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Optical constants of cubic GaN /GaAs(001): Experiment and modeling
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The optical constants(E)=¢,(E)+ie,(E) of unintentionally doped cubic GaN grown on
GaA<001) have been measured at 300 K using spectral ellipsometry in the range of 1.5-5.0 eV. The
e(E) spectra display a structure associated with the critical poirEgatdirect gap and some
contribution mainly coming from thé=; critical point. The experimental data over the entire
measured spectral rangafter oxide removal has been fit using the Holden—NMam model
dielectric function[]M. Munoz et al,, J. Appl. Phys92, 5878(2002]. This model is based on the
electronic energy-band structure near critical points plus excitonic and band-to-band
Coulomb-enhancement effects By, Eq+Ag and theE;, E;+A4, doublet. In addition to
evaluating the energy of thE, critical point, the binding energyR;) of the two-dimensional
exciton related to th&;, critical point was estimated using the effective migstheory. The line
shape of the imaginary part of the cubic-GaN dielectric function shows excitonic effects at room
temperature not withstanding that the exciton was not resolved20@3 American Institute of
Physics. [DOI: 10.1063/1.1540725

I. INTRODUCTION data over the entire measured spectral rafdier oxide re-
mova) has been fit using the Holden—Mam model dielec-
Wide band gap GaN-based materials are of interest fronric function? This model is based on the electronic energy-
both applied and fundamental perspectives. Most of the Galdand structure near these CPs plus discrete and continuum
research has been devoted to studies of the hexagonal phasgcitonic effects aE,, Eq+ A, E;, andE;+A;. In addi-
however the metastable cubic phase(gf GaN has some tion to evaluating the energy of thg, CP, we calculate the
attractive advantages for device fabrication like easy cleavbinding energyR, of the two-dimensional exciton related to
age and higher carrier mobility3 Structures based 6on theE,, E;+A,; CPs using effective massp theory™>14
c-GaN materials have been used for light emitting diédes
and showed its potential for lasers applicatiGRsHowever, Il. EXPERIMENTAL DETAILS
in spite of its fundamental and applied significance, rela-  The ¢-GaN unintentionally doped sample studied was
tively little work has been reported on the optical propertiesdfown on a(001) GaAs substrate by metalorganic chemical
related to the electronic band. Some authors have performe@pPor deposition. TEGa, NH and H were used as the Ga
measurements of theGaN dielectric function but not mod- Source, the N source, and carrier gas, respectively. During
eled the experimental resuftsneanwhile othefs*modeled ~ the growth process, a buffer layer was first grown on the
the optical constants not including continuum exciton contri-Substrate at 550 °C, then the cubic GaN film about @n%
butions, i.e., band-to-band Coulomb enhancement effectdlick was deposited on the buffer layer at 820 °C. The flow
(BBCES atE,, Eq+ Ay, E;, E;+A, critical points(CPy.  rate of NH; is 200 sccm while the flow rate of TEGa is 50
In this article we report a room temperature spectro-SCCM. Based on resistivity measurements rnkgpe back-
scopic ellipsometry(SE) investigation ofs(E) of uninten- ground carrier concentration was estimated to be
tionally dopedc-GaN in the photon energy range of 1.5-5.0 ~10" cm™®. The optical data in the range of 1.5-5.0 eV
eV. A structure associated witg, CP and some contribution Were taken using a JY-Horiba variable angle phase-

from higher energy CPs was observed. The experimentdnodulated ellipsometer. The sample was measured with both
65° and 70° incidence angles. To remove the surface oxide

SAuthor o wh J hould be add g ¢ add we performed an etching procedure based on HCI, which is
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ness. This value was determined from the interference 8
fringes observed below the fundamental band gap, which are 7
periodic in the product of the refractive index times the layer
thickness divided by the wavelength. For this purpose, we 8
assumed a Sellmeier modfor the behavior of the index of 5L
4
3
2

refraction in this transparent region. Next, using a multilayer

ellipsometric analysis program and assuming sharp inter-
faces, our system was modeled using this thickness and the
real and imaginary components of dielectric constant that
best explained the experimental data for both angles; this s
analysis was performed sequentially for each wavelength 1F
within the program. We repeated this process for different gt .
assumed thickness, close to that previously determined, until 1 2
we found a thickness and optical constants that minimized

the residual error.
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FIG. 1. Solid and dashed lines are the experimental and fit values, respec-
tively, of the real €,) and imaginary §,) components of the complex

ll. EXPERIMENTAL RESULTS AND THEORETICAL dielectric function forc-GaN.

MODEL

The solid lines in Fig. 1 show the experimental values of
the real[ £,(E)] and imaginary e,(E)] components of the
dielectric function, respectively, as a function of the photonband intol'; andI'% (splitting energyA).*® The correspond-
energy. Ine, spectrum there is an absorption edge aroundng lowest-lying transitions at= 0 [three-dimensional3D)
3.2 eV, and some structure coming from high order transiMy] are labeled Eq[T'§(I';9)-Tg(T'5)] and Eq
tions. +A[TH(T19-TE(I'D)], respectively. The second direct gap
The experimental data over the entire measured spectrédansitions in this material is associated with a B CP
range(after oxide removalhave been fit using the Holden— Ej[L}g(L5)—L§(LS) or A g(A%)—A§(AD]. ™
Munoz modet? dielectric function is which is based on the The data near th&, band gap were fit to a function
electronic energy-band structure near these CPs plus exaivhich contains Lorentzian-broadenéa) discrete excitonic
tonic and band-to-band Coulomb-enhancement effedig at (DE) and(b) 3D M BBCE contributions. References 19 and
Eo+Ay, and theE,;, E;+A,, doublet. 20 have demonstrated that even if tBg exciton is not re-
In the direct-gap zincblende-type semiconduatgaN  solved, the Coulomb interaction still affects the band-to-band
the spin—orbit interaction splits the highest-lyihg; valence line shape. Thusg,(E) is given by?

1
2R m—— .
A 0((E0—R0)—E—|F8X (EO—R0)+E+|FSX>
E? +fw 6(E'-E)  6(—E'—Ep) | dE ' @
l_ef2ﬂ'zl(E') 1_e*2W22(*E’) E/—E—iro

SZ,EO(E) =Im

—o0

whereA is a constantE, is the energy of the direct gaR, is the effective Rydberg energlyg s the broadening parameter
of the first state of the excitor,, is the broadening parameter for the band-to-band transitgit)=Ry/(E—E),
2,(E)= VR /(—E—Ey,), andé(x) is the unit step function. In Eq1) the quantityA=R}?u3 P2, wherep, is the reduced
interband effective mass B, andPy is the matrix element of the momentum betwdga-I'g . The terms in parentheses and
under the integral in Eq1) correspond to the DE and BBCE contributions, respectively. Since the DE was not resolved, we
took I'§=T,.

For theE; CP, &,(E) is written as?

1 1
4R1((E1—Rl)—E—iFE1+(El—Rl)+E+iI‘E1)
foc( 0(E'—E,)  O(-E'-Ep | dE ! @
+

1
82,E1(E) = Im ?

l_e727723(E') 1_e*27TZ4(*E’) E’—E—iFl

—o0
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FIG. 2. Solid and dashed lines are the experimental and fit values, respe

tively, of: (a) (de,/dE) and(b) imaginary @e,/dE) for c-GaN. The solid,
dashed, and dotted lines in the insetfmfshows the:, numerical derivative
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Our ellipsometer does not allow performing measure-
ments at energies higher than 5.1 eV. For this reason we were
not able to measure thie;—R; transition, however, during
our measurements some contribution of this transition was
detected at energies smaller than 5 eV. In order to model this
contribution we have used the value®f—R; from Refs. 18
and 23 as the fixed parameter. This value was also used to
calculateR; using thek-p theory!®*According to this ap-
proach

2ute’
1:m,
101 1 )

/—LI m:i m;l,

where 17 is the perpendicular reduced interband effective
mass related td&e,; ande,, is the high-frequency dielectric
function. From a three-bankl-p formula the perpendicular
conduction (n},) and valence i}, ) effective massesin
units of the free-electron masare given by

SR
’cl_ PlE; Ey+A,
1 B 5
m’, E,’

whereEp is proportional to the square of the magnitude of
the matrix element of the perpendicular momentum between
the corresponding conduction and valence bandsckaaN

of the experimental data, fit using BBCE line shape and the parabolic ongye have g.,,= 5_3'21 Ep=24.6 e\/,22 E,—R;=7.0 eV,18’23

respectively.

whereC, is a constant:; is the energy of the gajR; is the
2D Rydberg energy, anﬂEl is the broadening parameter for

both the exciton and band-to-band transitions(E)
=JR{/(E—E;), zZ4(E)=VR1/(—E—E;), and §(x) is the
unit step function.

Equations(6) and (8) of Ref. 12 list relatively simple
analytical expressions fer(E) for E,, andE, based on Eqs.
(1) and(2) presented above.

A constante 1, was added to the real part of the dielec-

andA =17 meV2* Using these values, Eqgl) and(5), and
the two-thirds rulé® we foundA ;=11 meV, u* =0.095(in
units of the free electron magsandR;=184 meV.

The dotted curves in Fig. 1 are fits to the experimental
data using the model described above. The arrow in the vari-
ous figures indicate the fundamental band gap energy value

TABLE |. Values of the relevant parameters obtained in this experiment for
the c-GaN sample. Also listed are energy gaps and the effective Rydberg
energyR, from other investigations.

Parameter This work Previously reported

tric constant to account for the vacuum plus contributions®(eV"9) 6.78+0.01
from higher-lying energy gapsg(,, etc).!? This quantity (V) 3.25:0.01 332§
should not be confused with the high frequency dielectric 317
constantgs(). 3.32¢
In order to reduce the contributions Bf to ,(E) be-  Ry(meV) 27.0:5.0 25-28
low the fundamental gajE, we have introduced a linear o 32
cutoff for &,(E), obtaining the corrected imaginary dielec- goiervg)(mev) fféos”—;%ol
e &3¢0 Ei—Rl(eV) 7.0 7.0
E—E, Rl(meey) 184.9
coud €1 e EIE @ [T e
EcoeV) 5.00+0.01

whereE,, is the cutoff energy ané is the direct band gap.
€1 was corrected by a numerical Kramers—Kronig analysi
of Eqg. (3). The total dielectric function employed in this
work is given by one term of the Eql) type corresponding
to Eq CP, one of the Eq(2) type for theE; CP, ande ., .
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3.0 BBCE expression, which has a line shape similar to a step
n c-GaN function (broadeney as shown in Fig. 1, and also increases

e the amplitude of the absorption in relation to the BBSP
K ex ior}2:25:26
25k i pressiort:
The inadequacy of the BBSP approachEatis clearly

3 a E i demonstrated in the inset of Fig(k?, where the dotted line
10° ] is a fit of theE, feature to the first derivative of a 3M
o5k PR BBSP expression. Note that the fit is quite asymmetric on the
’ | e - high-energy side, while the experimental curve is symmetric,
o / consistent with a BBCE line shape. Thus, the inset of Fig.
2(b) demonstrates conclusively that even if the exciton is not
5 resolved, the line shape is BBCE and not BBSP, in agree-
ment with Refs. 19 and 20.
Also the nature of the BBCE line shape is clearly illus-
FIG. 3. Solid and dashed lines are the experimental values of theeeal  trated in Fig. 6 of Ref. 27, Figs. 2 and 3 of Ref. 28, and by
imaginary « compon_ent_s, re_)specti\_/ely, o_f the complgx index of refraction Fig. 3in Ref. 29. The deficiency of the BBSP model is also
Z)brsg'rgt?o'\:]‘ ;Zinig& :Jgfc'g;kle inset is the experimental value of the o\ iqated by Figs. 2 and 3 of Ref. 28 and Fig. 3 in Ref. 29,
where they show that the only use of the BBSP and BBSP
plus DE exciton line shapes is not adequate to fit the imagi-
obtained as a result of our fit. All relevant parameters ard1ary part of the dielectric function. In Fig. 3 of Ref. 29 the fit
listed in Table I. The corresponding values a¥,(E)/dE  expressions for the DE plus BBSP are considerably lower
andds,(E)/dE for the experimental and fit spectra, obtainedthan the experimental data, particularly for the 21 K mea-
from a numerical derivative, are shown by the solid and dotsSurement.
ted lines in Figs. @) and 2b), respectively. Overall there is Table Il of Ref. 12 presents thR; values for several
very good agreement between experiment and theory fo$emiconduct0rs; from this it is pOSSib'e to appreciate that

both the dielectric functiorfFig. 1) and the first derivative there is a good trend between the experimental values and
[Figs. 4a) and 2b)]. the k-p theory. More reliable theoretical values can now be

obtained from the recent first-principles band structure cal-
culations which include exciton effect$?!

The ability to measur®; has considerable implications
The results of this experiment are in good agreementor band-structure calculations: both empiriéatind first
with prior studies of the optical constants®@GaN® 1 Fig-  principles®**In the former case, band-structure parameters,
ure 1 correspond closely to the relevant data of Ref. 10 in the.g., pseudopotential form factors, are determined mainly by
range of 1.5-3.7 eV. The real and imaginary components ofomparison with optical and modulated optical experiments,

the index of refractiom andk and the absorption coefficient including theE,, E;+A; features. Therefore, the band-to-
«a, displayed in Fig. 3, were obtained using our experimentaband energies are too low by an amo&it. Rohlfing and
data. Table | shows that the values of the energy Bap  Louie have published a first-principles calculation of the op-
obtained in this investigation, as well as the other parametettical constants of GaAs, including excitonic effetdJsing
used in this work. TheéE, value is in good agreement with this formalism they have also calculatBg. Their approach
other selected experiments. There is some scatter in the ealso makes it possible to evalud®e from first principles®
perimental data, probably due to differences in sample qualAlbrecht et al®! also have recently presented ah initio
ity, surface preparation, and/or line-shape analysis. approach for the calculation of excitonic effects in the optical
The optical constants; ande, for c-GaN over an ex- spectra of semiconductors and insulators. However, to date
tended range have been investigated by a number dhey have presented results for only Si.
author$S~* mainly using SE. However, Lfhdid not model The consideration of the excitonic effects Bf, Eg
their results, References 9—-11 used a model in whiclEthe +A,, E; andE;+ A; during the modeling of the dielectric
CP is represented by only Lorenztian broadened band-tdunction is a fundamental consideration as discussed in
band single-particle(BBSP expressions, i.e., no DE. Ref. 12.
Petala modeled theE; CP by a Lorenztian function asso- In summary, we have measured the room-temperature
ciated with a weighted average value Bf and E, CPs, complex dielectric function of bullc-GaN in the range of
meanwhile Kaler'® used a simple harmonic oscillator for 1.5-5.0 eV using SE. The structure relatecEipand some
E;. contribution mainly coming front; CP has been observed.
As mentioned above the optical structure associated witffhe experimental data over the entire measured spectral
the E; CP is primarily excitonic. References 9—11 did notrange has been fit using the Holden-fdarmodel for the
include the BBCE contribution either &, or E;. Excitonic  dielectric function, which is based on the electronic energy-
effects at theE, CP also must be included, even at roomband structure near these CPs plus DE and BBCE effects at
temperature. In the presence of a DE, the band-to-tignd Eo, Eq+Ag, E;, andE;+A4. In addition to determining
line shape(within about 6-10R;) is changed from the the energy oE, CP, using the effective magsp theory we
BBSP square rootbroadenepiterm to a three-dimensional have evaluated the 2D exciton binding eney (=184

A\
\
o

\
A}

Ev?ergy|(evf /
2 3 4
Energy (eV)

|
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IV. DISCUSSION OF RESULTS AND SUMMARY
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