Chapter 4. Band Gap Narrowing in GalnN/GaAIN Surface

Emission Diode

4.1 Introduction

In common with many areas of semiconductor physics, the study of heavily doped and highly
excited semiconductor has benefited from the rapid progress in material science and the tools of
physical investigation that has occurred in recent years. The highlight of this research period was
the recognition that in many highly excited semiconductors a degenerate electron-hole liquid is
formed at low temperatures, and electron-hole plasma at high temperatures. Thi_s guasimetallic
state can only be described by including the effects of the screening of the Coulomb forces and
by taking into account the renormalization of the single-particle energies due to the intgractions
-with the other charged carriers.

The many-body interactions between carriers in heavily doped and highly excited
semiconductors are known to have important effects on the physical properties of the carrier gas.
this is quite apparent from optical and electrical experiments on a diverse range of systems
varying from fundamental studies of electron-hole droplets through to efforts to develop better
injection lasers, solar cells, and bipolar transistors. There is now a good understanding of these
effects which has resulted from the early theoretical work on many-body effects in the
high-density electron gas and, more recently, from the extensive range of experiments and
- calculations carried out on a variety of semiconductor systems. However, a good understanding
should not be confused with a satisfactory and accessible quantitative description. For example,
the concentrations of carriers in semiconductor systems that are studied in experiments are often

such that the accuracy, or even the validity, of the many-body theory is in question. Even when
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the basic aspects of the many-body formalism are accepted, the calculation of numerical results
requires a nontrivial computational effort, as well as the incorporation of the approximations
made necessary by the realities of the semiconductor band structure, such as anisotropic,
nonparabolic, multiple energy bands.

It is possible to produce large, equal concentrations of electrons and holes in intrinsic
semiconductor system by optical excitation and electronic injection. The many-body theory can
be applied to the description of the electron-hole plasma. The valence and conduction bands, as
well as the total bandgap narrowing, are calculated by Abram.’

The optical absorption and emission experiments of Casey et al. and their subsequent
interpretation by Casey and Stern” constitute a thorough and comprehensive study of the optical
properties of heavily doi;)ed GaAs at room temperature. The latter paper is also a useful source of
- references of earlier optical studies. Casey and Stem used a Hybrid Kane/Halperin and Lax
model and suitably modified optical matrix elements to calculate the absorption and emission
spectra of n- and p-type GaAs. The bandgap narrowing due to many-body effects was then
deduced by comparing the theoretical and experimental absorption spectra. For p-type samples
with hole concentrations varying between 1.2 x 10'"*cm™ and 1.6 X 10" cm'3, Casey and Stern
find a simple relation between the bandgap narrowing due to many-band effects alone, AE,, and
the hole concentration p:

AE =-1.6x10"p"
where AE, is measured in electron volts and p in inverse cubic centimeters. No comparable
result is quoted for n—tyiae material. There are problems in measuring the change in bandgap in a
heavily doped semiconductor by using optical absorption. The high density of carriers that exist
in either the valence or the conduction band precludes absorption transitions involving state close -
to the edge of the occupied band. The result is the so called Moss-Burstein shift’ of the
absorption edge away from the energy of the fundamental gap. To deduce the gap it is essential

to have a theoretical model which involves a description of the local electronic structure and
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carrier distribution.

Recently, group III nitride semiconductors have aftracted much attention as a material for
fabricating blue and ultraviolet light-emitting diodcs_ and lasers. Light emitting diodes based on
InGaN/AlGaN heterostructures have achieved practical level.* More recently, successful
fabrication of electrically pumped ITI-V nitride lasers have been reported.” But such material and
related opto-electrical devices are still in preliminary stage, and many physical mechanisms
affecting their active medium behavior are not understood in detail.

Many body effects in highly excited semiconductors have been studied intensively both
experimentally and theoretically for many years,é'9 and it is well known that many body
Coulomb interactions between the carriers will lead to energy band renormalization or
narrowing. Due to the large exciton binding energy, effective electron mass, and wide band gap
of group-III nitride compounds, the effect of many body Coulomb interactions are expected to be
more important.” A red shift of the peak of stimulated emission spectra for optically pumped
GaN-based materials has been observed by different authors.'''> This red shift may be
interpreted as strong many body effects overcoming a relatively small band filling effect. The
investigations of many body effects are generally carried out using optical pump method and is
concentrated mainly on GaAs-based materials, with few studies on GaN-based m'aterials.ls'17

In this section the band gap narrowing arising from many body interactions in the
electron-hole plasma of current injected lnGaN/AlGaN Vsurface light emitting diode (SLED) is
investigated. The dependence of electroluminescence on the injected current density has also
been investigated. A luminescence line-shape analysis has been used to extract the essential
parameters such as carrier density and the renormalized gap of the current pulse injected

InGaN/AlGaN SLED.
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4.2 Experiment and discussion

The SLEDs, comprised of IngeGag.94N/AlGaN double heterostructures with Zn and
Si-doped n-type active layer, are prepared by metalorganic chemical vapor deposition (MOCVD)
on a sapphire (0001) substrate. The dark spot density in the samples were about 3 x 10" em™.
The details of the device fabrication conditions, structure and characteristics were described in
previously reported results,'® but our samples had no optical feedback.

The SLEDs were mounted on a copper heat sink, and operated in pulsed mode with pulse
width of 100 ns at a frequency of 1 kHz. Figure 4-1 shows the surface emitting spectra
measured at various injected currents (The similar emitting spectra were obtained in other
samples also,v The best luminescence efficiency has investigated here). A broad emission band at
around 2.8 eV, which may be due to the free to bound acceptor or donor-acceptor pair
recombination,”” tends to saturate as the injected current increases and the band edge
recombination emission at afound 3.26 eV becomes more and more intense. The saturation of the
broad emission at around 2.8 eV may be due to the limited impurity concentration. With an
increase in the injected current, a clear red shift of the low energy edge, along with a broadening
and a shift in peak energies of the emission spectra is observed. These phenomena can be caused

by heating effect or many body effects. By ﬁtting to the high energy tail of the measured spectra,

with Boltzman factor exp[—(hv —-E, )/ kT], the carrier temperature 7 can be’ obtained; here

hv is photon energy, E, is the band gap energy and k is the Boltzman factor.”® Although not
shown here, when the high energy tail of the spectra was plotted as a function of photon energy
on a logarithmic scale, it gave a constant temperature for all the injected current levels, which
was close to bath temperature. Moreover, no shift in the peak energy of the spectra is obseﬁed
with increasing current pulse frequency. Therefore, the red shift of the low energy edge and
broadening of the emission spectra can be attributed to the many body effects, and not due to the

heating effect.
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Fig. 4-1 The experimental emission spectra as function of
photon energy at different injected currents of (from
bottom to top) 0.4, 1, 2, and 3 A.

—183-




As no evidence of stimulated emission has been seen in measured emission spectra, so we
tacitly assume that stimulated emission was negligible in our experiment. Similar to PL spectra

-the luminescence are described by the following intensity relation: 8
I(hv) < H D,(E,)D,(E,)6(E, — E,— hv)dE,dE, (4-1)
where D, ,(E) are the number of electrons (holes) per unit energy range and unit volume

(density of states times Fermi distribution function), which assumes the red shift of the low

energy edge to be due to collision broadening of the electron and hole states, and is given

by:19'22

F(El) ' (E1)1/2 .
E-E) +(T(E)/2) 1+exp|(E, - E;)/kT] (4-2)

1 (=
De(E)OCEJ‘o (

For the parameter I" of the Lorentzian function, we take Landsberg's expression.”’ The fit
parameters are the quasi-Fermi energies E Fe'h of electrons and holes, broadening parameter I",
which is included in I' and the renormalized gap E,'. The carrier density is obtained from the

relation:

n= J.De (E)dE (4-3)

In our calculation, reabsorption effects are not considered for the following reasons. Firstly,
in surface light emitting diodes, the reabsorption is very small and the spectra will resemble that
of PL. Secondly, absorption coefficient corresponding to photons of lower energies is smaller
than that corresponding to higher energies. Thirdly, lower energy states of the conduction and
valence bandsv being almost occupied under strong excitation, reabsorption mainly takes place on
the higher energy side of photon energy and has little effect on the low energy edge. Since the
renormalized band gap is determined by lower energy side of the spectra, reabsorption will have

little effect on the calculated results of band gap narrowing.
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Fig. 4-2 Normalized emission spectra of InGaN/AlGaN diode
with two different injected current, (1) 1 A; (2) 3 A. The
symbols are experimental data, and the solid curves rep-
resent theoretical results. The broken line in lower energy

side is used to obtained Eg' according to Tarucha's method.
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Results of the line shape fitting are shown in Fig. 4-2. Theoretical fits are in very good

agreement with the measurements. A decrease in the renormalized band gap E,' with increasing

. injected current is clearly observed. According to Tarucha et al. ? the renormalized band gap can

also be determined by lower energy side of the spectra, and the red shift of the band gap can be
directly approximated by an intercept of the tangent at half the peak intensity of lower energy
side. However this method gives only x;elative red shift of the band gap, not the exact
renormalized band gap. The results obtained by the two methods are shown in Fig. 4-3, which
indicates similar injected current dependence of renormalized band gap E,'. A red shift of around
92 meV of the low energy edge has been found as the pulsed injected current increased from 400
mA to 4000 mA.

The band gap narrowing due to many body interactions can be calcﬁlated theoretically
considering the exchange energy of the electron-electron and hole-hole interactions. Stern
showed simple relation between the band gap narrowing and the carrier density:”’

E =E, +A(n"” +p") (4-4)
where n and p are electron and hole concentration, respectively, and A is a constant.

The above equation is valid only if the ratio of intercarrier spacing to the electron Bohr radius
in the crystal is less than unity, and the carrier-impurity interaction, carrier-carrier Coulomb
interactions are not considered. Our experimental results are in good agreement with above
relation, with A = -5.8 X 10"® eV/cm, and E . = 3.324 eV (the band gap energy of Ing.06Gag.94N
at room temperature), which is shown in Fig. 4-4. Experimental observations of bandgap
narrowing for GaAs®® and InP*’ can also be d¢scribed by the above relation, with a rglatively
smaller value of A, -2.15 X 10°® and -2.25 X 10°® eV/cm, respectively. The large value of A for
InGaN may indicate stronger many body effects than that for GaAs and InP. Zhang et al. have
also reported similar relation of band gap with carrier concentration for optical pump on GaN,
however, with a much smaller value (-1.1 X 10® eV/cm) of the constant term A."" In our

opinion, they may have overestimated the value of carrier concentration by taking a small value
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4-3 Injected current pululsed dependence of the renormalized
E;'. The dots are extracted from spectra line-shape fitting, and

circles are obtained by Tarucha's method.
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Fig. 4-4 Renormalized E,' as a function of carrier density. The
dots represent spectra shape-line fit results, and the solid
curve is for that calculated ones using E,' = E, - 5.8 X 10°®

(n' +p') (eV) with E;=3.324 eV.
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for A, because they did not consider the carrier density pinning effect which occurs in the strong

stimulated emission case.

Semiconductor lasers based on group III nitrides cofnpounds are interesting because they
operate in the viable wavelength region. The band gap of the nitrides ranges from 1.8 eV of InN
to 6.3 eV of AIN, making them promising candidates for light emitting diodes (LEDs) and laser
diodes.(LDs). These has been a growing interest in the optical properties of nitride films due to
several recent advances.

In several recent papers describing theoretical investigations, the gain medium is treated as
either an inhomogeneously broadened ensemble of two-level systems, representing excitons, or
electron-hole plasma. The gain spectra can be obtained from unamplified spontaneous emission,
from which electroluminescence is measured, and the gain is calculated via a transformation that
results from the Einstein relationship between spontaneous and stimulated transitions.

The relationship between spontaneous and stimulated transition rates is easily derived by
requiring that the radiation density obtained at radiative equilibrium is the same as that obtained at
thermodynamic equilibrium. This result is easily extended to give the relationship between gain

and spontaneous emission. which, for a semiconductor, is

a(hv, AE,) = I(hv, AE, Jexp|(hv — AE, ) /kT| (4-5)

g(hv, AE, ) o< I(hv, AE, ){1 - exp|(hv — AE, ) /kT]}
(4-6)
where a(hv) is the absorption coefficient, g(hv) is the gain as a function of photon energy hv,
I(hv) is the spontaneous emission density, and AE, is the separation of the electron and hole
quasi-Fermi levels. In fact, only relative values for I(hv) are determined experimentally. To

obtain absolute values for the gain, it is necessary to measure I(hv) and, in addition, the
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separation of quasi-Fermi levels AE,, the quasi-Fermi level separation can be determined as
following:

1) the quasi-Fermi level separation AE; is simply the junction voltage. An estimate of this
voltage can be obtained from the measured device contact voltage by subtracting the series
voltage drop. The series resistance of the device is obtained from the slope of the current-voltage
curve at higher injection current condition.

2) AE, canbe determined from the best fits to the measured spontaneous emission with our
model. Since the width of the spontaneous emission is a sensitive function of AE, these values
are more accurate than 1).

AE, is a more fundamental parameter than current. A value of AE, can be found for each
current, so we write the detected luminescence intensity as I(hv). The changes in AE, can be

determined by the ratios of the luminescence intensities. From equation (4-5)

I(hv,AE,) ofhv, AE,,) (AEFl —AEm)

I(hv,AE,,)  ofhv,AE,,) kT @7

Carrier injectionmodifies the absorption edge, but for photon energies sufficiently far above
the absorption edge, the absorption coefficient is independent of carrier injection and therefore is
independent of AE,. for the high energy edge side; so equation (4-7) can be samplies to

I(hv,AE,,) _ exp( AE, — AE,, )

I(hv, AE,,) kT (4-8)

The high-energy tails of the spontaneous emission spectra differ only by a constant factor
expl(AE L, -AE)IkT].

The low- and high-intensity spectra are compared by sliding the logarithmic plots of
spontaneous emission intensity until the high-energy tails nearly coincide. Within errors of about
10 K, we find no change in carrier temperature when the LED is increased in current from 100

mA to 4000 mA.
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Fig. 4-5 The calculated absorption spectra as functions of photon
energy at different injected currents of (the current increasing
from top to bottom) 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 A.
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Fig. 4-6 The calculated gain spectra as functions of photon energy
at different injected currents of ( the current increasing from
bottom to top ) 0.6, 0.8, 1.0 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 A.
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The spontaneous emission spectrum of our LED is shown in Fig. 4-1. The spontaneous
emission spectra are converted into absorption and gain spectra in Fig. 4-5 and Fig. 4-6. As the
injection intensity increased, one clearly observes:

1) a decrease of the absorption, and an increase of the net gain amplitude,

2) a pronounced shift to higher energies of the point where the net gain changes to absorption,
and

3) a shift to lower energies of the low energy side of the net gain spectra.

This behavior observed above, can be explained by band ﬁlling and by many body effepts of
electron-hole system at high carrier densities which lead to a high energy shift of the chemical

potential and a bandgap shrinkage, respectively.

4.3 Conclusion

In summary, we have measured and analyzed emission spectra of a current injection
InGaN/AlGaN surface emitting diode. A clear red shift of the low energy edge with increasing
injected current has been observed, and is attributed to many body effects. The carrier density
and band gap narrowing are extracted by emission spectra line-shape fit using Landsberg model
which includes many body effects causing collision broadening of the electron and hole states.
The band gap change can be described well in proportion to the 1/3 power of the carrier density,
and further supports our supposition that band gap narrowing is caused by many body effects

which is more effective phenomenon for group III nitrides.
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Chapter 5 Opto-thermal Properties of GaN
5.1 Introduction

The group III nitride-based semiconductors have been become as the most promising material
for short-wavelength light-emitting diodes and lasers, as for coherent light source, they are
crucial for high density optical read and write technologies.' That may make them the best
potential optical devices to complete the optical computation. Optical bistable device has many
potential advantage for applications in optical logic and signal processing.2 Optical bistability and
related nonlinear phenomena have been ‘studied in several semiconductor small band gap
materials such as InSb’ InAs* and CdHgTe’ exhibit particularly large nonlinearities of electronic
origin at photon energies close to the band rgap energy. Thermally induced refractive index
changes in semiconductors have also gained increasing interest. Optical bistability has been
achieved in this way under band gap resonant conditions in Si,® GaAs,” ZnSe,® and ZnS.> '°
This is the first report of this kind on GaN to our knowledge.

Two classes of bistability have received prominent attention, namely those associated with
refractive index changes brought about (1) by carrier generation ( optoelectronic ) and( 2) by
- sample temperature changes ( Optothermal ). The overall problem of semiconductor bistability is
as follows. The material is described by a refractive index n, interband absorption o, and
additional absorption ( due for example to the created free carriers ) o.,. Radiation 7,, at
frequency ®, is incident on the material in a cavity formed either by the natural surface
reflectivities or by external partial mirrors/coatings. The consequent internal irradiance /(®) must
then be determined and also the transmitted and reflected irradiances. This is the cavity feedback
problem and it may involve steady-state or time dependence, plane-wave or nonuniform

illumination.
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The internal irradianc_e generates AN carriers and a température change AT. For steady state,
one is therefore concerned with the carrier recombination mechanisms (trap, radiative, Auger,
surface recombination) and/or the thermal losses. The Band structure and the state populations
alter as a consequence. Given an understanding of all absorption processes, the changes Ao, and
Aocp may be determined and, in turn, the refractive index change An calculated by
Kramers-Kronig transformation. A thermal expansion of Fabry-Perot cavity may also be

significant.

5.2 Background and theory

The cavity optical path length (nD) plays the dominant role in determining the Fabry-Perot

response. For nonlinear system, the path length change is given by

A(nD)=_1_8nAN+(l8n 13D)AT

nD n oN ndl DT

The first term, the electronic refractive contribution, is determined by the refractive index cross
section ( per generated carrier pair ), on/dN =0 .- It will be not considered here. The second
term is the therm-optic contribution and is in general an order of magnitude larger than the final,
thermal;expansion term. © n/ © T can be calculated using a well known Kramers-Kroning

transformation of the band edge absorption:'*

tic OlE +AE )—O|E ,
An(hv)=—| (£, — ) S g)d(hv)
™  (hv) +(hV) !
This relations allow us to transform the problem of determining the behavior of the refractive
index to the problem of finding the behavior of the absorption coefficient. Fortunately, we have

experimental data for the absorption coefficient near the absorption edge of most

semiconductors, and we can'in many cases determine the nonlinear behavior near absorption
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edge using this relation.

For bistability the change in optical length, induced by the internal radiation, /, must be at least
of order A,/2F, where A, is the vacuum wavelength and F the cavity finesse. A low absorption
is needed to attain a high finesse, but at the same time there must be sufficient absorption to give
the required steady-state concentration or temperature changes. We shall concentrate on

direct-gap semiconductors, under near-resonant operation.

5.3 Experiment and Discussion

In order to predict accurately the performance of a candidate material for optothermal
nonliearities devices, a knowledge of the thermo-optical coefficient (dn/dT) is needed. In this
section, we present the results of the nonlinearity near the absorption edge caused by thérmally
induced refractive index changes of GaN epilayer grown by metal-organic chemical-vapor
deposition (MOCVD). It is found that this material is having a very large thermo-optical
coefficient compared to other semiconductors. Spectroscopic ellipsometry (SE) was used to
determine the refractive index of GaN layer over a large wavelength region for different
measured temperatures. The measured parameters of SE, A and ¥, are extremely sensitive to
overlayers on the surface of the material such as a natural oxide layer or a rough layer, which is a
major drawback in the accurate determination of optical constants of studied materials.
Fortunately, GaN has a very good chemical stability, the oxide layer is negligible for this
material and MOCVD growth technique can obtain very flat surface.

The sample, used in the experiment, was 2.4 pm undoped GaN epitaxial layer grown on a
mirror polished sapphire (0001) substrate with a low temperature growth 30 nm GaN buffer
layer by MOCVD."' The thickness of the epilayer was measured by scanning electron

microscope (SEM). The sample was heated on a hot plate, and the temperature of the sample was
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measured with a W-Re thermocouple. When the measurement was made in the atmosphere, it
was found that the thermocouple probe does not accurately give the temperature of the sample.
This discrepancy is probably due to the poor contact between the probe and sample. In order to
get the correct temperature, the measurement was carried out with oil drop on the contact point of
sample and probe. Because oil has greater thermal mass and heat transfer capability than that of
air, sample and thermocouple is at equilibrium with the oil rather than the heat radiation field.

Due to the high refractive index of GaN, the interface of GaN with air has a reflection
coefficient of about 40%, and the same with sapphire is about 20%, so these interface from a
Fabry-Perot etalon. When a light beam radiates the sample, the interference effects will be
observed. Figure 5-1 shows the SE experiment data of ¥ for two different measurement
temperatures. Each set of measurement from 25°C to 160°C gives a statistically large number of
¥ values which are then averaged. The changes of absorption edge and location of interference
fringes can be clearly seen.

The basic equation for the interference fringes is' = '
4md(n® —sin’¢)"”
A

B=mnr= (5-1)

where f represents the phasé difference, A is the wavelength of monochromatic light in
vacuum, d and n are the thickness and refractive index of GaN layer, respectively, ¢ is the angle
of the incidence, and m is an even (or odd) integer for maxima and an odd (or even) integer for
minima.'> Therefore, using the equation (5-1) the refractive index and thickness of GaN layer
can be obtained. In this method the refractive index of GaN layer can be determined without
knowing the refractive index of sapphire. Because the results are only related with extreme
locations in the interference fringes of SE data with ¥. Because of absorption, measurement
error increases with increasing energy close band gap, above band gap the interference fringe can
not be clearly seen, so the refractive index can not be obtained in this region. Figure 5-2 shows

the calculated results of the refractive index for three different temperatures. We find that there is
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rapid dispersion of the refractive index near the band edge The refractive index increases with the

temperature increasing, and a large change of refractive index has been observed at photon

~ energies close to the band gap energy. The thickness (2.56 wm) of the GaN is also obtained

which matches closely with that obtained by SEM. Due to the very small thermal expansion

~ coefficient of GaN (Aa/a= 5.59X 10 ° K'"), the change in light path length by thermal expansion

is less one order of magnitude than the thermo-optical contribution.'* Therefore, the effect of
thermal expansion was ﬁeglected in our calculation .

Refractive index n is measured for varying the temperature conditions in the vicinity of two
temperature regions, 25°C and 100°C. The derivation of n, dn(hv)/dT, at the two regions are
obtained from the n vs T plots. For the calculation of the thermo-optical coefficient dn(hv)/dT, a
cubic spline interpolating technique was used to obtain- the refractive index with respect to the
desiring wavelength. The temperature dependence of GaN thermo-optical coefficient dn(hv)/dT
in the band-edge region was shown in Fig. 5-3. The value of dn(hv)/dT increases with
temperature increasing, resulted from the shrinkage of band gap with temperature increasing.

In room temperature the GaN demonstrated a very large thermo-optical coefficient (2.6 X 10°
K'") at 0.365 pm, compared to other semiconductors in which the thermal dispersive bistability
has been reported. e.g. Si: 2.4X10*at 1.06 pm.” GaAs 7X10* at 0.85 pm.* ZnS 1.4 X 10" at
0.514 pm,'® ZnSe 5 X10°* at 0.476 um.’ E. Ejder'* has reported a experiment‘result of (1/n)
dn/dT= 2.6 X 10° K'' which measured at long-wavelength below room temperature. This value
is two times lesser than our result (5.4 X 10° K'") at long-wavelength (2.5 eV). An empirical
relation has proposed by Moss'® for the temperature dependence of  in long-wavelength region:

dn _ 1 %,
dT  4E, dT @

where E, is the band gap. Inserting a value of 6.7x10™* eV/K" (Ref. 17) for dE /dT and using
Eg=3.42 eV,18 a value (1/n) dn/dT= 4.9 X 10° K! is obtained which can compare with our

experimental result. The large thermo-optical coefficient close the band gap energies, may be
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100 °C respectively. '

—201-



Refective index n

Photon Energy (eV )

Fig. 5-2 Refractive index of GaN for different temperatures.
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caused by a steep band gap absorption edge of GaN.

Harris et al.'® gave an empirical dispersion of dn/dT near the band gap for several material:

dn _ y5 ’
ot Pl B

The equation relates the value of dn/dT to the wavelength and energy gap of semiconductor
materials investigated. We used the above equation to fit our values of dn/dT, the results are also
shown in Fig. 5-3 and the fitting parameters are given in Table I. Even though the experimental
results are well agreed with the empirical relationship, the correct band gap energy is not
obtained.

Close to the band gap edge, the nonlinear index is determined by the temperature dependence

of the edge itself and the background thermo-optical coefficient as follows:'*

dn  on JE, (8}1)
(5-4)

oar "o, o T\ar),

on

The coefficient OE is obtainable using a Kramers-Kroning (K-K) transformation of the band
8
gap edge absorption'*

-0(E,+AE )-«
° (') +(hv)

An(hv) = % SEE )d(hv') )

The measured values of dﬁ/dT may be qualitatively compared to calculated results of K-K
transformation as a consistency check. For this, we used experimental absorption coefficient as
in our previous report.'’ Assﬁme a rigid shift of the absorption coefficient with the change of
band gap, and take 5’Eg / OT = 0.67 meV K, here, binomial smooth and cubic spline
interpolating techniques were used for the experimental absorption coefficient. The experimental

(25°C) and calculated results are shown in Fig. 5-4. The integral is truncated at E=2.95 eV and
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E=3.54 eV. The values of Ao outside this range is negligible, and they do not contribute to the

integral. The qualitative agreement is observed.

Table I. Values of Constants in Empirical Dispersion

Relationship (Ref.18)
a(10°%°C) b A
25°C 1.804 3.801 0.337
100 °C 9.65 2.135 0.352

5.4 Conclusion

‘The SE technique was used to measured refractive index, then thermo-optical coefficient
(dn/dT) of GaN can be obtained with the measured results made in different temperature. The
experimental results demonstrated very large thermo-optical nonlinearity for this material at the
band gap edge, since this material has large absorption coefficient and edge. The value of dn/dT
increase with increasing temperature, resulted from that the energy gap and absorption coefficient
vdo not vary linearly with temperature. Using Kramers-Kronig transformation, we calculated the

theoretical value of dn/dT, which has good consistency with the experimental results.
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Fig. 5-4 Photon energy dependence of thermo-optical coefficient
of GaN. In the calculation of solid line, the experimentally
obtained absorption coefficients (smoothed and interpolated
for caculation) were used.
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Chapter 6. Summary

» The Principle motivatio_n of the present wofk was to explore electronic properties of undoped
p-type GaSb, which has some ambiguous knowledge in present reports, and basic physics
properties of GaN, which is in the early stage of development and many physical mechanism
affecting their active medium behavior are not understood in detajlv.

In Chapter 1, we briefly reviewed the present status of the two materials, GaSb and GaN. The
purpose of this work are also described. | | |

In Chapter 2, the MBE apparatué and growth process of Gaéb were vdescribed in detail. It was
found that nﬁrror—like sufface ofﬂ GaSb epilayer can be obtained over large substrate temperature
range (460~530°C), and Sb/Ga flux ratios (5~10). High quality epilayers with excellent
morphology were grown.

In Chapter 3, A careful investigation of the electrical properties. of GaSb epitaxial layer
MBE-grown on SI-GaAs substrate was described, and a detailed model was used to discuss the
properties of GaSb. Variable Hall-effect measurements have been carried ouf on several undoped
GaSb samples grown by MBE. It is found that the electrical properties of GaSb epilayers strongly
depend on growth temperature. High unintentionally doped impurity concentration and high
compensation ratio are observed for lower and higher growth temperature. On such samples the
impurity conduction may be a dominant conduction mechanism at low temperatures, and common
method of curve fitting to concentration vs. 1/T curve may give wrong results; therefore, the
analysis of mobility vs. T data has been carried out. In addition, the electrical transport properties
of GaSb are analyzed in energy dependent relaxation scattering processes, and it is demonstrated
that device usage of GaSb is limited by high unintentionally doped impurity concentration as well
as high compensation ratio.

In this Chapter, the PL and I-V characteristics of GaSb were also studied. The spectrum are
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typical of GaSb grown under all antimony stable conditions and show the various transitions which
have been observed in good quaiity materials. The dominant recombination mechanism proceeded
via the residual acceptor A , at 777.5 meV, for all the samples. It was found that the Spectra
obtained from ‘higher growth temperature, a series bound exciton transitions and reeombihation at
the neutral acceptor level, and a exciton bound to donor (D) is clearly seen, this mean our samples,
which grown at higher temperature, have very good crystal quality, because the bound energy is
very small for this material. For fhe sample growth at 500°C, a strong and narrow A peek is
observed, increasing the growth femperatufe, all transition peaks become weak‘ and broaden. The
temperature dependent I-V characteristics in bulk of GaSb p-n | junctions are measured and
analyzed. At reverse bias, the tunnel current is dominant at a large temperature region. The large
leakage current is mamly caused by tunnel eurrent. The diffusion current surpasses the tunnel
current at high temperature and high bias of both forward and reverse voltage.

In Chapter 4, we have measured and analyzed emission spectra of a current injection’
InGaN/AlGaN sdrféce emitting ‘diode. A clear red shift of the low energy edge v&dth increasing
iﬁjected curren‘t‘has been observed, and is attributed te many body effects. The carrier density aﬁd
band gap narrowing are extraeted by emission spectra line-shape fit using Landsberg model which
includes many body effects causing collision broadening of the electron and hole states. A redshift
of areund 92 meV of low energy edge is obtained as injected current increases from 400 to 4000
mA. The band gap change can be described well in pfoportion to the 1/3 poWer ef the carrier
density, and further supports our supposiﬁon that baﬁd gap narrowing is caused by many body
effects which is more effective phenomenon for group I nitrides.

In Chapter '5', the tﬁermo-optical coefficient (dn/dT) of GaN is obtained with SE technique. In
room temperature the GaN v‘del‘nonstrated a Very'large thermo—optical coefficient (2.6 X 10'.3 K" at
0.365 wm (near band edge), compared to othef semicodddctors in which the thermal dispefsive
bistability has been reported. e.g. Si: 2.4X 107 at 1.06 pm, GaAs 7X10°* at 0.85 pm, ZnS 1.4 X

10*at0.514 pm, ZnSe 5X 10 ét 0.476 pm. The large thermo-optical coefficient close the band
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gap energies, may be caused by a steep band gap absorption edge of GaN. The value of dn/dT
increase with increasing temperature, resulted from the shrinkage of band gap with temperature
increasing. Using Kramers-Kronig transformation, we calculated the theoretical value of dn/dT,

which has good consistency with the experimental results.
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Ch紐pter　4．　Band　Gap　Narrowing　in　G劉hiNIGaAIN　Surf勘ce　　　　　　　　　　　　　　　　Emission　Diode4．11ntroductionIn　co�oon　with　m�py訂eas　of　se血conductor　physics，血e　study　of　heavily　doped　and�qgmyexcited　semiconductor　has　benefited　ffom　the　rapid　progress　in　material　science　and　the　tools　ofphysical　investigation　that　has　occurred　in　recent　years．　The　highlight　of　this　research　period　was血・・ec・9�ud・n血・t　i・興y姐gMy　e・・it・d・e血・・nd・・t・rs　a　d・g・n・・ate　elec怠・n−h・1・liq・id　i・b�oed　at　low　temperatures，　and　elec仕on−hole　plasma　at　high　tempera加res．　This　guasimet烈hcstate　can　only　be　described　by　including　the　effbcts　of　the　screening　of　the　Coulomb　forces　andby　t・ki・g　i・t・acc・unt　th・・en・�o記izati・n・f　th・・i・gle−P韻i・le　en・・gi・・d・・t・th・i・tρ・acti・n・・with　the　other　charged　carriers．　　The　many−body　interactions　between　carriers　in　heavily　doped　and　highly　6xcitedse血conductors　are�qown　to　have　import｛mt　e脆cts　on　the　physical　propenies　of　the　carrier　gas．．this　is　quite　apparent　ffom　optical　and　electrical　experiments　on　a　diverse　range　of　systemsvarying　ffom　fUndamental　studies　of　electron−hole　droplets　through　to　ef負）rts　to　develop　betteri功ection　lasers，　solar　cells，　and　bipolar　transistors．　There　is　now；agood　understanding　of　theseef色cts　which　has　resulted　ffom　the　early　theoretical　work　on　many−body　eff6cts　in　the屈gh−d・n・ity・lec甘・n　g・・and・m・・e・ecently・食・m　the　exten・i…�p9・・f・xp・・im・nt・�pdcalculations　carried　out　on　a　variety　of　semiconductor　systems．　However，　a　good　understandingshould　not　be　confused　with　a　satisfactory　and　accessible　quantitative　description．　For　example，the　concentrations　of　carriers　in　semiconductor　systems　that　are　studied　in　experiments　are　oftensuch　that　the　accuracy，　or　even　the　validity，　of　the　many−body　theory　is　in　question．　Even　when一179一the　basic　aspects　of　the　many−body　fb�oalism　are　accepted，　the　calculation　of．　numerical　results・eq・k・・an・n碇i・i紐・・mpht・d・n烈・丘・・t，・串w・ll・・血・i…Φ・・ati・n・f血e　apP・・xim・tig・・made　necessary　by　the　realities　of　the　semiconductor　band　structure，　such　as　anisotropic，nonparabOlic，　multiple　energy　bands．　　It　is　possible　to　produce　large，　equal　concen仕ations　of　electrons　and　holes　in　intrinsicsemiconductor　system　by　optical　excitation　and　electronic　i切ection．　The　many−body　theory　canbe　applled　to　the　description　of　the　electron−hole　plasma．　The．valence　and　conduction　bands，　aswell　as　the　total　bandgap　narrowibg，　are　calculated　by　Abr�o．1　　The　op廿cal　absorption　and　emission　exper�qents　of　Caseyθ’α1．　and血e廿subsequenti・t・Φ・et・d・nわy¢・・ey　and　St・m2　c・n・U加t・孕th…ugh�pd・・mp・eh・n・i…t・dy・f　th・・P翻properties　of　heavily　doped　GaAs　at　room　temperature．　The　latter　paper　is　alSo　a　usefUl　source　qfrefbrences　Qf　earher　optical　studies・Casey　and　Stemμsed　a　Hybrid　Kane旧31perin　and　Laxmodel　and　suitably　modifiサd　optical　matrix　elements　to　calculate　the　absorption　and　emissionspectra　of　n−and　p−type　GaAs．　The　bandgap　narrowing　due　to　many−body　effects　Was　thendeduced　by　comparing　the　theoretical　and　experimental、aわsoq）tion．spectra．　Fgr　p−type　sampleswith　hole　concentrations　varying　between　1．2×1018cm曽3　and　1．6×1019　cm璽3，　Casey　and　Stem且nd　a　simple　relation　between　the　bandgap　narrowing　due　to　many−band　ef免cts　alone，△Eg，　andthe　hole　concentration　p：　　△E9＝一1・6×10−8P1／3wh・・e△E・i・mea・u・eﾝin　elec曾on　v・lts・�pdρin　i箪ve「se　cubic¢entimete「s・No　co加配ableresult　is　quoted　fbr　n二type　materiaL　There　are．problems　in　measuring　the　change　in　bandgap　in　aheavny　doped　ser【1iconductor　by　us卑ng　oP口ca1．absorption・The　high　density　of　carrier＄that　existin　either　the　valence　or　the　conduction　band　precludes　absorption　transitlons　involving　state　closet・血eedg・・f　th・．・ccupi・d　b・nd．　Th・・e・ult　i・血・・Q・岨・d　M・ss−Burst・i・・hi負3・f　th・absorption　edge　away　ffom　the　energy　of　the　fUndamental　gap．　To　deduce　the　gap　it　is　essentialto　have　a　theoretical　model　which　involves　a　description　of　the　l�tal　electronic　stmcture　and一180一carder　distribution．　　Rec夢ntIy，　grgμp　III項tride　semicgnductors　h3ve　a取3cted　much　attention　as　a　m耳terial　fbr毎bdca血g　blue　and・1曾・vigl・t　light−emi血・g　di・d多r・nd　l・・ers・Lig員t・mi賃i・g　di・d・・b・・ed・nhq姻／組G・N　h・t・…血・t・・e・h・ve　ac�q・v・d　p・a・翻level・4　M・・e・ecently，・μccess血1鋤d・ati・n・f・1�t加・皿y　p・mp・d皿一V血面d・1・・ers　h・v・戸een・ep・丘・d・5　B・t・u・h�ot・d舳drelated　opto−electrical　devices　are　stlll　in　prelimina『y、　stage，　and　many　physical　mechanismsaffbcting　thehl　active　medium　behavior　are　not　understood　hl　detail．　　Many　body　ef飴cts　in　llighly　excited串emiconductors　have　been　studied　intensively　both・xp・dment母ly　and　th…e廿・皿y鉛・mmy　years，6”’�pd　it　i・w・ll�q・w・血・t　mmy　b・dyCouIomb　interactions　between　theρarriers　w員l　le3d　to　energyゆan4　renorロ1alization　Or即・wi・g・D・・牟・血・1飢ge　ex・it・n戸i・di・g・n・・gy・・価�t“ve　elec仁・n　mass・�pd　wid・b瑚9・p・fg・・up−HI・it唄e　c・mpbund・・出e　e晩・t・fm�py　b・dy　C・ul・mb　i・t・・acd・n・�pe　expect・d　t・b・m・・eimp・伽・・7@Ar・d・�q丘・f血・p・欲・f・dm・1…d・�ussi・n・pec曾・鉛・・P・i・訓ly　p・甲P・d．G姻一b・・ed　m…酬・h・・b・6・・b・ew・d　by礁・e孕・・u・h・rs．1ト’3　Ths　red・雌m・y　b・i緑terpreted　as　strong、many　body　effbcts　overcoming　a　relatively　small　band　filling　effbct．　Theinvestigatlons　of　many　body　eff6cts　are　generally　carried　out　usipg　optical　pump　method　and　isconcentrated　mainly　qn　GaAs−based　materials，　with　fbw　studi年s　on　GaN−based　materials．15’17　　1n　this　section　the　band　gap　narrowing　arising　ffom　many　body　interactions　in　theelectron−hole　plasma　of　current　i功ected　InGaNIAIGaN　surface　light　emit口ng　diode（SLED）isinvestigated。　The　dependence　of　electroluminescence　on　the切ected　current　density　has　alsobeen　investigated．　A　luminescence　line−shape　analysis　has　been　used　to　extract　th6　essentialparalneters　such　as　carrier　density　and　the　renormしalized　gap　of　the　current　pulse　i垣ectedIhGaNIAIGaN　SLED．一181一　　42Experiment　and　discussionTh。　sLED・，・・mp・i・ed　6f　I・。．。6G・。．94N／舟G・N　d・ubl・h・t・…血・t・・e・withr　z・．andSi−doped　n−type　active　layer，　are　prepared　by　metalorganic　chemical　vapor　deposition（MOCVD）。。。、ap画・e（0001）・ub・t・at・．　Th・d肛k・p・t　d・n・ity　i・血・・ampl・・w・・e　abb血t　3×107　cm’2・The　details　of　the　device　fabrication　collditions，　structure　and　characteristics　were　described　inP・evi・u・ly・ep・貰・d・e・ult・，18b・t　6ur　s�op16・h・d・・．・pd・曲・dback・Th。　SLEDs　w。・e　m・unt・d・n　a　c・PP・・heat・i・k，・nd・P・・at・d　i・p廿1・ed血・d・with　p・IS・width　of　100　ns　at　a　ffequency　of　l　kHz．　Figu士e　4−1　shows　the　surface　emit吐ing　spectrameasured　at　various切ected　cu止rents（The　similar　emitting　spectra　were　obtained　in　otherr�opl・・a1…乃・b…1・�u…cence　e缶・ienqy　h群・inve・直9…dh6・e）・Ab・・ad・�ussi・n　b�pd・tardund　2．8　eV，　which　may’be　due　to　the　f士ee　to　bound　acceptor　or　donor−acceptor　pah・recombination，19　tends　to　saturate　as　the　i功ected　current　increases　and　the　band　edgerecornbination　emission註t　around　3．26　eV　becomes　more　and　more　intense．　The　satu士ation　of　thebroad　emission翫around　2．8　eV　may　be　due　to　the　l�qited　i血purity　concentration．　With　ani。。，ea、e　i。　th，切6・t・d・uπ・nt，　a　cl・飢・ed・hi食6f血61・w・n・・gy・dg・，記・ng　with・b・・ad・ni・息�pd・・hi舳P・欲・n・・gi…fthe　e曲・i・n・嘩・i・・b・e・ved・Th6・e　ph・h・m・na　canbe　cau・edby　heaU・g・伽・t・・m�py　b・dy・f飴・t・．　By魚i・g　l・th・high　ene・gy　t樋1・fth・mea・u・ed・p6…a，wi・h　B・1セm漁…exp［一（乃v−Eg）／叫血ec副・…mp・・a加・e7−bσ・b・田・・d・h・・e加i・ph…n・n・・gy，　E，　i・血・b・nd　g・p・n・・gy�pd　h・・h・B・1伽�pfac・…20　N・h・u耳b…shown　here，　when　the　high　energy　tail　of　the　spectra　was　plotted　as　a　function　of　photon　energy・nal・g囲�qi・・cal・・i・gave　a　c・醐t　t・m鉾・a加・e　f・・飢th・i可ected　c�oent　levels・噸hw・・cl・・e　t・b・th　t・mp・・at・・e・M・・e・v・・・…�q舳th・p・欲・n・・剖・f　th・・pecα・i・・br・wedwith　i。。，ea、血9、uπ・nt　p・1・e廿・q・・n・y．　Th・・e鉛・e，　th・・ed・�q食・f血・1・w・n・・幻・dg・�pdbroadening　of　the　emission　spectra　can　be　attributed　to　the　many　body　effbcts，　and　not　due　to　theheating　effbct・一182一今δ．昏●お8閣2．62．83．03．23．4Photon　Energy（eV）Fig．4・1　The　experimental　emission　spectra　as　fし匪nction　of　　　photon　energy　at　dif艶rent　i司ected　currents　of（from　　　bottom　to　top）0．4，1，2，　and　3　A．一183一　　As　no　evidence　of　stimulated　emission　has　been　seen　in　measured　emission　spectra，　so　wetacitly　assume　that　stimulated　emission　was　neghgible　in　our　experiment．　Similar．to　PL　spectra　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　里8・the　luminescence　are　described　by　the　fbllowing　intensity　relation：・伽）一∬α（旦）照）δ（二二．一乃・）御沼、1　（4−1）wh・・e　1≧，、（E）飢・th・・numb…f・lec怠・n・（h・lg・）P・・u姐t　ene・gy・�p9・．�pd　unit・・1・m・（density　of　states　times　Fe�oi　distribution　function），　which　assumes　the　red　shift　of　the　lowenergy　edge　to　be　due．　to　colhsion　broadening　of血e　electron　and　hole　states，　and　is　givenby，19−22．軌畦∬（E−E　正）門門♪／2）・1脚［1芸1�j）刺4瓦（42）　　For　the　parameter　r　of　the　Lorentzian　function，　we　take　Landsberg’s　expression．20　The　fitP肛�o・・…蝕・・h・q…i7F・�oi　ene・gi・・E・θ�`f・lec……d　h・1…b・・ad・ni・g　P一・…r・whi・h　i・incl・d・d　i・r・nd　th・・en・�o烈拡・d　g・p　E，’・T耳・．・頗・・d・n・ity　iS・bt樋・・d丘・m血・relation：　　　　　　　やη一轤c。（E♪4E　　（4−3）．　　　　　　　噸　　In　our　calculation，　reabso］哩）tion　eff6cts　are　not　considered　fbr　the　fbllowing　reasons．　Firstly，in　surface　hght　emitting　diodes，　the　reabsoq）tion　is　very　small　and　the　spectra　will　resemble　thatof　PL．　Secondly，　absorption　coef且cient　corresponding　to　photons　of　lower　energies　is　smaller・h鋤・h・…π秩E岬i騨r厨ghrτ・h6・gi…Thildly」・w・・enrlgy・t・t…fthe　c・nduction�pdvalence　bands　being　almost　occupied　under　strong　excitation，　reabsorption　mainly　takes　place　onthe　higher　energy　side　of　photon　energy　and　has　htde　e価ect　on　the　low　energy　edge．　Since　the・en・�o烈ized　b�pd　g・p　i・d・t・面・・d　by　l・w・・e・e・＄y・id・・f血・・pect・a・・eab・・Φti・n　will　havehtde　e鐸ect　on　the　calculated　results　of　band　gap　narrowing．一1呂4一今時　昏’お8印1．00．80．60．40．20．02＼　ξ　　　　　　　り1　　　7　　　．　『　　r　ぎ8・●‘●．●●ooo3．03．13．23．33．435Phbton　Energy（eV）：Fig．4・2　Normalized　emission　spe¢tra　of　InGaNIAIGaN　diode　　　　with　two　dif猫erent　i叫i　ected　current，（1）1A；（2）3A．　The　　　　Symb61s　are　experimental　data，　and　the　soliαcurves　rep6　　　　resent　theoretical　results．　The　broken　line　in　lower　energy　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　side　is　used　to　obtained】％according　to　T紐ruchags　metho⊂1．一185一　　Results　of　the　line　shape　fitting　are　shown　in　Fig．4−2．．　Theoretical　fits　are　in　very　goodagr�tment　with血e　measurements．　A　decrease　in　the　reno�o訓ized　band　gap　E8蜜with　increasing切ected　current　is　clearly　observed．　According　to　Taucha　6∫α乙26血e　reno�o田izpd　band　gap　canalso　be　determined　by　lower　energy　side　of　the　spectra，　and　the　red　shift　of　the　band　gap　can　bedir�tdy　approximated　by　an　intercept　of　the　tangent　at　half　the　peak　intensity　of　lower　energyside．　However　this　method　gives　only　relative　red　shift　of　the　band　gap，　not　the　exact・en・�o油zedb・nd　g・p・．Th・・r・ult・・bt樋・・d　by．血・tw・m・th・d・鍵e　shown　inFig・4−3・whichindicates　simil飢i功ected　cuπent　depepdence　of　reno�o烈ized　band　gap　E8�dAred　shi丘of　around92�tマ。f血・1・w・n・・gy・dg・h・・been飴und・・th・p・1・ed切ect・d・�o・・t　i…ea・ed仕・m　400mA　to　4000血A．　　The　band　gap　nafrowing　due　to　many　body　interactions　can　be　calculated　theoreticallyconsidering　the　exchange　energy　of　the　elec住on−el�t症on　and　hole−hole　interactions・Stern・h・w・d・�qpl・・el・ti・n　b・tween　th・b・nd　g・p…wi・g�pd血e　c狙i・・＃・n・iW・27E，’一E、繍η1／3＋ρ’／3♪　（4−4）whereηandρare　electron　and　hole　concentration，　respectively，　and　A　is　a　constant．The　ab・ve　eq・・U・n　i・v訓id・nly　lf　thr・ali・・ξinτe「c瞭ie「spacing　to　the　elec仕on　Bo�q「adiusin　the　crystal　is　less　than　unity，　and　the　carrier−impurity　interaction，　carrier−carrier　Coulombinteractions　are　not　considered．　Our　experimental　results　are　in　good　agreement　with　above・el・・i・。，　wi・hλニー5．8．×1σ8eV／・m，・ndE，ニ3．324・V（th蜘d　g・p　ene・gy・fl・・．・6G・・．・4Nat　room　temperature），　which　ig　shown　in　Fig・4「4・Experiment訓observations　of　bandgap…wi・g　f・・G訟s28　and　I・P2g　can副・・b・dg・c・iや・d　by血6・b・v・士・1？・i・n・wi・h・・r1・d・・lysmaller　value　of　A，一2．15×10’8　and−2．25×10『8　eV／cm，　respectively．　The　large　value　of、4　forInGaN　may　indicate　stronger　many　body　ef艶cts　than　that　for　GaAs　and　InP．　Zhangθ∫αZ．　havealso　reported　similar　relation　of　band　gap　with　carrier　concentration　for　optical　pump　on　GaN，h。w。ve，，　with。m・・h・副1・・v副・・（一1．1×10’8　eW・m）・f　the　c・n・t・nt　t・�uA’71・・u・o診inion，　they　may　have　overestimated　the　value　of　carrier　concentration　by　taldng　a　small　value一186一（ε加国3．253．203．153．10●O●●0　0●O●O●o●o●O●o051．01．52．02．53．03．54．0Injected　current（A）Fig．4−3珂ected　current　pululsed　dependence　of　the　renormalized　　　Eg　F．　The　dots　are　extracted　from　spectra藍ine・shape　fitting，　and　　　　circles　are　obtained　by　Taruch勘ls　method．一187一　〉ε●　◎o国3．203．183．163．141．52．02．53．03．54．04．5Ca・rier　D・n・ity（1018　cm’3）Fig・4・4　Ren・rm劉1ized馬’as　a血mcti・n・f　carrier　density・The　　　　dots　represent　spectra　shape・line飢results，　and　the　solid　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．8　　　　curve　is魚｝r　that　calculated　ones　using瑞’＝E：9−5・8×10　　＠113＋P1／3）（・V）with馬＝3・324・V・一188一fbr　A　because　they　did　not　consider　the　carrier　density　pinning　effbct　which　occurs　in　the　strongst�qulated　elnission　case．　　Semiconductor　lasers　based　on　group　III　nitrides　co血pounds　are　hlteresting　begause　theyoperate　in　the　viable　wavelength　region．　The　band　gap　of　the　nitrides　ranges丘om　1．8　eV　of　hNto　6．3　eV　of　AIN，　making　them　promising　candidates　fbr　hght　emit丘ng　diodes（LEDs）and　laser（hodes．（LDs）．　These　has　been　a　growing　interest　in　the　optical　properties　of　nitride　filmS　due　toseveral　recent　advances。　　In　several　recent　papers　describing　theoretical　investigations，　the　gain　medi�ois　treated　as．either　an　inhomogeneously　broadened　ensemble　of　two−level　systems，　representing　excitons，　orelectron−hole　plasma．．The　gain　spectra　can　be　obtained　ffom　unamplified　spontaneous　emission，丘om　which　elec鉦01un亘nescence　is　mea串ured，　and血e　g樋n　is　c烈culated　via　aなans飴mation血atresults　f士om　the　Einstein　relationship　between　spontaneous　and　stimulated　transitions．　　The　relationship　between　spontaneous　and　st�qulated　transition　rates　is　easny　derived　by・eq・項・g血・t血・・adi・ti・n　d・n・iけ・bt樋・・d・t・adi・dve　eq・mbd・m　i・血・・�o弔・・血・t・bt撮・・d・t血e�oody粋amic　equilibrium．　This　result　is　easily　extended　to　give血e　reladonship　between　g樋nand　spontaneous　emission．　which，　for　a　semiconductor，　isα（乃V，△EF）俣1伽苗。）・xp［伽一二。）／剛　　（4−5）8伽超。）俣・（乃v，△EF）｛1一・xp［（乃v一門。）／剛　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（4−6）whereα（加）is　the　abs6rption　coefficient，8（加）is　the　gain　as　a　fUnction　of　photon　energy　hv，1（んv）is　th6　spontaneous　elnission　density，　and∠1EF　is　the　separation　of　the．elebtron　and　holequasi−Femi　levels．　In　fact，　only　relative　values　for　1（伽）are　determined　exper丘nentally．　Toobtain　absolute　values　fbr　the　gain，　it　is　necessary　to　measure　1（加）and，　hl　addition，　the一189一separaUon　of　quasi−Femi　levels∠1EF，　the　quasi−Fermi　level　separation　can　be　determined　as・fbllowing：　　　　　　　　　　　　　　・　　　　　　　　　　　　　　　．’　「　　　1）the　quasi−Fermi　level　separationムEF　is．　simply　the　junction　voltage・An　estimate　of　thisvoltage　can　be　obtained　from　the　measured　device　contact　voltage　by　subtracting　the　seriesvoltage　drop．　The　series　resistance　of　the　device　is　obtained　ffom　the　slOpe　of　the　current−voltagecurve　at　higher　i切ection　current　dondition・　　2）ムEF　can　be　determined丘om　the　best　fit6　to　the　measured　spont盆neous　emission　with　lourmodel．　Since　the．width　of　the　spontaneous　emission　is　a　sensitive　function　ofムEF，these　valuesare　more　accurate　than　l）．ムE。i・am・・e血・d�o・酬P謎�o・t・・山�pr・π・nt・A・訓…fムE・c�pb・鉛und鉛「eachcurrent，　so　we　write　the　detected　luminescence　intensity　as　1（加）．　The　changes　inムEF　can　bedete�oined　by　the　ratios　of　the　luminescence　intensities．　From．equation（4−5）1緯鵠一聯ll・xp〔△E　一△E　　　Fl　　　　　F2　　　　．んT）1（牛7）　　　C副・・i司�tti・n’m・di丘・・th・ab・・φti・n・dg・，　b・t飴・ph・t・n　en・・自ies　su岱・i・ndy　f訂・b・v・血eab、。φti・n・dg・，　thelab・・叩ti・n…缶・i・nt　i・i・d・p・nd・nt・f・副・・i切ecd・n　and　th・・e拓・e．i・i。d。p・nd6nt・fムE。　f・・th・�qgh・n・・gy　6dg・・id・；…q・・廿・n（4−7）・�pb・・ampli・・t・1誘鵠一・xp⊂紐・1詳・・）　（48）　　　The　high−energy　tans　of　the　spontaneous　enlission　spectra　diffbr　only　by　a　constant　factorexp［（ムEF、一ムEF2）／丸1］・　　　The　low−and　high−intensity、spectra　are　compare4　by　sliding　the　logarithmiρplots　of・p・nt・n・Q・・emissi・n　i耳t・n・ity　until血・high−en・・gy　t田1・n・飢ly・・i・・id・・Wi血・・π・rs・f・b・ut10K，　we　find　no　change　in　carrier　temperature　when　the　LED　is　increased　in　current　ffom　100　mA　to　4000　nLA．一190一700060005000　ゴ赫言・8§塁400030002000100003．103．153．203．253．303．35Photo口Energy（eV）Fig．4−5　The　c紐lculated　absorption　spectr紐as　functions　of　photon　　　　energy　at　dif6erent　i畑ected　currents　of（the　current　incre劉sing　　　　from　top　to　bottom）1．5，2．0，2．5，3．0，3．5，劉nd　4．O　A．一191一500．0一500　5話）’田。一1000．一1500一2000一2500一30002．93．03．13．23．33．4Photon　Energy（eV）Fig．4顧6　The　c紐1culated　gain　spectra　as　functions　of　photon　energy　　　　at　dif艶re血t　i煽ected　currents　of（the　current　increasing　from　　　　bottom　to　top）0．6，0．8，1．01．5，2．0，2．5，3．0，3．5，　and　4．O　A．一192一　　The　spontaneous　en：＃ssion　spectrum　of　our　LED　is　shown　hl　Fig．4−1．　The　spontaneousemission　spectra　are　converted　into　absorption　and　gain　spectra　in　Fig．4−5　and　Flε．4−6．　As　thei両ection　intensity　increased，　one　clearly　observes：　　1）adecrease　of　the　abso叩tion，　and　an　incr年ase　Qf　the　net　gain　amplitude，　　2）apronounced　shi負：to　higher　energies　of　the　point　where　the　net　gain　changes　to　absorption，and　　3）ashift　to　lower　energies　of　the　low　energy　side．of　the　net　gahl　spectra．T凪・b・havi…b・e・v・d・b・v…帥e　eXpl撮・・d　by　b・nd丘lliρ9・nd　by．m・ny　b・dy・e聴・t・・felectron−hole　system　at　high　canier　densities　which　lead　to　a　high　energy　shi茸of　the　chemica1‘potendal　and　a　bandgap　shrinkage，　respectively．　　4．3ConclusionIn　su�o鰐，　we　have　measured�pd鋤zed　e�ussion　spec仁a　of　a　c�oent　i切�tdonIhGaNIAIGaN　surface　emitting．diode．　A　clear　red　shift　of　the　low　energy　edge　with　increasingl呵ected　current　has　been　observed，　and　is　at頃buted　to　many　body　eff6cts．　The　canjer　densityand　band　gap　narrowing　are　extracted　by　emission　spectra　line−shape　fit　using　Landsberg　modelwhich　includes　many　body　e脆cts　causing．colhsion　broadening　of　the　electron　and　hole．states．The　band　gap　change　can　be　described　weU　in　proportion　to　the　113　power　of　the　carrier　density，and　fUrther　supports　our　supposition　that　band　gap　narrowing　is　caused　by　many　body　ef〔bctswhich　is　more　ef陀ctive　phenomenon　fbr　group皿：nitrides．一193一ReferencelR．　A．　Abram，　G．」．　Rees　ahd　B．　L．　H．　wilson，　Adv．　Phys．「27，7り9（1978）．2H・C・C・・ey�pd　F・．St・・n，　J・ApPl・Phy・・47，631（1976）・3T．　S．　M。ss，　P…．Phy・．　Sb・．　B67，775（1954）．4S．　Nakamura，　T．　Mukai，　and　M．　Senoh，　Appl．　Phys．　Lett．，64，1687（1994）．5S．　Nakamura，　M．　Senoh，　S．1．．　Nagahama，．m．　Iwasa，　T．　Y�oada，　T．　Matsushita，　H．Kiy6ku，　and　Y．　Sugimoto，　Jpn．」．　Appl．　Phys．35，　L74（1996）．6H．　Haug，　and　s．　schmitt−Rink，　Progr．　Quant．　Electr．9，3（1984）．7H．　Schweizer　and　E．　Zielinski，　J．　Lumin．30，37（1985）8R．　Cingolani，　K．　Ploog，　A．　Cingolani，　C．　Moro，　and　M．　Ferrara，　Phys．　Rev．　B　42，2893（1990）．9S．　Schmitt−Rink，　D．　S．　Chemla，　and　D．　A．　B．　Miller，　Adv．　Phys．38，89（1989）．10v・W・Ch・w，　A・降・π�pd　S・W・K・・h，　ApPl・Phy・・L・tt・67・754（1995）・11r．　T．　Kim，　H，　Amano；and　I．　Akasaki，　App1，　Phys．　Lett．67，267（1995）．’2w，　H・Y・ng，　T」・S・h�udt，　W・Sh・h，�pd　J・J・S・ng，　ApPL　Phy・・L・tt　66，1（1995）・13sl　Tanaka，　K．　Uchida，　A．　Watanabe，　Imd　S．　Minagawa，　Appl．　Phys．　Lett．68，976（1996）．14r．　Kurai，　Y．　Naoi，　T，　Abe，　S．　Ohmi．，　and　S．　Sakai，　Jpn．　J．　Appl．　Phys．35，　L77（1996）．15R．　Cingolini，　M．　Feπ肛a　and　M．　Lug訂al，　Solid　State　Co�oun．60，705（1986）．16w．　Zhang，　P．　Kung，　A．　S　axler，．．　D．　Walker，　T．　C．　Wang，｛md　M．　Razeghi，　Appl．　Phys．Lett．67，1745（1995）．17w．　Zhang，　P．　Kung，　A．　S　axler，　D．　Walker，　and　M．　Razeghi，　J．　AppL　Phys．80，6544（1996）。18T．　Egawa，　Y．　Murata，　T．　Jimbo　and　M。　Umeno，　Electron．　Lett．32，486（1996）；18s．　Eg・w・，　H・1・hi琴・w・，　T・Jimb・孤d　M・Um・n・，　ApPl・Phy・・L・tt・69，830（1996）・19r．　Nakamura，　T．　Mukai，．and　M．　Senoh，　Appl．　Phys．76，8189（1994）．一194一20l．　H．　Pilk・�q・nd　W．　S・h・i・e・，　i・E・励・・ん・…配∫…4〃α…4，De・ice　Phy・i・・，edited　by　C．　Hilsum（Elsevier　Science　Publisher　B．　V．，　Amsterdam，1992），　p．668．21A．LMcwhorter，　Solid　State　Electron．6．，417（1963）．22o．　T．　Landsberg，　Phys．　Stat．　So1．15，623（1966）．23o．　T．　L・nd・b6・g・nd　D．　J．　R。bbinn、，　S。lid　St。t，　Elect，。n．28，137（1985）．24q．　W．　Ma�q�pd　H．　L．　St血mer，　Solid　State　Co�oun．22，523（1977）．25o．　T．　Landsberg，　Proc．　Phys．　Soc．　A　62，806（1949）．26r．　T�o・h・，　H．　K・b・y・・hi，　Y．　H・・ik・・hi，�pd　H．　Ok・m・t・，　Jp・．　J．　ApPl．　Phy・．23，8ク4　　（1984）．27　F．Stern，　J．　Appl．　Phys．47，5382（1976）．28i．　Shah，　R．　F．　Leheny�pd　C．　Lin，　Solid　State　Co�oun．18，1035（1976）．．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　し929M．Bug句ski　Imd　W．　Lewandowski，　J．　Appl．　Phys．57，521（1985）．一195一Chapter　50pto』thermal　Properties　6f　G劉N5。11ntroduction　　The　group　HI　nitride−based　semiconductors　have　been　becoτne　as　the　most　promising　materialbr　sh・岬vel・ngth　light−e血賃i・g　di・d・・�pd　l・・ers…鉛「cohe「ent　light吊ou「ce・they肛egm・i曲・璋gh　4・茸・i・y・pU・訓・ead�pd　wnt・・ec�q・1・gi…lTh・・m・y　m誼・．th・m・h・b…potential　optical　devices　to　complete　the　optical　computation．　Optical　bistable　device　has　manyP・t・翻・d・・nt・g・f・・apPhca廿・n・i・・pU・田1・gic　and・i鯉P・・cessi・g．2（や廿・ψi・t的ili取�pd・e1・t・d・・面・・鍵ph・ng卑・n・h・v�Seen、st・dird　i・・ev・・紐・e麺・・翠d・・t・r　sm訓1り�pd　g・pm翫・劇ssu・h・・1・sb3ﾞAs4�pd　cdHgTe5　ex�qbit　p謡i・ul雛ly　l礎gP・曲・肛iti・s・f・lec碇・�u・odgin　at　photon　energies　close　to　the　band　gap　energy．　ThermaUy　induced　re丘active　indexchanges　in　se血condu（ltors　have　also　gained　increasing　interest．　Opdcal　bistability　has　beenachieved　in　this　way　under　band　gap　resonant　conditions　in　S　i，6　GaAs，7　ZnSe，8　and　ZnS．9’loThis　is　the　nrst　report　of　this　kind　on　GaN　to　our�qowledge．　　Two　classes．　of　bistability　have　received　prominent　attention，　n�oely　those　associated　withrej吐acdve血dex　changes　brought　about（1）by　carrier　genera丘on（optoelectronic）and（2）bysample　tempera加re、changes（Opto血e�o組）．　The　overall　problem　of　semiconductor　bistabili域isas　fbllows．　The　material　is　described　by　a　refractive　indexη，　interband　absorptionαi，　and・dditi・n訓・b・・甲ti・n・（d・・鉛・ex�opl・t・t与e　c・eat・d廿ee　c�qers‘）α，・R・diati・n　l1・・t丘equencyω，　is　incident　on　the　material　in　a　cavity　fb�oed　either　by　the　natural　su�uacereflectivities　or　by　external　partial　mirrors／coatings．　The　consequent　intemal　irradiance　1（ω）mustthen　be　determined　and．≠撃唐潤@the　transmitted　and　re且ected　irradiances．　This　is　the　cavity　fbedbackproblem�pd　it　may　involve　steady−state　or　dme　dependence，　pl飢1e−wave　or　nonunifb�onlU�unaUon．一196一　　The　intemal　l�qadian『e　generates△1＞carliers　and　a　temperature　change△T．　For　steady　state，one　is　thereR）re　concemed．with　the　c�pder　reco血bination　mechanisms（trap，　radiative，　Auger，sur飴ce　recombhlation）an（yor血e血e�oal　losses．　The　band　s血。加re　an曲e　state　populaUonsalter　as　a．consequence．　Given　an　understanding　of　aU　absorption　processes，　the　changes△αi　and△αpmay　be　dete�oined　and，　in　turn，　the　re丘active�qdex　change△ηcalculated　byKramers−Kronig　transfo�oation。　A血e�o田expansion　of　Fabry−Perot　cavi呼may　also　besignificant．5．2Background劉nd　theory』eDcaviw．optical　path　lrngt＃（〃D）playl血e　do�un�pt「ole、鱒dete面ning　the　F響bw−Pe「otresponse．　For　nonlinear　system，　the　path　length　change　is　given　by△1誇）一宇艶＋⊂誹＋去穿〕△7抽e負ギst　te「甲・the　elrc仕。�uc「e丘acUve　contribution・is　dete�oinedby血e「e廿acdve　index　c「oss・ec・i・μ（P・・g・ne・a・・d・躍i・・p田・）・珈／訟7＝σガ1・will　b・n・…n・id・・ed　h・・e・Th・・r・・ndte�ois血e　the�o一〇ptic　con仕ibution�pd　is　in　gener田an　order　of　magnitude　larger血an血e且nal，the�oa1−expansion　te�o．∂η／∂7can　be　c訓culated　using　a　weH�qown　Kr�olers−Kroning舳・飴m・a！i・n・f血・b�pd・dg・池・・卯ti・n・14蜘）一直∬α（盈＋苗、）一α（E、（励2＋伽）2）4�戟@　This　relations　allow　us　to　transfb�othe　problem　of　detem血ing　the　behavior　of　the　re丘activeindex　to　the　problem　of　fin（hng　the　behavior　of　the　absorption　coefficient．　Fo血nately，　we　haveexperimental　data　fbr　the　absoq）tion　coef5cient．　near　the　absorption　edge　of　mostsemiconductors，　and’we　can．in　many　cases　dete�oine　the　nonlinear　behaviOr．near　absorption一197一edge　using　this　rela廿on．　　For　bistabHity　the　change　in　optical　leng由，　illduced　by　the　intemal　radiation，1，　must　be　at　least・f・・d・・λ。12F，　wh・・eλ。　i・血e　vacuum　wav・length鋤d　F　th6　cavi取finesse．　A　l・w・b・・lpti・nis　needed　to　attain　a　high　finesse，．but　at　the　same血le　there　must　be　suf丘cient　absorption　to　givethe　required　steady−state　concentra廿on　or　temperature　changes．　We　shall　concentrate　ondirect−gap　selniconductors，　under　near−resonant　operation・5．3Experiment　and　DiscussionIn　order　to　predict　accurately血e　pe血�oance　of　a　c�pdidate　mate副for　optothe�oalnonliearities　devices，　a�qowledge　of由e血e�oo−optic田coe伍cient（（玩1dηis　needed．　In　thissection，　we　present　the　results　of　the　nonlinearity　near血e　absorption　edge　caused　by　the�o田yinduced　re丘active　index　changes　of　GaN　epilayer　grown　by　metal−organic　chemical−vapordeposition（MOCVD）．　It　is　fbund　that　this　mate劇is　having　a　very　large　themo−optic烈coef丘cient　compared　to　other　semiconductors．　Spectroscopic　ellipsometry（SE）was　used　todetermine　the　refractive　index　of　GaN　layer　over　a　large　wavelength　region　fbr　diffbrentmeasured　temperatures．　The　measured　parameters　of　SE，△andΨ，　areサxtremely　sensitive　to．overlayers　on　the　surface　of　the　material　such　as　a　natural　oxide　layer　or　a　rough　layer，　which　is　am勾or　drawback　in　the　accurate　dete血nation　of　optical　constants　of　studied　materials．F・血nat・ly，　G・N　h・・av・・y　g・・d・h・血・瓠・t・bili取・th・・xid・1・y・・i・n・gligibl・f・τ面・material　and　MOCVD　growth　technique　can　obtain　very　flat　su�uace．　　The　sample，　used　in　the　experiment，　was　2．4μm　undoped　GaN　epitaxial　layer　grown　on　amiπor　polished　sapp姐re（0001）substrate　with　a　low　tempera加re　growth　30�oGaN　bu脱rl。y。，　by　MOCマD．’I　Th・t�q・�qess・f　the　epil・y・・w・・鵬・・u・ed　by・c�p・i・g・lec仕・nmicroscope（SEM）．　The　s�ople　was　heated　on　a　hot　plate，　and　the　temperature　of　the　sample　was一198一measured　with　a　W−Re　themlocouple．　When　the　measurement　was　made　in　the　atmosphere，　itwas　fbund血at　the　the�oocouple　probe　does　not　accurately　give血e　temperature　of　the　sample．This　discrepancy　is　probably　due　to　the　poor　contact　between　the　probe　and　sample．　In　order　toget　the　correct　temperature，　the　measurement　was　carried　out　with　o皿drop　on　the　contact　point　ofsample　and　probe．　Because　oil　has　greater　themlal　mass　and　heat　transfbr　capability　than　that　of撮r，sample　and　the�oocouple　is　at　equilibhum　with　the　oil　rather　th�p血e　heat　radiation負eld．　　Due　to　the　high　re丘active　index　of　GaN，　the　interface　of　GaN　with　air　has　a　reflectioncoefficient　of　about　40拓，　and　the　same　with　sapphhie　is　about　20％，　so　these　inte�uace　ffom　aFabry−Perot　etalon．　When　a　light　beam　radiates．　the　sample，　the　inter驚rence　ef飴cts　will　beobserved．　Figure　5−1　shows　the　SE　experiment　data　ofΨ　f6r　two（Hf飴rent　measurementtemperatures．　Each　set　of　measurement　ffom　250C　to　1600C　gives　a　statistically　large　number　ofΨvalues　which　are　then　averaged．　The　changes　of　absorption　edge　and　location　of　interfbrenceftinges　can　be　clearly　seen．Th・b・・ic　eq・・ti・n鉛・th・i・t・漉・ence丘i。g・・i、’21’3　　　　　　　　　　　　4蜘2一・in2φ）’／2　　β＝鷹＝　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（5−1）　　　　　　　　　　　　　　　　　　　　λwhereβ　represents　the　phase　diff6rence，λ　is　the　wavelength　of　monochromatic　light　invacuum，4andηare　the　thic�qess　and　refracUマe　index　of　GaN　layer，　respectively，φis　the｛mgleof　the　incidence，　and配is　an　even（or　odd）integer　for　max�qa　and　an　odd（or　eYen）integer　forminima．豆2　Therefbre，　using　the　equaUon（5−1）the　re丘acdve　index　and　thic�qess　of　GaN　layercan　be　obtained．　In　this　method　the　reftactive　index　of　GaN　layer　can　be　dete�oined　without�qowing　the　re丘active　index　of　sapphire．　Because　the　results　are　only　related　with　ex杜emelocations　in　the　interf6rence　ffinges　of　SE　data　withΨ．　Because　of　absorption，　measurementerror　increases　with　increasing　energy　close　band　gap，　above　band　gap　the　interfbrence丘inge　cannot　be　clearly　seen，　so　the　ref亡active　index　can　not　be　obtained　in　this　region．　Figure　5−2　showsthe　calculated　results　of　the　re丘active　index　fbr　three　dif匝rent　temperatures．　We且nd　that　there　is一199一rapid　dispersion　of　the　refractive　index　near　the　band　edge．The　reffactive　index　increases　with　thetemperature　increasing，　and　a　large　change　of　reffactive　index　has　been　observed・at　photonenergies　close　to　the　band　gap　energy．　The　thic�qess（2．56脚）of　the　GaN　is　also　obtainedwhich　matches　closely　with　that　obt樋ned　by　SEM．　Due　to　the　very　sm烈l　the�o田exp鋤sion・・圃・i・nt・fG・N（△・海＝5・59×1σ6K−1），血e　chang・i・hght　p・th　l・n瑛h　by血・�o瓠ex脚・i・nis　less　one　order　of　magnitude　than　the　the�oo−opdc烈contribution．14　There艶re，　the　ef飴ct　ofthermal　expansion　was　neglected　in　our　calculation・　　Re丘active　Pindexπis　measured　fbr　varying　the　temperature　conditions　in　the　vicinity　of．twotemperatu：re　regions，．25。C司nd　100。C．　The　derivation　ofη，　dη（乃v）／dτ，　at　the　two　regions．areobt撮ned．食om　theηvs　T　plots．　For血e　c烈culaUon　of血e　lhe�oo−optic訓coef丘cient　dη（hv）／d7，　acubic　spline　inte士polating　technique　was　used　to　obtain・．the　reffactive　index　with　respect　to　thedesiring　wavelength．　The　temperature　dependence　of　GaN　thermo−optical　coefficient　dη（hv）／dTin　the　band−edge　region　was　shown　in　Fig．5−3．　The　value　of　dη（みv）／dT　increases　witht・mp・・a血・i…ea・i・g，士・・ult・d丘・m血・・h畝ag・・fb�pd　g・p　with　t・mp・・a傭・i…ea・i・g．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　．3　　1n　room　temperature　the　GaN　demonstrated　a　very　large　thermo−optical　coef且cient（2．6×10Kl）at　O．365μm，　compared　to　other　semiconductQrs、in　which血e血e�o副dispersive　bistabilityh・・been・ep・丘・d．　e．9．　Si・2．4×10’4at　1．06脚．7　G訟・7×10’4　at　O．85μm．8　Z・S　1．4×10冒�`tO514μm，10　Z・S・5×1σ4舐0．476μm．’な．珂der15has　rep・宜・d　a　exp・�q・・t・e・ult・f（11・）dη1d7」．2．6×10’5　K−1　which　measured　at　long−wavelength　below　room　temperature．　This　valueis　two　times　lesser　than　our　result（5．4×10’5　K　I）at　long−wavelength（2．5　eV）．　An　emp加ca1．rela紅on　has　proposed　by　Moss16fbr　lhe　temperature　dependence　ofηin　long−wavelength　region：　　　伽　　　1．dE　　　　　　　　　　　　　　　　　ど　　　d7＝η4EdT　　（2）　　　　　　　　　　　　9wh・・e　E、　is』th・b・nd　g・p・h・e丘i・g　a　v訓…f6・7×1σ4　eVK’1．（R・f　17）b・dEμ�pd・・i・g’E、＝3・42・V・’8av記・・（11・）d・1d�h4・9×1σ5　Kl　i・・b・滋・・d噸h・�p・・mp継・wi・h・u・・xp・dm・nt記・e・ult・職r　l訂9・th・�o・一・pti・副…缶・i・nt・1・・e血・b・nd　gap・ne「gies・m帥e　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−200一　⇔Ω　⇔　＜201816141210　8　6￥　　　　　　　　　　　　　　　　　　　　　　　　●　　　　　￥340360380400　　　420　　　440　　　460Waveleng山（nm）480500Fig．5−1　S・1id会nd　d・tt・d　lin・・h・w　th・valu…fΨb・25　and1000C　respectively．　　　　　　　　　　　　　　　　　　　　　　●一201一��喝。暉圃。＞摺902．72．62．52．4T＝1600C1000C250C2．02．22．42．62．83．03．23．4Photon　Energy（eV）．Fig．5・2　Refmctive　index　of　GaN　fbr　dif艶rent　temperatures．一202一caused　by　a　steep　band　gap　absorption　edge　of　GaN．　　Harrisε∫α乙19gave　an　emp垣cal．　dispersion　of　dη1dT　near　the　band　gap　fbr　several　Inaterial：1穿一聯・〕わ（・3）　　The　equation　relates　the　value　of　dη1d1「to　the　wavelength　and　energy　gap　of　se血conductormatedals　investigated．　We　used　the　above　equ傘tion　to負t　our　values　of　dη1d7；the　results　are　alsoshown　in　Fig．5−3　and　the　fitting　parameters　are　given　in　T乱ble　I．　Even　though　the　experimentalresults　are　well　agreed　with　the　empirical　relationship，　the　correct　band　gap　energy　is　notobtained．　　Close　to　the　band　gap　edge，　the　nonlinear　index　is　determined　by　the　temperature　dependence　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　140f　the　edge　itself　and　the　background　the�oo−optical　coefficient　as　fbllows：二一離＋〔劣〕、（�n4）The　coe茄cient売is　ob面nable　using　a　Kramers−Kroning（K−K）transfb�oation　of血e　band　　　　　　　　　　　　　　　8　　　　　　　　　　　　　　　　14gap　edge　absorPtion鰍v）一跡∬α（盈＋超，）一α（E、（乃ゾ）2＋伽）2）4（hv）（5）　　The　measured　values　of　dη／dτmay　be　qualitatively　compared　to　calculated　results　of　K−Ktransfbmlation　as　a　consistency　check．　For　this，　we　used　experimental　absorption　coef丘cient　asi。。u，　p，evi。us　rep。，・．13　Assゼme　a　dgid、臆食。f・he　ab、。甲・i。n。。e缶、i。n・wi・h　the　ch�p9，・fb�pdg・p，　and　t・k・紐，／∂τ＝0・67　m・V　K�dh・・e，　bi・・血組・m・・th�od・ubi・・pli・・interpoIating　techniques　were　used　for　the　experimental　absorption　coefficient．　The　expe血1ental（250C）・nd・田・皿・t・母・e・ult・細・・h・w・i・Fig・5−4・Th・i・t・g・撮i・�qncat・d就Eニ2・95・V　and一203一E＝3．54eV．　The　values　of△αoulside　this　range　is　negligible，　and　they　do　not　contribute　to　theintegral．　The　qualitative　agreement　is　observed．Tabl『1．　Values　of　Constants　in　Empilical　Dispersion　　　　　　　Relati・ns璋P（R・f18）．a（10”6アC）bλ9250C1000C1．8049．653．8012．1350．3370．3525．4ConclusionThe　SE　tec�qique　was　used　to　Ineasured、　re丘active　index，血en血e�oo−opdc司coef厳cient（dπノd7）of　GaN　can　be　obtained　with　the　measured　results　made　in　dif驚rent　temperature．　Theexpe血lental　results　demonstrated　very　large　themlo−optical　nonlinea＃ty　fbr　this　material　at　theband　gap　edge，　since　this　material　has　large　abs6q）tion　coef5cient　and　edge．　The　value　of　dπ1d7increase　with　increasing　temperature，　resulted　ffom　that　the　energy　gap　and　absorption　coef且cientdo　not　vary　linearly　with．　temperature．　Using　Kramers−Kronig　transfb�oation，　we　c烈culated　thetheoretical　v烈ue　of　d〃d7，　which　has　good　consistency　with　the　experimental　results．一204一　甲停9ζ巷2．52．0151．00．588●　3　8　●　　　　　　　o0　250C●　1000C　　fitting2．62．83．03．23．4Photon　Energy（eV）Fig．5・3　Thermo由optic　coe笛cient　of　GaN　in．　the　b訊nd　edge　　region　fbr　dif艶rent　temperatures　　　l　　　・一205一　屈もごミ巷43210●●●●　　Exp．●　　　　●●．●Cal．●・●●●■●●●●●●2．93．03．13．23．33．43．5Photon　Energy（eV）Fig．5・4　Photon　enρrgy　dependence　of　thermo・optic31　coef僅cient　　　　of　GaN．　In　the　calcu豆劉tio血of　solid　line，面e　experimentally　　　　obt劉ined捌bsorption　coefficients．（s血oothed　and　interpolated　　　　jbr　caculation）were　used．一206一References’S．N．　M・h・�o・d，　A・A・S・1・・d・・，�pd　H・M・・ド・・，　P・・ceedi・g・・f・h・・EEE．83，　i3・6（1995）　　2N．　Peyghambarian　and　H．　M．　Gibbss，　inρρ∫∫cαZ　Noη伽θαr’∫’ε3αη41η5励∫伽65∫η5απ∫coη4〃。∫or3，　edited　by　H．　Haug（Academic　Press，　INC．，　London，1988），　p295．　　3A．　C．　Walker，　F．　A．．P．　Tooley，　M．　E．　Prise，　J。　H．　G．　Mathew，　A．　K．　Kar，　M．　R．Taghizadeh　and　S．　D．　Smith，　Phil．　Roy．　S　oc。　London，　A　313，249（1984）．　　4C．　D．　Poole　and　E．　Gamlire，　Appl．　Phys．　Lett．44，363（1984）．5J．　R．　Hill，　G．　Par脚d　A．　Miller，　Opt．　Co�oun．43，151（1983）．　　6N．　Peyghambarian　and　H，　M．　Gibbss，　Opt．　Eng．24，68（1985）．　　7H．　J．　Eichler，　Opt．　Commun．45，62（1983）．　　8H．　M．　Gibbs，　S．　L．　McCall，　T．　N．　C．　VenkatesIm，　A．　C．　Gossard，　A．　Passner　and　W．Wiegmann，　Appl．　Phys．　Lett．45，357（1984）．　　9S．　D．　Smith，　J．　G．　H．　Mathew，　M．　R．　Taghizadeh，　A．　C．　Walker，　B．　S．　Wherrett　and　A．Hendry，　Opt．　Commun．51，357（1984）．　　10G．　R．　Olbright，　N．　Peyghambarian　and　H．　M．　Gibbss，　H．　A．　M．　Macleod　and　F．　V．Milliger，　Appl．　Phys．　Lett．45，357（1984）．　　11H．　Ishigawa，　K．　Nakamura，　T．　Egawa，　T．　Jimbo　and　M．　Umeno，　Jpn．　J．　Appl．　Phys．37，L7（1997）．　　12G．　Yu，　G．　Wang，　H．　Ishikawa，　M．　Umeno，　T．　S　oga，　T．　Egawa，　J．　Watanabe　and　T．Jimbo，　Appl．　Phys．　Lett．70，3209（1997）．　　13G．　Yu，　H．　Ishikawa，　T．　Egawa，　T．　Soga，　J．　Wat｛mabe，　T．　Jimbo　and　M．　Umeno，　Jpn．　J．Appl．　Phys．36，　L　1029（1997）．　　14B．　S．　Wherret，　A．　C．　Walker，とmd　F．　A．　P．　Tooley，　inの伽Z〈ioπ伽θ副∫1θ3αη4一207一Zη5∫α玩1薦65加56纏coη伽σor∫，　edited　by　H．　Haug（Academic　Press，　INC・，・LQndg耳」988），P239．i5d・珂d・・，　phy…t・t・．・・1・（・）6・445（1971）・　　16T．　S．　Moss，ρρ∫∫cαZ　Propθ所63げ3ε1耽。η伽。∫or3，　Butterworths，　London　1961．　　17D．　L．　Camphausen　and　G．　A．　N．　Connell，　J．　Appl．　Phys．42，4438（1971）．’8g・P・M�o・k・�pd　J・J・Ti・匂en，　ApPI・Phy・・L・tt・．1．5・327（19％）・　　11R．」，　Harris，　G．，T．　Jqhnston，　G．　A．．Kepple，　P．　C．　Krok　and　H．　Mukai，．AppL　Opt．16，436（1977）．一208一Chapter　6．　Su�o町乃rP血riple　motiv孕tiop　of中e　p「esent　wo「k　wa・t・expl・・e　e1�t仕・�u・．P・・P・ni…fund・P・dP一けpe　gaSb・．whch　has　so甲e卿guous�q・wl・母9・i・p・e・en・・ep・践…nd勲・・i・phy・i・・properties　of　GaN，　which　is　in　the　early　stage　of　development　and　many　physical　mechanisma価ecting　their　active　medium　behavior　are　not　understood　in　detail．　　In　Chapter　1，　we　briefly　reviewed　the　presellt　status　of　the　two　materials，　GaSb　and　GaN．　ThepuΦose　of　this　work　are　also　described．InChapteSe岬E．ap♀訂a｝us　an母9「oツ血P「ocess　ofGaSb　we「e　descdbed血det樋’・It　wasR）und　that　m�q’or−Iike　surface　of　GaSb　epilayer　can　be　obtained　over　large　substrate　temperature．・�p9・（460−5300C）・�pd　Sb19・nux・ati・・（5−10）・High　q・ゆ・pil・yers　with　exceU・ntmorphology　were　grown．In　Chapte「3・Ac紳l　inv・・tig・U・n・fψe　e1�t頃・田P・・P・而・r、・f　G・Sb・pi伽曲y・・MBE−grown　on　SI−GaAs　substrate　was　described，　and　a　detaned　model　was　used　to　discuss　theP・・P・血…fG・Sb・V励1・H母1−e脱・t．mea・肛・ment・h・v・加・n・�q・d・ut・n・ev・・記und・P・dGaSb・ampl・・g・・w・by．MBE・It　i・鉛und止・t血e　el�t面・撮P・・P・血…fG・Sb・pil・yers　s往・nglydepend　on　growth　temperature。　High　unintentionally　doped�qpurity　concentration　and　highcompensation「ado　ae　gbsewed　fo「10w・・�pd�q琴h・・g・・wth　t・mp・・a膿・0・・u・h・amp16・ψ・imp吻・・nd…i・n血・y　be　a　d・舳…nd・・d・n　mech�pi・騨1・w・・mp9・a傭…甲d・・�o・nmethod　of　curve　fitting　to　concentration　vs．117　curve　may　give　wrong　results；therefbre，　thean母ysi・・f　m・b且i取…Td・t・h・・br・n伽・d・ut・h・d出ti・n・血e　e1�t垣・組幡p・れP・・P・丘1・・of　GaSb群・姻yzed　i・・n・・倒d・p・nd・・t・el謎・廿・n・caに・d・g　P・・cesser・�pd　it　i・d・m・n・仕・t・d止・tdevice　u・ag・ρf　G・Sb　i・hmit・d　by　hgh・血・t・nd・n訓ly　d・P・d　imp・吻・・ncen�梶En　a＄w・llas　high　compensation　ratio．　．hl　this　Chapter，　the　PL　and　I−V　characteristics　of　GaSb　were　also　studied．　The　spectrum　are一209一typical　of　GaSb　grown　under　all　antimony　stabIe　conditions　and　show　tねe　varioμs　transitiQ皐S　whichhave　been　observed　in　good　quality　materials．　The　dominqnt　recombination　mechanism　proceeded。i。血。・e・id・記accept・・A，・t　7ラ7．5　m・V，鉛・訓th・・ampl・・．　It　w・・艶und血・t　th・・pect・aobtained　ffom　higher　growth　temperature，　a　series　bound　exciton　transitions　and　recombination　atthe　neutral　acceptor　Ievel，　and　a　exciton　bound　to　donor（D）is　cleady　seen，　this　mean　our　samples，which　grown　at　higher　temperature，　have　very　good　crystal　quality，　because　the　bound　energy　isvery　small　for　this　material．　For　the　sample　growth　at　5000C，　a　strong　and　na∫row　A　peek　isobserved，　increasing’狽?ｅ　growth　temperature，　a丑transition　peaks　become　weak　and　broaden．　Thetemperature　dependent　I−V　characteristics．in　bulk　of　GaSb　p−n　junctions　are　measured　and・n烈y・ed．舶6verse　bi・・，　th・加nn・1・u聾・nt　i・d・m並�pt・1・1冴96　t・即・・a伽・・egi・n．　Th・1飢9・1・欲・g6・一・hf’・続騰’y　cau・ed　by　t訣b・’・“岬he　di即slol　cuπent　suΦasses牛e．加nne’current　at．@high　temperature　and　high　bias　of　both　fbrward　and　reverse　voltage．　　Ih　Chapter　4，　we　have　measured　and　analyzed　emission　spectra　of　a　current　i切ectionI。d、NIAIG、N、u�uace　e血IU・g　di・d・．　A・16謎・ed・h食・f　th・1・w　ene・gy・dg・with　i…ea・i・g晦6・t・d・uπent　h・9　been・b・e・v・d，�pd　i・a面b・t・d　t・m�py　b・dy・撫・．　Tbe　c副・・d・n・ity・ndb・・dgap・躍・wi・g雛e　ex往act・d　by・missi・n・pec仕・line−sh・p・且t・・i・g　L・nd・b・・g　m・d・l　whi・hi。、lUd・・舳y　b・dy　6晩・t・cau・i・g・・lli・i6・b・・ad・ni・g・f血e　elecせ・n�pd　h・1・・t・t・・．　A・ed・�q愈。f　ar。und　92�oV・n・w・n・・gy・dg・is・bt�q・d・・i功ect・d・�o・nt　i…ea・e・h・m　400　t・4000血A．：』・b�odg・p・h皿96・�pb・d・・cnb・dw・lli・p・・P・丘i・nt・血・1／3P・w…fthec�q・・den・ity，・hd　l�qber　sUやP・貰・・ur　supP・・ili・n血・t　b�pd　g・p・罎・wi・g　i・cau・ed　by　m�py　b・dyeffbcts　which　is　more　ef驚ctive　phenomenon　for　group　III　nitrides．1・Ch・pter1T，血・th・�o・一・pti・訓・・6舐・i・nt（伽／dη・f　G・N　i・・bt組・・d　with　SE　tec�qiq…1・，。。m，。脚。，a血。・h，G姻「пB血・n・¢…dave脚9・血・�o・一・か・i・訓…缶・i・n・（2．6×1・’3K−1）・・0．365μm（・・�pb�pd・dg・），・・mp田・d　t・・th・士・e�u・・nd・・t・rs　i・whi・h血・血・m・副di・persi・・bi、、。bili取h。、　been・。p。，・。d．　e．9．　Si・2，4×1σ4　at　1．・6μm，　G・A・7×1♂a・・．95　Fm，　Z血S　1．4又玉0−4at　O514μm，　Z。S。5×1σ4翫0．476μm．　Th・1肛9・th・�o・一・pti・訓・・e缶・i・nt・1・・e　th6　b�pd一210一gap　energies，　may　be　caused　by　a　steep　band　gap　absorption　edge　of　GaN，　The　value　of　dη／dTincrease　with　increasing　temperature，　resulted　ffom　the　shrinkage　of　band　gap　with　temperatureincreasing．　Using　Kramers−Kronig　trans拓�oation，　we　c田culated血e血eoredc組v田ue　of　dπ1d7，which　has　good　consistency　with　the　experimental　resuIts．一211一IN−NI

