Infrared reflection of GaN and AlGaN thin film heterostructures
with AIN buffer layers
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Infrared reflection spectroscopy is applied to state-of-the-art thin film heterostructures of group-Iii
nitrides on sapphire and Si substrates. The individual layers of GaN and AlGaN and the AIN buffer
layer are identified by their phonon frequencies. Under non-perpendicular incidence of the light,
A,(LO) phonon modes are observed in the wurtzite system. The presence of the very thin AIN
buffer layer manifests itself in clear features of the AIN phonons. TH&®) phonon mode energy

is determined in AlGa, _,N for x~0.15. Raman spectra confirm our findings. 1®96 American
Institute of Physicg.S0003-695(96)01118-4

Group-lll nitrides have re-gained considerable interesgrown on Si[111] at low pressure. To obtain mirror-like
recently as a wide direct bandgap semiconductor system faurfaces all substrates were buffered by a thin AIN buffer
opto-electronic and high power device&aN is currently layer (35 nm typically. Details of the growth and structural
the most widely studied member of the nitrides but in orderproperties have been reported elsewRerdl films were
to achieve engineering of the bandgap and of the refractivaominally undoped and showed free electron concentrations
index, heterostructures of the group-Ill nitrides, their alloysbelow 138cm™2 as determined from Hall effect measure-
and potential substrates need to be investigated as well. Hergents.
we present a study of the infrared properties of thin GaN and  Infrared measurements in reflection geometry where
AlGaN films grown on both sapphire and Si substrates. Weaken using a Fourier transform infrared spectrometer
report on the manifestation of the AIN buffer technique in (Bruker IFS-66V with a mirror optics microscope and a nu-
our spectra and support our interpretation by calculated speenerical aperture of 0.4. Using a liquid nitrogen cooled MCT/
tra. We derive phonon energies in the ternary AlGaN alloyinSb tandem detector spectra were taken from 500 to
system and correlate our findings with data from Ramam000 cm® at room temperature and normalized to the re-
spectroscopy. flection of an Al mirror. No additional information was ob-

Infrared reflection studies have been widely used to detained in the high frequency range above 1200 émin this
termine physical and structural details of bulk-like crystalsexperiment the optical axis of both the incident and the re-
and layered systems. In optically thick material the strongflected light is along or only slightly off the axis of the
reflection in the Reststrahlen band has been used to derigample, i.e. quasi-normal incidence. From the numerical ap-
phonon frequencies and to study their interaction with theerture we determine a mean angle of incidence of 15 degrees
free electron gas. On small bulk-like needles of GaN Man-off the c axis. Raman spectroscopy was performed using the
chon et al? and later on thick films Barker and lleges 488 nm line of an AF laser with a power of 5 mW.
determined the phonon energies in this wurtzite crystal and  |n our model calculation we describe each layer by the
correlated the shape of the Reststrahlen band with the cogomplex dielectric function of the constituent material. In
centration of free electrons. In contrast to thick layers thehjs uniaxial wurtzite material separate dielectric functions
interpretation of infrared spectra in thin film heterostructureSNith different phonon energies a|ong {/N]odes and per-
is strongly dependent on the actual layer sequence and thgndicular (E mode$ to the ¢ axis are used. Due to the
thicknesses of the films. This requires a model calculation 0f5ma|| ang|e of incidence an isotropic treatment of the Crysta|
the optical properties in order to assign the individualfgr each of the £ and A phonons is sufficient for our
features' Infrared reflection studies of AIN films on 6H-SiC purpose<. We calculate the electric field component of the
and Si substrates have been performed by MacMiteal®  reflected beam using the method of a transfer matrix. An

An AlGaN/GaN heterostructurgsample A was grown  arhjtrary number of layers can be included. Incident light at
onto c-plane sapphire by atmospheric pressure metal organigariable angles is treated separately for its electric field com-
vapor phase epitaxf{MOVPE). Qn top of a GaN layer with ponents within(p) and perpendicula¢s) to the plane of in-

a thickness of Zum a 1um thick AlLGa_,N layer was cigence. Interference effects within thin films are automati-
deposited with an Al-fraction at~0.15 determined by Au-  ca|ly included. Due to the focused beam, interferences in the
ger depth profiling analysis. For comparison several epitaxighick substrate are strongly suppressed and can be neglected.
MOVPE films of GaN only were deposited onteplane sap- First we consider the effect of the AIN buffer layer onto
phire and Si. ngple B was g_rown with a thickness of 1.2he sapphire substraf€igs. 1a) and 1b)]. Due to the polar

um onto sapphire. Two km thick samples C and D were yhon0ns sapphire has a strong reflection in the Reststrahlen
band in the range from the transverse optiCBD) to the
3E|ectronic mail: eehaller@ux5.lbl.gov longitudinal optical(LO) mode. Under the conditions of nor-
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) o ) FIG. 2. Reflection of GaN on Si@) Sample C,(b) sample D. Sample D
FIG. 1. Reflection ofc-plane sapphire in the focused infrared beda). shows both the TO and ALO) modes of the AIN buffer layer. Track)

Before and(b) after deposition of an AIN buffer layer. A characteristic gpq\ys 5 5X magnified detail of trade). The simulated spectrum is given in
feature of the AIN A(LO) mode shows up near 900 crh (c) Reflection of trace(c) (offset for clarity.

GaN/sapphire sample B and its simulati@h (rescaled for clarity.

o ) i sults fromp polarized light of non-perpendicular incidence
mal incidence Emodes are infrared actifeHowever, due (transverse magnetical mode, T thin films on reflecting
to the finite aperture in the microscope setup Componem§ubstrateiBeereman effegt'S This light has a propagation
perpendicular to the axis have to be considered as well. The 53ng electrical field component perpendicular to thexis of
reflection of sapphirdspectrum & is well described using  the crystal and different selection rules apply. Therefore the
the semi-impirical parameters of Harmanal? in the oscil- LO phonon mode can be observed directly in an infrared
lator model. The infrared active,Ephonon frequencies were eyperiment. Taking into account the wurtzite structure we
found to be 385, 442, 567, and 630Chin previous fing that now the A(LO) mode rather than the;ALO) mode
work.1%9 The latter is observed here as a narrow @pe s observed® Thus the phonons observed here are identical
labe). Spectrum(b) shows the reflection of the sapphire cov- 5 those observed by Raman spectroscopy. We find that the
ered with a thin AIN buffer layer. This spectrum was ob- same effect can in principle explain the observation of the
tained in a portion of sample A that was protected from aa, (LO) mode in AIN. In order to simulate the amplitude of
AlGaN/GaN deposition by the edges of the substrate holdethe observed effect a stronger absorption in the sapphire sub-
A distinct step in the falling edge of the sapphire Rest-strate has to be assumed. This enhanced absorption could be
strahlen band marks the 4A0) phonon of AIN at 888 the result of the large stress in the interface of the sapphire
cm™ ™. ** A similar spectrum was obtained on the back sideand the buffer layer.
of the substrate and could be removed by polishing. From  The exact position of the GaN £LO) mode is slightly
this evidence we conclude that a nitridation of sapphire ishifted towards higher energies due to the enhanced phonon-
obtained on the back side of the substrate during depositioglasmon interactiof at a free electron concentration of
of nitrides on the front side. This is consistent with the re-10'8 cm~2. In addition a strong minimum in the reflection of
flection of the back side of an AlN/sapphire sample de-the GaN/sapphire sample is found at 800¢mThe exact
scribed by Yimet al® In spectrum(b), however, we find position of this minimum varies with the position on the
evidence for neither the,;.0) modes nor the TO modes of sample and is due to an interference within the sub-
AIN expected at 895 cm" and around 655 to 675cm,  wavelength thickness of the GaN film in front of the highly
respectively: reflecting sapphire. This becomes obvious from the simula-

Reflection data of a bulk-like 30@m optically thick  tion calculation(trace d when varying the layer thickness.
film of GaN on SiC substrate was presented elsewh&fée  The influence of the interference on the appearance of the
signal is well simulated in the oscillator model using pub-phonon modes and their positions, however, is negligible.
lished phonon valuéd [(Ay(LO): 734, A(TO): 532, This example illustrates the importance of a simulation cal-
E1(LO): 743, and E(TO): 561 cnmi ] and taking into ac- culation of the whole structure in order to assign the phonon
count the phonon-plasmon interaction due to a finite carriemodes.
concentratiorf:>14 Spectra for the GaN/Si samples C and D are given in

Based on these results, reflection of a thin film structureFig. 2, spectrga) and (b). The corresponding simulation in
of the above material should be a combination of the inditrace(c) very well reproduces the observed features. We find
vidual Reststrahlen bands. Spectriehin Fig. 1 shows the the GaN A(LO) mode at 733 cm. This value is lower than
reflection of the GaN/sapphire sample B. The minimum athe lowest values we find on other substrates. We relate this
744 cmi ! can be identified with the falling edge of the GaN to residual biaxial tensile strain within the GaN film due to
Reststrahlen band close to the(EO) mode. From a com- the large lattice mismatch of substrate and GaN film. In ad-
parison with the calculation, however, we realize that this dipdition sample D shows well pronounced the effects of the
is located precisely at the frequency of the LO mode. It re-AIN buffer layer at 885 see enlarged portion @b) in trace
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FIG. 3. Reflection@ and Raman spectr@) of AlIGaN/GaN/sapphire het-
erostructure sample A. ALO) modes in GaN and AlGaN are observed in
both techniques. Tradd) gives a magnified portion of trade). The simu-
lation is given in(c) [(b) and(c) are offset for clarity.

(d)] and 645 cm®. Note the good agreement of the simu-

hydrostatic pressure dependence of GaN modes!°tfo.
From the experience with the AlGaAs-GaAs system hydro-
static pressure in many aspects induces behavior similar to
the alloying with Al.

In summary we have measured and calculated infrared
reflection spectra obtained within the phonon region of GaN,
AlGaN, and AIN heterostructures on sapphire and on Si. Due
to the strong reflection of the substrates, the otherwise for-
bidden LO modes could be observed in off-axis reflection.
Individual optical phonon modes could be observed and at-
tributed to the AIN buffer layer, the GaN films and the
AlGaN alloy films.
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