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Raman scattering in hexagonal InN under high pressure
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The behavior of thé&, andA;(LO) optical phonons of hexagonal indium nitride under hydrostatic pressure
was studied using Raman spectroscopy. Linear pressure coefficients and the corresponding Griineisen param-
eters for both modes were determined for the wurtzite structure up to 11.6 GPa, close to the starting pressure
of the hexagonal to rocksalt phase transition of InN. Raman spectra acquired within the 11.6 to 13.2 GPa
pressure range suggest that wurtzite InN undergoes a gradual phase transition, and the reverse transformation
exhibits a strong hysteresis effect during the downstroke.
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I. INTRODUCTION In this paper, we report a study of thg and A;(LO)

Due to their extensive use for optoelectronic devices, hexPhonons of InN under hydrostatic pressure, up to 13.2 GPa.
agonal I1l-V semiconductors have been intensively studiedhe measurements were performed in a pressure cell, on
during the last several years. They are obtained as layersmall InN flakes previously removed from a thick high qual-
grown on various buffer layers and substrates. Therefore thefy INN layer grown by metalorganic vapor phase epitaxy
are usually strained, because of the significant lattice mistMOVPE). Hydrostatic pressure coefficients and mode Grii-
match of materials involved in the heterostructures. The inneisen parameters of InN phonons are determined. A gradual
ternal stress is currently assumed to be biaxial, and Ramaphase transition of InN is evidenced for pressures around
spectroscopy can be employed for measuring the built-il1.6 GPa.
strain in such samples. Data required for this evaluation are
the deformation potentials of phonons, especially those of
the nonpolar high frequendy, phonon, which is detected in
the straightforward(xx)z geometry, and exhibits a high scat-  The sample used for this study is auba-thick wurtzite
tering cross section even far away from resonant conditiondnN layer, grown on a sapphire substrate by MOVBEhe
The deformation potentials have been already determined faglectron density was determined by Hall measurements to be
wurtzite GaN?2 and AIN># by a combination of accurate 2.3x10'° cm3, which is typical for current InNN materiaf
Raman measurements performed under hydrostatic pressure Pressure was generated by a diamond anvil @#C),
and biaxial stress. warranting hydrostatic conditions up te13 GPa. The pres-

The growth of thick undoped InN layers characterized bysure transmitting medium was argon. The hydrostatic pres-
high structural quality is still very difficuk. Therefore, to  sure, together with experimental uncertainties, were deter-
date, the knowledge of physical properties of InN remainamined using the ruby luminescence metHodat the
rather poor. For example, its fundamental electronic bandeginning and at the end of the acquisition time. Due to the
gap energy is controversi&lConcerning its lattice dynami- different elastic properties of InN and sapphire, free-standing
cal properties, the zone-center phonon frequencies have be&m is required for the measurements, and it was fabricated
measured for wurtzité® and cubi€ InN. In order to deter- by scraping a razor blade over the sample surface, resulting
mine the corresponding deformation potentials, it is first necin InN flakes of about 1Q:m-diam size. The micro-Raman
essary to perform Raman experiments under hydrostatispectra of the InN sample and the ruby luminescence were
pressure on bulk crystals. In fact, such data are not availablecorded using a Renishaw spectrometer equipped with ho-
because bulk InN material has not been fabricated so fatographic notch filters and a CCD camera, together with a
Darakchievaet all° published recently the deformation po- Leica microscope with a 20 long focal objective. A
tentials ofE, andE;(TO) phonons. However, due to the lack 632.8 nm He-Ne laser with 25 mW output power was used
of experimental data, they used the Griineisen paramete&s excitation source. The spectra were recorded in back-
and bulk moduli calculated by Kirat all! scattering geometry, with a typical resolution of 1¢non

II. EXPERIMENT
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FIG. 2. InN wurtzite phonon wave numbers versus hydrostatic
pressure in the upstroke.
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-1
wavenumber (cm ) Figure 1 displays Raman spectra recorded with increasing
i pressure up to 13.2 GPa, at which point the gasket was se-
FIG. 1. Raman spectra recorded under hydrostatic pressure Verely deformed. Therefore, it is the highest pressure that
backscattering geometry. Spectra in the insert were recorded bEfOWas reached in the DAC. An increase in phonon frequencies
(i) and after(ii) the pressure experimental run. with applied pressure is observed. At pressures higher than
. . . ... 12 GPa, theA;(LO) mode is vanishing and a new mode la-
measured frequencies due to the instrument. The acquisitign, 4 x of strong intensity is observed at 610 GmAt the

time for all spectra was 20 min. Finally, the diamond lumi- same time, another new modeshows up at 570 cf with

nmeasncir;fitt);ckground was subtracted from the recorded R3'similar intensity. We note that phonon lines are found sig-

The R trusi sh inthe i ¢ of Fig. 1 nificantly broader inside the DAC than under ambient con-

€ daman speclru;gn) S c;wndl_n ? K:sgrko 'gd' W?S ditions: this is mainly due to the pressure variation during the

z;gg'rrlg przrs]sﬁrzmgu?sic::i:eag AlggTr?e twg nialijr? pz;lfsm;)égcquisition of the spectrum. We concentrate first on the pres-
served at 490 and 591 cfy are assigned to the long- ure range up to 11.6 GPa, while changes in the Raman spec-

oo ) trum at higher pressures related to the phase transformation
wavelengthE, andA;(LO) (longitudinal optical phonons of of InN will be discussed later.

InN, respectiv_ely, in agreement with Raman selectio_n rules Experimental spectra were fitted by two Lorentzian-
for the wurtzite structure. The measured frequencies ar aussian peaks, in order to extract the frequencies of the

lower than thos_e of the ”?N layer on the sapphire SUbStrat‘cj)bserved modes. The frequency variation of these modes
[491 and 592 cnt, respectively, due to the relaxation of the | oo hydrostatic pressure is shown in Fig. 2, together with

compressive strain. The residual deformation of the flakes 'éxperimental uncertainties. Error bars in abscissas corre-

;/ery weak, as can”be r:jeduced f:orr_ldtr;]e ;neasurﬁd PhoNQIYond to variations of pressure during the acquisition time of
requencies. Actually, the spectral width of the phonon — gyacyra  For most semiconductors, pressure dependence of

_l . .
(7 em™) in the current Raman spec_trum IS larger than thatphonon frequencies is usually modeled by a quadratic rela-
measured with the best InN layers investigated up t0"oWignship, However, the second order term was found negli-

o . :
(4 cm™), attesting that the structural quality of the presentgipie in the present case. Therefore, we only give linear
sample is slightly lower. This is likely due to the large thick- {grms:

ness of the epilayer under study. The intensity of Ah@.O)

mode is particularly important, which has been already ob- o= wy+Kp,

served in several InN layet8 Actually, due to its location in

the spectrum, the latter feature is assigned to a coupledherewy is the phonon frequency at zero pressyrés the
plasmon-phonon mode arising from nonconserving wavehydrostatic pressure, arkf'=(dw/dp),-o is the hydrostatic
vector scattering processes, as suggested by Kasatl® linear pressure coefficient.

Finally, in spectra recorded outside the DAC, a shoulder is Regression results are presented in Table I. The zero pres-
hardly observed at 565 ¢rhon the low frequency side of the sure phonon frequencies agree well with previous data re-
LO phonon. It is tentatively assigned to the sil@tphonon  ported in the literaturé.

of the wurtzite structure, likely disorder activated, in view of For the E, phonon, the present value of
the good agreement between the frequency at zero pressuf€(5.6¢cnT* GPa?) can be compared to that derived from its
and calculated dafa. deformation potentials obtained by Darakchiega all°
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TABLE |. Results of the linear regressioy, and K") and  the same pressure range has been found by @erad.,’

calculated mode Griineisen parametgrs who have reported a clear change in the variation ofcttze
ratio of the wurtzite structure under hydrostatic pressure.

wo KH Another explanation of the experimental results can be

Phonon mode (cm™) (cm™* GPa?) Y proposed: if the rocksalt structure is almost completed at

13.2 GPa, structural disorder of this material may give rise to
broad Raman lines, roughly reproducing the phonon density
of states of the rocksalt phase. However, this assumption
does not seem in agreement with the final recovery of the
initial Raman spectrum: indeed, the one obtained under am-
‘bient conditions, after the cycle of pressure variation, was
identical to that recorded before introducing the sample into
inw By . the DAC, see spectrurtii) in the insert of Fig. 1. In any
- =—K", case, the strong signal recorded at high pressure may be ten-
dInV- tatively assigned to an increase of the volume probed by the
where the bulk modulu8, is the inverse of the isothermal incident light beam, due to a significant decrease of the ab-
compressibility. Experimental measurementsByrby x-ray ~ sorption coefficient of InN.
diffraction have been reported by Uenet all’ (B, After reaching 13.2 GPa, four spectra were recorded in
=125.5 GPy and theoretical values by Perlet all8 (B, the downstroke, with the lowest pressure before opening the
=165 GPa The bulk modulus can also be evaluated fromDAC of 3 GPa. A clear hysteresis effect was observed: the
the elastic constants calculated by Kiet al,!! finding a  A1(LO) mode was not evidenced, even at 3 GPa, with a de-
value ofBy=146 GPa, in excellent agreement with previouscreasing intensity of the whole spectrum, which suggests that
theoretical work® (By=144 GPa Mode Griineisen param- the reverse transitipn is not completed. These observations
eters determined usinB,=146 GPa are given in Table |. are in agreement with experimental results deduced from en-
The bulk modulus is smaller in the case of InN, compared t¢rdy dispersive x-ray diffractioff. In fact, a similar hyster-
GaN and AINZ® attesting to its higher compressibility, and €sis effect has been reported by Pesiral?* for bulk GaN:
InN mode Griineisen parameters are higher than for GaN arfffé _reverse rocksalt to wurtzite transition beginning at
AIN. 2021 30 GPa was over at 20 GPa only. However, in this case the
A close inspection of the experimental results reveals thalownstroke evolution was associated with an irreversible
a change occurred for pressures above 11.6 GPa, with tfgansformation of the original GaN single crystal into a nano-
appearance of the two features previously mentioned. Thefystalline sample. In contrast, as mentioned previously, the
frequency of the structure labelddis close to that of th&, transfqrmaﬂqn of the InN under'hyd.rostatlc pressure is found
phonon of InN under pressure. In addition, no Signiﬁcamreversml_e, without any a_morphl_zatlon effects. The observe_d
shift of the X mode is evidenced fop=11.6 GPa. The dis- hy§tere5|s can be associated with th_e gradual transformatlpn
appearing of the LO mode at 13.2 GPa cannot be correlate%lV'dence_d at the upst_roke alreaqy d|squssed. Further studies
to any change in the carrier density. From theoretical and@r€ now in progress, in order to investigate these effects.
experimental studies, the pressure of the wurtzite to rocksalt
structure phase transition of InN is estimated in the IV. CONCLUSION
10-15.5 GPa rang€:°23-25 However, first order Raman
scattering is forbidden by selection rules in the case of the In summary, we investigated the influence of hydrostatic
rocksalt structur® whereas a signal of increasing intensity pressuréup to 13.2 GPpon optical phonons of wurtzite InN
is still recorded at high pressure. This suggests that the pha&y means of Raman scattering. These experiments allowed
transformation hardly begins at about 11.6 GPa. The materidine to derive the Griineisen parameters for Eeand
undergoes a gradual intermediate transformation which coA:(LO) modes, which are, respectively, 1.66 and 1.43 using
responds to the isostructural transition of the wurtzite celthe value of 146 GPa for the bulk modulus. A phase transi-
previously proposed by Bellaichet al 22 from first-principle ~ tion in the high pressure range is clearly observed. In the
calculations: gliding of In and N sublattices under hydro-future, the deformation potentials of tHg, and A;(LO)
static pressure induces a continuous variation of the anglghonons could be evaluated by combining the present results
between In-N bounds, before the rocksalt structure is comwith Raman and x-ray studies of biaxially strained InN
pleted. Another signature of such a gradual transformation ifayers.

E, 491.0 5.6 1.66
A(LO) 591.7 5.8 1.43

(5.0cmt GPal). Mode Griineisen parameters were deter
mined from the pressure coefficients using the relation:
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