(~1500 nm)
heterostructure samples with various Al mole fraction, x. The excitonic transition

energies of GalN ( E;?N } and AlGaN ( E;;(G"N ) are marked by vertical arrows. The inset

shows the spectrum of the x=0.16 sample. Broad features ascribed to exciton-LO phonon

interaction were observed at optical energies about 100 meV above the Esﬂ andE;;G"N ,

respectively.

At room temperature, the three characteristic excitons (A, B, and C) could not be individually
observed and were arranged in one broadened valley. We can see that with the increase of Al
composition x, the £, of AlGaN shows a clear shift to the high energy left. Another interest is
that, for the samples of x = 0.16, the reflectance spectrum exhibits broad features at which the

energy is about 100 meV above the free excitonic transition energies of GaN and AlGaN,
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respectively. Similar features have been reported by several studies in the absorption spectra of
GaN epilayers taken at low®"! and room temperature”?. 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 AlGaN alloys. It was 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 0=x=0.15, the LO-phonon
energy of Al Ga, N ranges from about 735 cm™ (91.2 meV) to 770 cm™ (95.5 meV).%! By reason
of the excﬁon dispersion, the energy spacing between the maximum of broad feature and the band
edge exciton is slightly- higher than one LO-phonon energy.”” The observed features indicate that
LO phonon assisted exciton formation also plays an efficient part in the AL Ga, N alloys (in this
case, x = 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 alloy broadening effect, due to the increase of
Al content, which leads to a decrease of the Bohr radius of the free exciton in AlGaN®* and makes

the broad feature merge into the broaden excitonic profiles.

3.3.3 Free exciton transition energy and bowing parameter
In the spectral region which is of excitonic profile, we can determine the energy locations of the
excitons with a simplified procedure. The spectral lineshape due to the exciton transition of energy

hv, can be approximately described in a form of Lorentzian dispersion,

RW) =R, + 4 Re| 2=tV F o oi0)|. (3.5)

where R, is a constant of background reflectance, and A,, Av,, I, and ©, denote, respectively, the
amplitude, the energy location, the broadening parameter and the phase factor of exciton i (i=A, B,
C). ®
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At room temperature, the three discrete excitons (A, B, and C) could not be individually
distinguished. However, they still have a strong impact upon the reflectance spectra that
nonexcitonic models cannot fit.**! In order to perform meaningful fits to the spectra, the minimum
possible number of free parameters were tried. In case of normal inCidepce, namely, E | c axis, the
resonance strength of the exciton C band to conduction band transition (I} — T ) is very weak in
the resonance strength.”! 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,, I',, and ©; 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 reflectance spectrum of
AlgosGagg,N/GaN heterostructure with the AlGaN layer about 200 nm. 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 of x<0.16 AlGaN alloys, where the exciton resonance energies are below the excitation
energy of the 325 nm He-Cd laser source (3.815 eV). A typical comparison of reflectance and PL
spectra is shown in Fig. 3.8. The free exciton transition energy of A (Ff - I‘Z, E;X) is obtained
by least-squares fit of Eq. (3.5) in reflectance spectrum. Table 3.1 summarizes the results of two
measurements, and shows that the difference in E;’X of AlGaN is less than 6 meV. Such aresult is
acceptable because numerous studies have demonstrated the fact that for undoped GaN and its
ternary compound AlGaN, the dominant peak in room temperature PL spectrum is due to the free

exciton transition (FX).%*!

Table 3.1. Comparison of the free exciton transition energies ( Eg{) of Al,Ga N
(x<0.16) epilayers determined from the reflectance spectra and the peak energies
obtained from PL measurements.

Sample No.l No2 No3 Nod4 NoS No.6 NoJ7

PL Eg (eV) 3.533 3578 3.600 3.621 3.667 3.669 3.695
Reflec. Eg (eV) | 3.527 3.583 3.606 3.621 3.664 3.667 3.700

Strictly speaking, the band gap energy is defined as the sum of free exciton transition energy
(Esy) and its binding energy (E,), namely E =E_+E,. However, the condition is complicated in
ternary compound AlGaN. Up to now the binding energy of AIN is not clear. Moreover, no precise
knowledge is available on the composition dependence of effective masses in Al Ga, N ternary
alloys so far. In practicality, the transition energy of free exciton can be treated as one of the most
precise substitutes of true band gap energy (E, ), namely, the excitonic bandgap.””
The nonlinear dependence of the lowest direct band gap energy on the Al mole fraction can be
written in the follow expression,
EfN = EF(1-x)+ E}" x - bx(1-x), (3.6)
where E, (GaN) and E, (AIN) are the room temperature band gap energies determined to be 3.43
eV and 6.20 eV for our samples.

The group values of x and E, of AlGaN 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 of 0.69 eV in 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 AlGaN layers in all of the heterostructures were
subjected to an in-plane tensile biaxial strain. It is known that the band gap, under the tensile strain,

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

gap is downward.

43F
—-— b=-0.8 ( Ref. 31, OA and CL ).
—— - 0.25 ( Ref. 16, SE).

A2 g 0 (Ref.30,PR). L
e 0.53 ( this work ). L,

41 A 0.60 ( Ref.29,PL). -

———— - 13 (Ref.5,0A). ,°
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Fig. 3.9. Al composition dependence of the exciton transition energies derived
from the reflectance measurement. Such dependencies of band gap energy derived
from CL, OA, PL, PR, and spectroscopic ellipsometry (SE) methods in literature

were shown together.

3.4 SUMMARY

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

to determine the Al mole fraction and bowing parameter of AlGaN alloys was presented. By using
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a reflection model of two absorbing layers with a transparent substrate, the power reflectance of
AlGaN/GaN/sapphire 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 profile and the influence from the thickness
variation of AlGaN layer was performed. Analysis shows that the reflectance measurement is
indeed feasible in determining the free exciton transition energy (Ep) of AlGaN epilayer in
AlGaN/GaN heterostructure.

A precise value of E;, was obtained by performing theoretical fit on the excitonic profile of a
AlGaN epilayer. Comparing with He-Cd laser source PL measurement, it was found that the
difference between the. E;’X and the corresponding peak energy is less than 6 meV. In the low Al
composition (x = 0.16), the reflectance spectral features of exciton~L'O phonon interaction were
observed at an optical energy ~100 meV above the transition energy of band edge exciton of
AlGaN. This observation indicates that the samples under investigation are of high quality and also
provides support that the energy locations of Ej, identified are correct. With consideration of
in-plane biaxial strain, Al mole fractions were determined by using both lattice parameters of a and
c obtained from XRD measurement by using the Bond method. In the composition range of 0 <
x<0.3, we found a downward bowing in the band gap of AlGaN epilayer with a bowing parameter

of b=0.53.
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CHAPTER 4
Back-llluminated GaN MSM Structure UV Photodiode

4.1 INTRODUCTION

Ultraviolet (UV) photodetectors (PDs) have a wide range of commercial applications, such as
flame sensors, engine monitoring, UV calibration devices and secure intersatellite/underwater
communications. Due 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
photodetectors, the mefal-semiconductor-metal (MSM) photodiode is a promising candidate owing
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 AlGaN
materials have been demonstrated;"*! however, they still suffer from performance limitations
which impede their development toward practical applications. A well-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 ability to reject the 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 illumination,**! there has
been no comparable report on devices of the same structure based on GaN. Since sapphire
substrate is transpafent in the wavelength range of interest, back illumination can be readily used to
improve the sensitivity of GalN/sapphire material-structure MSM-PDs by avoiding electrode
shadowing. In this study, back- illuminated GaN MSM-PDs with a thin active layer of 0.3 um
were thus fabricated and characterized. Compared with its top-illuminated counterpart, the

back-illuminated MSM-PD exhibits a marked enhancement in responsivity with a value of 16.5
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A/W at an applied bias of 5 V under irradiance of 5 UW/em®,

Top illumination

Pd/Au (80/100 nm)
+ -

GaN buffer layer: 30 nm

Sap phire sub strate

Back illumination

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

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 illumination. An epitaxial layer of
GaN was grown on (0001) sapphire by the horizontal atmospheric pressure metal-organic
chemical-vapor deposition (MOCVD) method. TMG and NH, were used as material sources, and
H, was used as the carrier gas. Before the film growth, the substrate was heated at 1180°C in a
stream of hydrogen for 10 min. A low-temperature GaN buffer layer (30 nm) was deposited at S00
C immediately before the growth of unintentionally doped epitaxial GaN (0.3 1 m) at 1130 °C.
Room-temperature Hall effect measurement revealed that the background carrier concentration is
5.6 X 10" cm”. Figure 4.2 ﬂiustrates the transmission spectrum of the grown sample and the
deduced spectral absorption coefficient of the GaN epilayer. A clear absorption peak due to free
excitons at 360 nm and Fabry-Perot oscillation with a high transmittance of 0.81 at 385 nm

demonstrates that the GaN epilayer is of high crystalline and optical quality.
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Fig. 4.2. Trasmission spectrum of the wafer with normal-incident light from
the back surface and the deduced absorption spectrum of the GaN epilayer.

For the MSM structure, interdigitated patterns with the active area of 100X 105 « m’®, finger
widthof 5 #m , and gap spacing of 15 #m were defined by photolithography using a Hg-Xe
lamp source (see Fig. 4.3). The Schottky contacts of Pd/Au (80/100 nm) were deposited by
electron-beam evaporation and formed by a standard ﬁft-off process. Prior to the vacuum
deposition, the wafers were cleaned with organic solvents and then dipped in boiling aqua regia
(HNO,:HClI=1:3) solution for 15 min to remove the possible surface oxide of GaN followed by
de-ionized water rinse. At last, the samples were annealed in a flowing nitrogen atmosphere at 300

°C for 20 min, to improve the Schottky barrier height and ideal factor.””

Fig. 4.3. Top view of MSM-PD showing the interdigitated geometry (finger
width of 5 #m , and gap spacing of 15 um

4.3 PERFORMANCE-CHARACTERISTICS ANALYSIS
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4.3.1 Dark Current-Voltage 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.
3 =
10 0 = [ .......... t .......... I .......... l ......... .t
4l [ 1,22.06X 10A——1]
10 -20 f- 0 :
sLglg f
10 2E of
Sl [
107 1= oF
< —e TR
2107
= = 80
= 10% |- :
S -100
f 10-9 - -5 -4 -3 -2 -1 0
5 Bias (V)
10710
10"
1O~IZ
10'13,4—1111'|||||1111!1111||1111
0 5 10 15 20 25

Voltage (V)
Fig. 4.4. Dark current I-V characteristics for MSM-PD. The inset is
a logarithmic plot of lexp(qV/kT)/[exp(qV/kT)-1] vs V.

As can be seen in Fig. 4.4, a low dark current was achieved at room temperature. The value of
the current 1s 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 /-V characteristics. Considering the MSM structure,
consisting of two Schottky contacts connected back to back, the dark current of the detector can be.
described as®

L. =1,exp(@V /nkT )1 -exp(-qV /kT)],

I, = AA" T exp(-q¢, /kT), (4.1)
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where V' is the applied bias, A is the contact area and the other symbols have their conventional
meanings. A logarithmic plot of [lexp(qV/kT))/[exp(qV/kT)-1] vs V was shown in the inset of Fig.
4.3. From the slope of this straight line, the ideal factor was determined to be n=1.01. The value of
n is close to unity, indicating that the surface states are negligible. The intercept of this line shows |
that the saturation current is /,=2.06 X 10™% A, and the corresponding current density is J,=1.72X
10°A/cm’. Using the value of the effective Richardson constant of A'=26.4 cm™K?,? we obtained

the effective Schottky barrier height ¢,=0.83 eV for the employed metallization scheme of Pd/Au.

4.3.2 Responsivity

10
' 10°F ,
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<
~ b (RGeS v
= = 10°F "
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z E 10—
>
)
S 0 +l 1.1 l 111 I £ 11 l [N | l
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Fig. 4.5. Top- and back-illuminated spectral rcspon‘sc of GaN MSM-PD
biased at 15, 10, 5, 3 V. The inset shows the bias dependence of responsivity

for the two illumination conditions.

Figure 4.5 depicts the top- and back-illuminated spectral responses of MSM-PD biased at 15,
10, 5 and 3 V. A UV-visible spectrophotometer with a xenon-arc lamp source and a
monochromator with a grating of 600 lines/mm was used for these measurements in the range of
450~300 nm. The absolute values of responsivity were determined using a calibrated Si detector.
For all spectra, there is a visible-radiation rejection of three to four orders of magnitude at the

absorption edge under the constant irradiance density of 5 1 W/em®. For both the top and back
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illumination conditions, the responsivities remain reasonably flat for photons with energies above
the band gap. In the optical energy range above the band gap, responsivity larger than 0.3 A/W was
obtained for top illumination at a typical reverse bias of 5 V, which is in good agreement with the
report."! A marked enhancement in responsivity was found under the back-illumination condition
with a value of 16.5 A/W at 350 nm for the same bias. Since the responsivity of the
back-illumination condition is about 55 times that of the top-illumination condition, the increase of
responsivity cannot be ascribed only to the avoidance of the shadowing of electrodes. It was found
that the responsivities show a linear dependence on bias voltage (inset of Fig. 4.5). Such behavior
indicates the presence of internal gain in the devices. That is, the real current responsivity of an

MSM-PD at photon energy AV should be expressed as:

Nexd
R ==/ T, (4.2)

where 77, is the external quantum efficiency, g the electronic charge, 4 Planck’s constant, v the

frequency of light, and I'; the internal gain. For top- and back-illumination conditions, the
measured spectral responsivities yield 7,,I; products of 1.1 aﬁd 56.8, respectively, at 5 V bias,
which evinces the existence of high internal gain in the case of back illumination.
4.3.3 Internal Gain

Internal gain has been found in both GaN- and GaAs-based Schottky MSM-PDs."****" Most
likely, the mechanism responsible for the internal gain is the increased electron injection at the
cathode contacts due to the lowering of the barrier height by photoinduced hole accumnulation, ">
The accumulation of holes may result either from the trapping of holes close to the cathode or the
different transit 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

on voltage.
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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.™ In order
to explain the internal gain, they invoke the existence of trapping states at the GaN surface at

concentration, N, , of ~5X 10’ cm® as reported in the literatures.""'* These traps are attributed 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. The holes are then
trapped at the surface sites, and produce net positive charge O, =gN,, . The metal negative charge
Q. , and the positive dépletion charge O, due to uncompensated donors, must satisfy the junction
neutrality condition

Q,10410,=0. (4.3
Therefore, the depletion charge O, must be smaller than if the charged surface states were absent.

This means that the depletion width and the amount of band bending (or the built-in voltage Vbi)

will be reduced correspondingly

Q.d
I/!;i—ﬂlumixx ation = I/bi-dark _.E;EELSO-- (44)

The reduction in ¥; under illumination causes a reduction in the ¢y ( dg=V,+ V., where V is the
energy‘ difference between Fermi level and the bottom of the conduction band). This process can be
described as a light induced change in the Fermi-level partial pinning (or change in the position of
the characteristic charge neutrality energy). Assuming N =5X10° cm?, and d (V= 0), Katz et al.

obtain a reduction in ¢, of Ad,~50 meV, for the amount of accumulated holes shown earlier. At a

reverse bias of 5 V we get Ap;~70 meV. Therefore, the current under illumination is

I

illu min ation

=44'T exp(— %@) exp(qV / nkT)1-exp(-qV /KT)] =L, (4.5)

Applying Egs. (4.1) and (4.5), the responsivity will be
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[CXP(%) —1]1“"‘ o , (4.6)
w

R =

where [, is the photocurrent due to photogenerated electron-hole pairs. According to Eq. (4.6)
there are two mechanisms contributing to the photoresponse. The first is the ‘‘primary current’’
maintain;:d by carriers optically generated in the depletion region, / . The ‘‘secondary current’’ is
due to the lowering of the Schottky barrier caused by illumination and trapping at interface states.
This mechanism is responsible for the gain. For forward bias, and reverse bias higher than 1V, the
secondary current is much higher then the primary current.

The photoresponse increase with voltage, under reverse bias (see the 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 current 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 illumination with various power density

60 = 4
backside

............... topside

S0 p w/cm2

0= 40

10 3

40 |
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Fig. 4.6. Top- and back-illuminated photocurrent-voltage characteristic under

the- different irradiance densities of the irradiance with wavelength of 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 nm. For the Schottky contacts without the effect of hole
accumnulation, the -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 of 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 illumination, 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 illumination, the top-illuminated photoexcited carriers are primarily
excited in the gap area 6f the metal finger, 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 illumination, leading to a much smaller electron injection. It should be noted that
the charge-accumulation effect is indicated to result in a slower transit time of the photocurrent;
however, the high ratio of photocurrent to dark current obtained under back illumination is still of

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

4.4 SUMMARY

In conclusion, back-illuminated 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 rejection ratio of four orders of magnitude
under 5 V bias and irradiance density of 5 uW/cm’. The responsivity recorded at 350 nm is 16.5
A/W, which is much larger than the value (0.32 A/W) of top illumination. The optical
characteristics of the devices showed evidence of high internal gain. The likely mechanism

responsible for internal gain was proposed to be the electron injection due to the hole accumulation
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effect. The high responsivity of back illumination was ascribed to the enhancment of the electron
injection by a high-density optically generated charge. The back illuminated MSM-PD with such
high responsivity may have potential applications in flame sensors and engine monitoring, where

the speed is not the primary issue.
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CHAPTER S5
GaN MSM UV Photodetector with Recessed
Electrodes

5.1 INTRODUCTION
Over the past few years, ultraviolet (UV) photodetectors (PDs) based on II-nitride compounds
have attracted considerable interest in military and commercial applications. A number of reports on

Bl metal

GaN or AlGaN photoconductive,[”Schottky barrier, “lp-n junction,®lp-i-n  structure,
semiconductor metal (MSM) structure,®® and avalanche photodiode™ UV detectors have been
reported in the literature. Recent studies on Schottky MSM photodiodes based on GaN or AlGaN
have demonstrated their sﬁperior performance in terms of response speed, quantum efficiency, and
device noise. Moreover, compared with other photovoltaic photodiodes such as Schottky barrier
and p-i-n UV PDs, their fabricatién is simple and compatible with the field-effect transistor (FET)
process. Conventionally, 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 falling off rapidly with increasing distance from the electrodes. Despite recent efforts
to improve the quality of the photoactive Ill-nitride epilayer, 21 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 of
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 still 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 light absorption 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
metalorganic chemical-vapor deposition (MOCVD) method. Trimetylgallium (TMG) and ammonia
(NH,) served as precursors, and H, was used as the carrier gas. Before the film growth, the
substrate was heated at 1180°C in a stream of hydrogen for 10 min. Epitaxial growth started with
the deposition of a 30-nm-thick GaN buffer layer at 500 *C, followed by deposition of a 0.5-4m
-thick unintentionally doped epitaxial GaN layer at 1130°C. Interdigital patterns with the active area
of 100 X 105 «m?’, finger width of 5 x4 m and gap spacing of 10 #m were defined by
photolithography using a Hg-Xe lamp source. The exposed parts of the GaN epilayer were
recessed by self-bias boron trichloride (BCl,) plasma reactive-ion-etching (RIE). The etching
process was carried out under a 10 W RF power with the BCl, gas flow rate of 10 sccm. The
chamber pressure was maintained at 3.0 Pa during etching. A recessed depth of 0.25 #m was
selected, which is sufficiently deeper than the absorption depth (1/2=0.12 #m in our case,
corresponding to an absorption coefficient value of ®=8.23X 10" cm” 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 boiling aqua regia for 10 min and annealed at 750°C in N, ambient for 30 min. Schottky contacts
(80 nm 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).

84

—236—



CHAPTER 5 GaN MSM UV Photodetector with Recessed Electrodes 85
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[1] [11]
Fig. 5.1. [ 1] Schematic cross sections of the GaN-based MSM-PDs with
(a) planar electrodes (b) recessed electrodes; [ I ] Top view of MSM-PD show-
ing the interdigitated geometry

5.3 CHARACTERISTICS ANALYSIS

5.3.1 Current— voltage behavior

Measurements of the dark current—voltage (I-V) characteristics of the MSM-PDs were performed
with an HP4145B parameter analyzer at room temperature. The typical I-V characteristics for both
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Fig. 5.2. Dark I-V characteristics of the conventional and
recessed-electrode 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-PDs, respectively.
To evaluate the fabricated Schottky contacts, we formed satellite Ohmic contacts by alloying indium
dots directly on the GaN epilayer..
5.3.2 Analysis of series resistance effects on I- V characteristfcs

The current-voltage relationship for a metal-semiconductor Schottky diode, based on the
thermionic field emission model, is given by the following equations:*”

[ = I, exp(qV I nkT)[1 - exp(~qV /1K), | (5.1)
where [ is measured current, V' is voltage applied across the junction, » is the ideality factor that
describes departure from the ideal diode equation for reverse bias as well as forward bias. The
prefactor [, is the extrapolated saturation current given by

I, = AA" T exp(-q @, /kT), (5.2)
Under forward bias (q¥>3 £T), Eq. (5.1) reduces to the familiar form often used to determine /,,

I=1,exp(qV /nkT). (5.3)

lITlTrlll[llf!llllllllll
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Voltage (V)
Fig. 5.3. Current-voltage characteristics of a (Au/Pd)/i-GaN Schottky diode.
(The Schettky contact is one electrode of the MSM-PD, and the ohmic contact

is the satellite indium dot.)

A semilog plot of / vs V' yields a linear relation where the intercept at V=0 is /, and the slope is
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g/nkT. Due to the high current under forward bias, these measurements are relatively immune to the
effects of leakage paths. However, the high series resistance R;, of the semiconductor (such as
GaN) film limits the forward current and causes departures from linearity over much of the forward
region, as evident in Fig. 5.3. Thus, accurate d¢termination of 1, 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 materials and has been reported to affect /-V measurements on diamond films by
other research groups. The 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 th;e voltage drop across the junction. Therefore, the correct voltage across the
junction is considered as V- IR, where R, is the series resistance. Thus, the contribution of R, t0
the experimental /-} data can be subtracted from the thermionic field emission model of Eq. (5.3)
as

I'=1explg(V-IR,)/ nkT],. (5.4)
Ditferentiating Eq. (5.4), one gets the following equation:
1( adV  nkT '
1=—(—~—-——), (5.5)
R \dln(l) ¢

The equation implies that if a plot of I vs d V/d In(I) yields a straight line, then R,, can be
obtained from I/slope of that linear behavior. The I vs d V/d In(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!or Lien, So, and Nicolet.™

Once the series resistance at a particular temperature has been evaluated by this method, its
contribution to the experimental /-¥" data can be subtracted from Eq. (5.5). Figure 5.4.(b) shows a

In(l) vs (V-IR,) plot. The curves are linear over the entire voltage range. Accurate values of n and

I, were then determined.
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Fig. 5.4. Plots of I vs d V/d In(I) of the Schottky diode which the
Schottky contact is one planar electrode of MSM-PD and the ohmic
contact is a satellite indium dot. The slope of linear plot indicates a
constant series resistance value.

The prefactor /, can also be extracted from the reverse I-V characteristics through a semilog plot
of I/{1 -exp[-q(V-R )/kT]} vs (V-IR,), obtained from Eq. (1) taking R, into consideration. Figure
5.5 shows the [-V characteristics of thé Schottky diode plotted in this manner. /, is determined
from 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 R, . As is the case for extrapolation from
semilog /-V characteristics in forward bias, the value of I, can be accurately determined from
reverse bias semilog /-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
junction, /, values obtained from the reverse bias are sh'ght}y 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 modified 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 R, .

From the corrected thermionic field emission model, accurate values of » and /,, can be obtained.
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Fig. 5.5. Reverse bias In(U(l -exp[-q(V-IRIKTI}) vs (V-IR,) characteristics
of a (Au/Pd)/i-GaN Schottky diode taking series resistances into consideration.

According to the method proposed above, analysis on Pd/Au Schottky contact of MSM-PD
shows that the saturation current /,, ideality factor n and Schottky barrier height ¢, 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 ideality factor 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 junction area 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 Optical properties

The spectral response of the MSM-PD exposed to an irradiation power density of 10 «Wiem® is
shown in Fig. 5.6. A UV-visible spectrophotometer with a xenon-arc lamp source and a
monochromator with a grating of 600 lines/mm were used for these measurements in the range of
450~300 nm. The constant irradiation power density was corrected with a thermopile unit, while

the absolute values of responsivity were determined using a calibrated Si detector.
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Fig. 5.6. Comparison of the spectral response characteristics of conventional and
recessed-electrode GaN MSM-PDs biased at 10 V. The inset shows the variation of

responsivities with increasing bias voltage.

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 nm are 0.134 A/W
and 0.071 A/W for the MSM-PDs with and without recessed electrodes, respectively, |
corresponding to an external quantum efficiency of 47.5% and 25.2%. Taking into consideration
the shadowing of the electrodes and the surface reflection of the incident light, the internal quantum

efficiency 77, is related to the current responsivity R, as shown by

-‘Rf=%’i(1~R)( . )mm, (5.6)

c s +w
where 2 is the wavelength, 4 is Planck’s constant, c is the light velocity, g is the electron charge,
R is the power reflectance at the air-GaN interface, s is the gap spacing, and w is the metal finger
width.®?! Taking R=21% at 350 nm, s=10 #m and w=5 «m, the internal quantum efficiencies of
the planar and recessed-electrode MSM-PDs at various bias voltages of 5, 10, and 15 V were then

calculated and are listed in Table 5.1.

90

—242—



CHAPTER 5 GaN MSM UV Photodetector with Recessed Electrodes ' 91

Table 5.1. Internal quantum efficiency of the conventional planar
~ and recessed-electrode MSM-PDs at various bias voltage.

Type of Device | Internal Quantum Efficiency (%)
5V 10V 15V

conventional 13.5 47.8 130.6

recessed-electrode 31.6 90.2 2343

It was shown that the internal 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 Aof 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 was higher, and the
electric field distribution was more uniform. For this reason, the conduction path along the electric
field line via which the caﬁiers travel to the electrodes was shortened. As a consequence, the
generated electron-hole pairs in the photoactive region could be separated and collected efficiently
by the recessed electrodes with less recombination-eliminating effect. It was also found that the
responsivity increases as a function of bias voltage, as shown in the inset in Fig. 5.6. These
characteristics combined with the internal quantum efficiencies of more than 100% are evidence of
some internal gain. The reasons for this internal gain have been discussed in the chapter 4. Here,
we would like to simply remark it again.

In the bias range under consideration, both types of MSM-PD are partially 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
generally considered to be the injection of additional electrons at the cathode contacts by

photoinduced hole accumulation, leading to an internal quantum efficiency over 100%. The
91

—243—



CHAPTER 5 GaN MSM UV Photodetector with Recessed Electrocdes 92

possible mechanisms responsible for the hole accumulation in GaN-based MSM-PDs have been
discussed by Monroy et al 41 We speculate that the larger internal 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 adjacent to the contact, the system may be treated as a voltage-dependent
capacitance. The depletion region froms a barrier to the flow of mobile charge carriers to from the
metal into the semiconductor. Under certain conditions, the height of the barrier and the charge
density in the depletién ‘region 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 current. 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, it is straightforward to show that the measured capacitance, C_, is given by

c - C
m 1+ (C()RSC)Z y (5.7)

where C is the actual depletion region capacitance, wis the measurement angular frequency, and R,
is the series resistance. Clearly C_<C, and one would like to have (wR,C)*<<1. Fig. 5.7 illustrates
some of the sources of series resistance encountered in realistic test diode. From Eq. (5.7), it can
be seen that there are several possible ways to reduce the effect of series resistance, since its
influence is only felt through the product (WR,C)*. Assuming the resistance itself has been reduced

as much as possible, one could reduced the capacitance by using test diodes of smaller area. It is
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not practical to use diode areas below 10™ cm?®, however, because of the increasing importance of
edge-effect and stray-capacitance correction, and the difficulty of measuring such small areas
accurately. Another method is to reduce the measurement frequency, but it should be noted that the

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

Circular Schottky  Annular ohmiec - j )t
contact with contact V= V0+V]e]
radiusS=a O

SEEES

:/
3
J 0 &, p =const.
S GaN buffer layer 1 S GaN buffer laver 1

Sapphire X Sapphire %

Fig. 5.7. A cross-sectional view of a metallic Schottky contact on an epitaxial
semiconductor film with Sapphire substrate. The dashed line indicates 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 contact.

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 theoretically
and experimentally that Schottky barrier MSM-PDs have a maximum capacitance when a small
positive or negative bias voltage is applied and a local minimum in capacitance at zero bias."”! 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 (V') interfaces
and any voltage drop that occurs across the bulk of the semiconductor (V ;) which is a function
of the thickness of the semiconductor (¢), so that

V=V 4V, YO, 69
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
c=cc./(c,+cC,), (5.9)
, N
. C = __Q_E_L_
with a 2(]/1)‘z _ I/a) ’ (510)
_ qéN,
CN2AY V) (5-11)

where g is the charge of an electron, ¢ the dielectric constant of the semiconductor, and N, the
doping concentration of the semiconductor. For symmetrical structures, the built-in potential V7,
was taken to be the same for the two interfaces (Vp=V5n=Vn). In the limit of small applied voltages

(V< <V}), the resultant capacitance reduced to

EN, 1
e 5 ,/(mvucwmn-mJ’

qéEN, 1+ V?
8v, 212 (5.12)

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

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

1

N ZIAEN A

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

o

2 , (5.13)

goes through a maximum at small voltages resulting in a peak in the C-V. For V>Vg, the
semiconductor is completely depleted, and the capacitance per unit area is the same as that for a
parallel plate condenser. Typically, the measured capacitance for a symmetric MSM structure is
symmetrical with respect to the voltage axis. For voltages large than [V, the capacitance should
remain constant.

_ Capacitance-voltage-frequency (C-V-F) measurements were carried out using an HP4284A
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LCR meter with frequencies ranging from 500 Hz to 1 MHz. For the MSM-PD structure with the
highly resistive epilayer, the series resistance (R,) may introduce error in the measured capacitance.
It is generally acceptéd that the C-V measurement should be questioned unless wR C <<1. In our
case, the value of R, extracted from the forward I-V characteristics of the Schottky diodes is in the
range of 40 to 60 KQ. Note that this value may be larger than that in the MSM-PD because of the
longer distance between the Ohmic and Schottky contacfs (~100-250 um). To reduce the effect of

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

2.5
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Fig. 5.8. C-V-F characteristics of the conventional and recessed-electrode MSM-PDs.

Figure 5.8 shows the C-V-F characteristics of the conventional and recessed-electrode
MSM-PDs. It was observed that the C-V curves at 500 Hz are very close to the curves at 1 KHz.
Assuming that C< 3 pF, the maximum value of @R C is 1.13 at 1 MHz, while itis only 1.13X
10 at 1 KHz. We therefore consider that the R, induced error can be neglected when the frequency
<1 KHz. For the planar MSM-PD, the capacitance trace increases from its zero-bias value to a
maximum and then decreases monotonically, which is in agreement with the typical curve trend
reported in the literature. The trace for the recessed-electrode MSM-PD, as compared to the planar

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 enhanced 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 will 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 R,. 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.™® The anomalous C-V characteristics at high frequencies are therefore caused by

a combination of the effects resulting from large R, 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 A/W under the irradiation power density
of 10 «W/cm®, corresponding to an internal quantum efficiency of 90.2%, which is a 42.4%
improvement over that of conventional 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, it is started with an investigation
on the optical properties of Al Ga, N, including the optical absorption in n-type GaN and the Al
composition dependence of bandgap in ternary AlGaN alloys. Both of them are the most important
properties in design and characterization of Al Ga, ,N 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 object to improve the performance especially the responsivity of
this type photodetector. Here, we summarized this dissertation as the follows.

In chapter 1, the background of the UV radiation, the state-of-the-art AL Ga, N based UV
photodetector and its possible 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. Generally 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 following discussions on the photoresponse mechanism showed that the optical
parameter of interest is the absorption coefficient, « (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 utilized 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 Al Ga, N alloys are
reported. The normal-incidence reflectance measurement was employed to obtain the free exciton
transition energy (Egy) of AlGaN alloys in Al ,Ga, ,N/GaN/Sapphire heterostructure grown by

MOCVD. It was found that the thickness variation of the AlGaN 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 utilized to explain
the reflection mechanism in Al Ga, ,N/GaN heterostructures. On the basis of the above anélysis,
the feasibility of the retlectance measurerhent for such heterostructures is confirmed. At room
temperature, the E.s 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 Ep, the spectral feature of exciton-LO phonon interaction was
observed in the reflectance spectrum record for low Al composition (x =0.16). Using the Al mole
fraction derived from x'-ray diffraction measurement, the bowing parameter of the epitaxial AlGaN
layer was determined. In the range of 0 = x<0.3, the resulting bowing parameter shows a
downward value of 0.53 eV.

In chapter 4, the fabrication and characterization of back illuminated MSM-PDs based on GaN
grown on (0001) sapphire were introduced. The photodetector with a thin GaN layer of 0.3 um
exhibited low dark current with a saturation value of 2.06 PA. A visible rejection of more than four
orders of magnitude was observed in the spectral responsivity under 5 ©W/cm® irradiance at 5 V
bias. The responsivity was 16.5 A/W at a wavelength of 350 nm, which is 55 times that of the top
{lumination case. The results imply the presence of high internal gain under back illumination, 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 A/W at 350 nm 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 efficient carrier collection.
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6.2 FUTURE TRENDS

Despite the remarkable developments in Al Ga, ,N-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
AL Ga, N-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 [especially by use of improved purity precursors, NH, , and (CH,),Ga]
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 AlGaN with high Al-content; better stoichiometry control to avoid high n-type doping
backgrounds in epitaxial material; improved processing methods in the areas of ohmic 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 will be
concentrated on the following aspects.
(1) 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 Al Ga, N is essential. In n-type AL Ga, N, minority hole diffusion length L decreases
with increasing doping level. A decrease of L, is explained by a decrease in the carrier mobility
(diffusivity), w« ,, due to ionized impurity scattering.”! Significant improvement in the
short-wavelength response will result if the minority 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 still no widely available lattice-matched substrates for the growth of wurzitic
GaN. As a result, most materials today still 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 lifetime, and therefore, diffusion length.”**! Recently, Akasaki research group of Meijo
university has succeeded 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) grdwn GaN on
sapphire.®*! Crack-free and high-quality thick AL Ga, N, with x ranging from O to 1, has been
grown on sapphire, using low-temperature interlayer. The 1ow-témperature AN interlayer reduces
tensile stress during the growth of Al Ga, N, while simultaneously improving the crystalline
quality. Cross-sectional TEM showed that by using the multi-step buffer layers dislocation density
in GaN decreased to mid 10" cm®, which is one to two orders of magnitude lower than those of
conventional single LT-guffer layer method.”

Lateral epitaxial ovefgrowth (LEO) 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. The significantly lower
residual doping concentration reduces markedly the leakage current, and increases the detector
bandwidth.® A comparison for p—i~n AL Ga, \N photodiode demonstrates the use of LEO GaN can
significantly improve the photodetector noise performance and high-frequency response.”’ This

(911} \will continue to be advanced and simplified, improving the

procedure and its many variations
quality of GaN films 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 AL Ga, N 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 AL Ga, N
epilayer will thus continue to be one of the future research trends. .

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

carbide ensures that these will remain the most common substrates for the foreseeable future,

efforts should still be made to grow large GaN crystals. If GaN substrates become available, the
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quality of the epilayers can be improved. Point defects and dislocation density will decrease and
there will be an overall improvement in the device performance. On the other hand, in order to
accomplish integration of III-nitride photodetectors with Si electronics, these devices will have to
be grown locally on an already processed Si chip. Some literatures have reported the UV
photodetectors fabricated on AL Ga, N grown on the Si substrate."” The results show that the
performance is still limited by the quality of Al Ga, ,N 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 ability to precisely control the desired electrical properties of the thin film.
In general, wide bandéap semiconductors are difficult 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
mobility. If heavier p dopfng becomes possible, it will help in solving the problem of making
ohmic contacts to the p-type nitrides."™
(IT) While further improvements in the AL Ga N quality can be expected to enhance device
operation, further device advances will also require improved processing technology. Owing to
their wide bandgap nature and chemical stability, GaN and related materials present a host of device
processing challenges, including difficulty in achieving reliable low-resistance p-ohmic 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 AL Ga, N-based photodetectors, such as phototransistors, whose
performance are much more affected by the immature fabrication techniques. To fully 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.

If p-n junction varieties are to be used, high p-doping in such a high mole fraction AlGaN is no
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easy task and none has been demonstrated. Doping efficiency of donors and acceptors decreases
drastically as the concentration of Al and band gap of AlGaN increase. The ionization energy of Si
in AlGaN increase from 20 to 54 meV for Al concentration of about 20%. No p-type conductivity
in AlGaN has been achieved for more than 13% Al. Good ohmic contacts on z#-type GaN can now
be made but contacts on p-type GaN continue to be a problem. Schottky barrier Qarieties may
remove the requirement of p-doping. However, if avalanche photodiodes (APDs) 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 junction varieties
have been in avalanche photodiodes based on conventional compound semiconductors. Moreover,
if one very little is realiy 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."***! The development of AL Ga, N APDs has been hampered by the formation
of microplasmas due to defects in the material."® Its fabrication will be treated as a remaining
challenge in the future research work.
(I1D) 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 Al-mole-fraction dependence in the
ternary AL Ga, N system of the absorption coefficient, the refractive index, the minority carrier
mobility and life time and on the band offsets in heterojunction formed from materials within the
ternary system. In addition, the calculation of the minority carrier diffusion length L, via [ = JD7,
presents the greatest uncertainty owing to the almost complete lack of knowledge of the minority
carrier lifetime, 7.

It comes with no doubt that if these problems are solved, many more devices will be
commercialized. Researchers working in this area are looking forward to new exciting

developments in the next few years.
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