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The wide bandgap semiconductors Silicon carbide and gallium nitride have been studied by
Raman scattering, photoluminescence, and infrared absorption. Raman scattering studies
determined crystalline quality and polytype of bulk and thin �lm samples at room temper-
ature. Photoluminescence studies were carried out as a function of temperature to detect
and/or identify impurity centers and structure related defects and their role on the elec-
tronic properties of the materiais. Infrared absorption spectroscopy was used to measure
the binding energy of donors and their concentration.

I. Introduction

The increasing need for electronic devices capable of

performing under extreme condition of power and tem-

perature and opto-electronic devices operating in the

UV spectral range has been the principal driving force

for the research interest in large bandgap materials over

tne last two decades.

Continuous progress in chemical vapor deposition

(CVD) and molecular beam epitaxy (MBE) tecniques

for homo- and hetero-epitaxial growth of wide bandgap

semiconductors has led to the successful fabrication and

commercialization of an increasing number of devices

using these materials. The high deposition temperature

usually required for growth of these wide bandgap ma-

terials increases fundamental material problems such

as residual strain, thermal expansion coe�cient, low

energy defect formation, and impurity incorporation.

In addition, doping activation and self-compensation

are di�cult to control at high deposition temperatures.

Full realization of the electronic and opto-electronic ap-

plications of large bandgap semiconductors requires un-

derstanding the role of incorporation and activation of

unintentional and intentional impurities, and structural

defects.

Signi�cant recent advances in growth, doping, and

processing technologies of SiC (3C, 4H and 6H poly-

types) and III-V nitrides (AlN, GaN, AlGaN, and In-

GaN alloys) indicate that these materials present im-

portant advantages for many areas of semiconductor

electronics applications.

The evolution of the sublimation technique intro-

duced by Lely in 1955 for the fabrication of a- SiC has

made possible the fabrication of high quality bulk 4H-

and 6H-SiC [1]. Homoepitaxial �lm deposition on such

material wafers has been successfully used to fabricate

high-power and high- frequency devices [2]. Unfortu-

nately, such techniques have not yet been capable of

producing high quality bulk 3C-SiC [3,4]. High quality

and relatively small size bulk cubic SiC can be grown

by atmospheric-pressure CVD on graphite substrates

from methyltrichlorosilane [5,6]. However, the small

size of these crystals precludes most practical applica-

tions. Large area heteroepitaxial 3C-SiC �lms have

been deposited on f001g Si-substrates by the CVD

technique [7-9]. These �lms are usually n-type with

high donor concentrations and a debated acceptor con-

centration [10-12]. Optical and scanning electron mi-

croscopy (SEM) studies of such monocrystalline �lms

have revealed high densities of lattice defects such as

stacking faults and antiphase boundaries [13,14].

GaN crystals grown by the sublimation technique

are needle shaped with average lengths less than 1

mm [15]. Thin GaN platelets (8 mm x 5 mm) have

been grown from a solution of atomic nitrogen in liq-
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uid Ga at N2 pressure up to 20 kbar [16]. Although

these platelets have good structural properties, their

slow growth (0.1 mmlh in f10�1 0g direction) and elec-

tronic properties are disadvantages in commercial appli-

cation. Homoepitaxial �lms deposited on such platelets

provide the baseline characterization for heteroepitax-

ial �lms [17]. Heteroepitaxial GaN �lms are routinely

deposited on sapphire or 6H-SiC substrates despite the

large lattice mismatch in thermal expansion coe�cients

and lattice parameters. Experimental evidence indi-

cates that the biaxial strain is relieved by forming dis-

locations with a density typically between 108 cm�2 to

1010 cm�2 [18,19]. Although GaN devices with very

good performance have been produced, the state of the

art of these device is still material quality limited.

In the present work we describe the use of a combi-

nation of optical techniques to study native defects and

dopants in cubic SiC (3C-SiC) and wurtzite GaN.

II. Experimental techniques

Films of 3C-SiC have been grown on Si(100) sur-

faces which have been chemically converted using a re-

action reaction with C2H4 or C3H8. This was followed

by a chemical vapor deposition in which SiH4 and C2H4

or C3H8 in H2 are passed over the Si- substrate on a

graphite susceptor at temperature between 1620 and

1670K [9].

Bulk 3C-SiC samples were grown on resistively

heated graphite rods by decomposition of methyl-

trichlorosilane in a Hydrogen carrier gas at atmospheric

pressure. At temperatures of about 1750�C hexago-

nally shaped f111g-oriented light yellow platelets of 3

mm to 5 mm were obtained [5].

Undoped and doped GaN �lms were deposited on c-

plane (basal plane) and or a-plane (11�20) sapphire sub-

strates using a low pressure metalorganic CVD system.

To reduce the large lattice mismatch between the GaN

�lm and the sapphire substrate a thin �lm of either AlN

or GaN was deposited a low temperature followed by

deposition of GaN at a temperature of about 1000�C.

The Si-doped and Mg-doped �lms were deposited under

similar conditions to those of the undoped �lms [20-22].

The Raman scattering (RS) and photoluminescence

(PL) experiments used an Ar ion laser and a HeCd

laser, respectively. The RS spectra presented here were

obtained at room temperature, while the PL spectra

were measured with the samples contained in a liquid

Helium cryostat which provided temperatures ranging

from 1.5K to 330K. The light scattered and emitted by

the samples was dispersed and analyzed by a double

grating spectrometer �tted with a UV-sensitive GaAs

photomultiplier operated in the photon counting mode.

The infrared (IR) transmission experiment was per-

formed with samples packed into an aperture in a brass

plate with pure In and mounted into a light pipe with a

sample heater and a gallium-doped Ge photodetector.

The entire assembly was cooled by immersion in liq-

uid He. Infrared spectra were acquired with a Fourier

transform spectrometer.

III. Phonons

The basic unit of SiC consists of a covalently bonded

tetrahedron of Si (or C) with C (or Si) at the center.

The identical polar layers of Si4C (or C4Si) are con-

tinuously stacked and the permutation of stacking se-

quences allows a large number of polytypes. The cubic

SiC crystallizes in the zinc blend structure, which has

two atoms per unit cell. The optical modes split into

one non-degenerated longitudinal optical phonon (LO)

and two degenerated transverse optical phonons (TO).

The pure hexagonal polytype 2H, has the wurtzite

structure and four atoms per unit cell. Consequently, it

has nine long-wavelength optical modes. The following

Raman actives phonons can be observed near the center

of the Brillouin Zone (BZ): an A1 mode with polariza-

tion in the uniaxial direction, a doubly-degenerated E1

mode in the plane perpendicular to the uniaxial direc-

tion, and two doubly degenerated E2 modes.

The 4H- and 6H-SiC polytypes, commonly used for

device fabrication, have 8 and 12 atoms per unit cell,

respectively. Their larger unit cell results in a larger

number of optical phonons than 3C- and 2H- SiC. One

can use Raman spectra to identify the polytype struc-

ture [23]. Fig. 1 shows the Raman scattering spectrum

of bulk 3C-, 4H-, and 6H-SiC polytypes. The number

and observed frequencies of the spectral features in the

Raman spectrum for cubic SiC are completely di�er-

ent and readily distinguishable from those of hexagonal

material.

Cubic (zinc blend) and hexagonal (wurtzite) GaN

can be deposited by CVD techniques. Since the cu-

bic phase is less stable than the hexagonal phase, lay-

ers of cubic-GaN always present a large fraction of

hexagonal component [24]. The hexagonal phase has

two molecules in the unit cell. Therefore nine optical

branches are expected, namely: 1A1(TO), 1A1(LO),

2B1, 1E1(TO), 1E1(LO), and 2E2. The two modes B1
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are optically inactive, but all the six allowed modes

have been observed by Raman spectroscopy [25]. The

RS spectrum of a 5.0 �m GaN �lm deposited on sap-

phire is presented in Fig. 2.

IV. Donors

Low temperature optical absorption experiments

performed on several SiC polytypes verify the indirect

character of the band gap and provide a value for the

exciton band gap [26]. The low temperature photolumi-

nescence (LTPL) spectrum of undoped 3C-SiC, shown

in Fig. 3, is characterized by a set of �ve intense sharp

lines between 2.39 and 2.26 eV. The �rst line has been

assigned to a recombination process involving the an-

nihilation of excitons bound to neutral nitrogen donors

(X-No). The other intense lines (marked as /TA, /LA,

/TO, and /LO) are the momerdumconserving recombi-

nation processes, as expected for an indirect gap mate-

rial [27]. It is important to point out that the phonons

represented here are those at tbe edge of the BZ and

are therefore di�erent from phonons at the center of

the BZ which are observed by RS. The high quality of

this sample is evident in these spectra not only in the

shalpness of the observed lines (<0.1 meV), but also in

the presence of multiple bound excitons (2(X-No) and

3(X-No)). Under higher laser excitation conditions we

are able to observe lines associated with free-excitons

and two-electron satellite recombinations [28]. The lat-

ter are a result of recombination processes in which the

No-donors are left in excited states after the exciton

recombination. Because of a large number of phonons

and multiple, inequivalent sites for the N- donor, the

PL spectra of other SiC polytypes are signi�cantly more

complex.
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LTPL spectra of cubic CVD �lms reproduce most

of the features observed in the bulk spectra. The two-

electron satellite spectrum is absent and exciton line

widths in the �lms are usually about 20 times broader

[29].

Infrared absorption experiments performed in our

bulk samples at about 4.5 K reveal, in the spectral

range between 25 to 55 meV, the presence of broad and

sharp sequences of donor excitation transitions. We as-

sign the broad sequence to transitions from the 1s(A1)

ground state of Nitrogen on the Carbon site (Nc) and

the narrow sequence to transitions at an unidenti�ed

true e�ective mass donor (EMD) (Fig. 4). At higher

temperatures we observe a second sequence of broad

transitions, which we have attributed to 1s(E) ground

state of the Nc. The energy separation between these

two sequences, 8.4 meV, is the value of the valley-orbit

splitting. We obtain 54.2 meV for the Nc binding en-

ergy, which is in excellent agreement with PL measure-

ments (two electron satellite spectrum), and 47.8 meV

binding energy for the EMD [30].

The PL spectra of undoped GaN heteroepitaxial

�lms usually are dominated by a sharp emission at

3.47 eV and a broad featureless band peaking around

2.25 eV (yellow band). The former has been assigned

to excitons bound to unidenti�ed neutral donors, and

the latter attributed to an unknown or carbon related

defect [25,31]. Fabrication of undopedmigh resistivity

(� 1010
 cm) and Si-doped material has been demon-

strated over a wide range of concentration [22]. Al-

though we still observe the yellow emission band in the

LTPL spectra of these �lms, the edge emission bands

are quite di�erent, as observed in Fig. 5. Note that the

edge emission of the undoped/high resistivity (UHR)

�lm is blue shifted and comprises a superposition of

three individual bands at approximately 3.4867 eV,

3.4923 eV, and 3.5037 eV. Detailed temperature study

supports our assignment of these individual bands to

the ground state of free-exciton A (FE-A1), the ground

state of free-exciton B (FE-B1), and the excited state of

FE-A (FE-A2), respectively [32]. Assuming an e�ective

mass approximation, we estimate a value of 22.7 meV

for the exciton binding energy based on a measured

separation of 17 meV between the ground state and

the excited state of the FE-A. We attribute the edge

emission from the Si-doped sample to the annihilation

of excitons bound to a neutral Si-donor, since this line

is observed only in Si-doped samples [32]. The energy

di�erence between the emission peaks in Si-doped and

UHR �lms, 8.8 meV, is the value of the exciton binding

energy to Sio-donor. This value is distinct from the 3

or 4 meV energy di�erence usually observed between

the autodoped and the UHR �lms. This observation

suggests that Si is not the unknown pervasive donor in

undoped GaN. At this time the identi�cation of the

native donor in undoped highly conducting layers is

still not de�nitive. Although a recent positron annihi-

lation study has detected the presence of Ga-vacancies

in autodoped n-type �lms, it does not exclude the pres-

ence of other possible native donors [33].
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V. Donor-acceptor pair emission

Photoluminescence spectra of semiconductors con-

taining substantial amounts of both donors and accep-

tors can be dominated by recombina�on processes as-

sociated with donor-acceptor pairs (DAP). In the DAP

recombination mechanism, electrons bound at neutral

donors recombine radia�vely with holes bound at neu-

tral acceptors. If a donor and an acceptor are separated

by a reasonably short distance, r, they can recombine

by emitting a photon with energy E(r) given by [34]

E(r) = Eg � (ED + EA) + (e2="r) � (e2=")(a5=r6);

where Eg is the bandgap energy, ED and EA are the

isolated donor and acceptor binding energies, respec-

tively, " is the static dielectric constant, and a is the

e�ecttive van der Walls coe�cient for the interaction

between a neutral donor and a neutral acceptor. For

r values much larger than the lattice constant (distant

pairs) the discrete emission peaks coalesce into a broad

band with the peak position determined largely by the

distribution of donor- acceptors pair distances. In the

limit of in�nite separation (r1), the low energy edge

of the DAP emission band occurs at a minimum value

given by [35]

Emin = Eg � (ED +EA) :

Numerous acceptors have been successfully acti-

vated in various SiC polytypes [36]. However, Al is

the shallowest acceptor in all polytypes. Fig. 6 shows

PL spectra of a Al- doped 3C-SiC �lm measured at

two di�erent excitation intensities. At low excitation

intensity (spectrum (a), 0.1 mW/cm2) the recombina-

tion processes are mostly dominated by distant N-A1

pairs due to their longer recombination time. Upon

increasing laser excitation intensity, we observe an in-

aeasing contribution from the closer N-A1 pairs (short

lived). Therefore, we should observe an increasing in-

tensity in the high energy side of the DAP PL- band.

This behavior is clearly observed in curve (b) of Fig.

6 (1.0 W/cm2). The blue-shift of the spectrum (b) is

indicated in Fig. 6 by the dashed lines which marks

the peak position of the zero phonon line (ZPL) of the

distant DAP band. The sharp lines, magni�ed in curve

(c), are due to the very close pairs, starting from shell

number 3, observed only at high excitation conditions

due to their very short life time. PL decay spectra taken

at di�erent energy positions of this broad PL-band can-

not be characterized by a single exponential, which is

typical behavior of DAP recombination processes [37].

Temperature dependence studies of the PL spectra in

the close- (sharp-line spectral region) and distant-pairs

(DAP-ZPL) yielded values of 257 eV and 54 meV for

the Al-acceptor and N- donor binding energy, respec-

tively [29,38]. Note that tbis N-donor binding energy

is in excellent agreement with the value obtained from

the IR experiment.

P-type doping processes in GaN layers are not yet

optimized. Although Zn and Mg, the most commonly

used p-type dopants, can be incorporated in MOCVD

deposited �lms, its activation usually requires a post-

growth treatment [39,40]. Fig. 7 shows the PL spectra

of two GaN �lms doped with the same amount of Mg

impurities, but subjected to di�erent thermal anneal-

ing conditions. The solid line spectrum is associated

with the sample having the lower level of Mg-activation.

Note that in addition to the yellow band we observe a

dominant blue band between 2.6 and 3.4 eV. This blue

band is assigned to a DAP recombination process in-

volving the Mg- acceptors and the unknown donors.

This DAP band is characterized by a ZPL at about
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3.265 eV and LO- phonon replicas 92 meV apart [41].

This spectrum also shows two small peaks between 3.49

and 3.35 eV. The more intense, at higher energy, is as-

signed to X-Do, and the weaker is probably associated

with X-Mgo. The dotted-line spectrum shows no evi-

dence of the yellow emission band or the edge emission.

In addition, we observe changes in the line shape (re-

duction of the ZPL and phonon-replicas line intensities)

and red-shift of the DAP band. DAP emission band

broadening and red-sift with increasing doping level, in

other semiconductor systems, have been attributed to

the formation of impurity band [42]. However, in the

Nitrides system we cannot disregard the possibility of

the formation of Mg- related complexes or clusters [43].

VI. Summary

We have outlined the use of a combination of optical

techniques to study the optical and electronic proper-

ties of SiC and GaN. Raman scattering was applied to

identify the polytype and crystalline quality of hetero-

eptaxial �lm and bulk materials. Low temperature PL

was employed for both material systems to detect and

identify impurities and defects on the basis of their re-

combination mechanisms. Temperature and excitation

intensity studies were used to classify recombination

processes and to determine the impurity ionization en-

ergies. The IR absorption experiment carried in bulk

3C-SiC yielded the binding energy for native donors in

SiC and the value of the valley-orbit splitting.
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