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Direct evidence of tensile strain in wurtzite structure n-GaN layers grown onn-Si(111)
using AIN buffer layers
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We present results on precise frequency measurements of first-order Raman-scattering spectra from a thin
n-GaN layer grown by molecular-beam epitaxy +Si(111) substrate using an optimized AIN buffer. It is
found that the optical-phonon line at 565.43 Tmwhich we attributed to the high-frequen&y(I") phonon
mode indicates that the grown GaN layer possesses wurtzite structure. No evidence of cubic GaN zinc-blende
structure is observed. At the same time, the frequency oEH{€) phonon mode deviates significantly from
that of the bulk GaN and exhibits negative shift, while the triply degenerate Si optical phonon mode exhibits
small positive shift in comparison to that of free standing Si substrate. The obtained experimental data dem-
onstrate the complex nature of the strain distribution at the GaN/A(M3) interface. We show that the
epitaxial growth of GaN induces changes on both sidea-@aN/AIN/n-Si(111) interface: the GaN layer
itself exhibits biaxial tensile strain while the Si surface at interface is under biaxial compressive strain. This
behavior appears to be a common problem for heterostructures independent of the growth technique employed.
[S0163-182809)07447-0

[. INTRODUCTION chanical strength and excellent thermal conductivity due to
the well-known advantages of Si. However, there exist sev-
Recent breakthroughs in epitaxial growth of direct wide-eral serious problems which prevent formation of high-
band-gap group IlI-V nitride semiconductors, which form aquality layers, and until recently there were only a few at-
continuous alloy system and whose room-temperature minitempts to grow high-quality gallium nitride layers on silicon.
mum band gap extends from 1.89 eV for InN to 3.44 eV for One of the principal difficulties in growing gallium
GaN and to 6.2 eV for AIN, have categorized them as thesitride-based polar layers on the nonpolar substrates is the
most promising materials for a variety of devices. They enformation of antiphase disorder with different sublattice pair-
compass optoelectronic as well as electronic devices whicfyg for the cations and anions with the silicon. In addition to
operate in the wide spectral rgnge4from the red to ultraviole,s ndesirable effect of antiphase disorder, there are prob-
reg|ons,'§1nd high power amplifiets® Owing to high chemi- . lems of mismatch in the lattice constants and in thermal-
cal stability at elevated temperatures, excellent mechanic xpansion coefficients of the substrate and epitaxial films.
properties, good thermal conductivity, a high breakdownDue to the difference of the temperature-dependent mis-

field, and a large electron saturation velocity of GaN, gallium atch in the lattice constant and the thermal-expansion co-
nitride-based structures are an important class of materiald P

Despite the significant technological accomplishments of thgfﬂuents of GaN qnd Si, the deforn_waﬂon f|eId§ and corre-
past few years, there is a great deal of need for understandin onding generation of h|gh-den5|t_y d_|slocat|on§ at the
of the fundamental processes which could pave the way fofiterface of GaN layers grown or &L1) is much higher
rapid development of these structures for devices. f[han th.at of homoepltgmally grown films. !n addmon, there
Gallium nitride-based layers have been grown epitaxiallylS t_he issue of forma_mon of an intermediate oxide and or
on different substrates such as sapphire, silicon carbide, zirftitride layer on the Si surface.
oxide, and gallium arsenide. The heteroepitaxial growth of GaN layers grown on Si can assume either the
polar gallium nitride-based compound semiconductor layer§iexagonal—wurtzite or cubic—zinc-blende structures and
on nonpolar conductive Si substrates is a current challengdeir simultaneous presence leads to formation of stacking
and attracts increased attention. The motivation lies in théaults. Consequently, recent attempts to grow GaN layers
properties of these structures for both fundamental studiedirectly on Si substrates resulted in polycrystalline films
and device applications. They may be key compounds fowhich are not suitable for devices. The most favorable and
possible monolithic integration of gallium nitride-based practical solution to overcome many of these difficulties is
compounds on Si-based device structures. Furthermore, thélyge growth of an optimized AIN buffer layer between the Si
may allow production of large area epilayers with high me-substrate and the GaN layer. The growth of AIN ol$0)
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substrate is easier than that of GaN due to strong bonds b 1400
tween Al and Si atoms. ] | 521.08
In this work, we present experimental evidence for the 1200
local structural and strain properties at interface ofA ]
n-GaN/AIN/n-Si(111) heterostructures grown by molecular-
beam epitaxy(MBE). These data were obtained by precise . ; n-GaN/Si (111)
measurements of Raman scattering spectra. Results of ng 800 (xx)
merous investigations associated with Raman studies ¢z ] % =514.532 nm
strain-related phenomena in GaN have been publidftéd. 2 &0 T=300K
To the best our knowledge, the Raman-scattering spectra (g ]
gallium nitride layers grown on silicon substrates have yeig 400-'
not been reported. The experimental observation of the pth
non line at 565.43 cm', which we attributed to the high- i 200—
frequency E,(I") optical-phonon mode, indicates that the

1000 -

bun

e

GaN epilayer is wurtzitic. No evidence of cubic GaN zinc- Y NS "
blende structure was observed. Furthermore, the obtained e 400 500 600 700 800 900
perimental data demonstrate the complex nature of the stra (a) Frequency shift (cm™)

distribution at then-GaN/AIN/n-Si(111) interface. We show

that the epitaxial growth of GaN induces structural change: 11 s21.06
on both sides of tha-GaN/AIN/n-Si interface. :
Il. EXPERIMENTAL DETAILS n-GaNiS (111)
40 ~ (xx)
The sample studied was grown by reactive molecular- ?fiég‘fz nm

beam epitaxy(RMBE) using ammonia (NkE) (Ref. 16 as
the nitrogen source. The GaN layer investigated was grow
on a conductiven-type Sil111)-oriented substrate using an
optimized thin AIN buffer layer. The AIN layer was depos-
ited at 800 °C followed by the undoped GaN film, which was
grown at 750°C and near stoichiometric conditions. The
thickness of the AIN buffer layer was-) 5 nm and that of
the GaN layer wag~) 370 nm. During the growth, the crys- A
talline quality of the GaN layer was monitorausitu by the a0 s00 60 700 800 "900
reflection high-energy electron diffractiotRHEED). The
RHEED patterns were streaky and showed a shatp 1(L
structure(with a weaker half orderindicating layer-by-layer FIG. 1. (3 Room-temperature Raman spectra of
growth, while maintaining a reasonably smooth surface.  n-GaN/AIN/n-Si(111) heterostructure sample recorded in the
The micro-Raman-scattering measurements were pehackscattering configuratia(y,x+y) ~z; (b) The same in the ex-
formed at room temperature in the backscattering configurgsanded intensity scale. The solid curve corresponds to the Voigt
tion from the epilayer surface of the GaN/AIN/Si(111)  profile fitted to the experimental data for the Si optical phonon at
heterostructure. The spectra were excited by a 514.532 nii521.06-0.05) cm’. The dashed curve corresponds to the true
line of an Ar"-ion laser and 647.087 nm line of a Hion Lorentzian profile ofE,(T") high-frequency optical phonons in the
laser. The typical power of the incident light at the surface ofGaN layer. The dotted curve at 918.53 throrresponds to the
the sample was approximately 1 mwW with the diameter ofGaussian instrumental profile of the spectrometer recorded with the
the light spot of 1um. The scattered light was analyzed by a Ne spectral line.
triple monochromator Jobin-Yvon T 64000 spectrometer.

918.53

IR P

Raman intensity (arb. units)

(b) Frequency shift (cm™)

IIl. RESULTS AND DISCUSSION oriented n-Si substrate. At the falling edge of the higher
frequency range of this rather intense and well-known com-
The electrical characterization of gallium nitride layer pletely symmetric lind/ we observed a new weak structure.
grown on AIN/n-Si(111)-oriented substrate indicategtype  This structure is more evident in the spectrum recorded at the
conductivity. In Fig. 1a), we show the room-temperature extended intensity scale presented in Fig)l1ln the higher
Raman spectrum for tha-GaN/AIN/n-Si(111) sample in  frequency neighborhood of this Si line, it is clearly seen that
the frequency range from 400 to 940 cmThis spectrum is an additional line around 565 crhwith very small intensity
obtained for the backscattering configuration represented iappears. Nevertheless, we see that this line is sufficiently
standard notation agy,x+y) ~z, wherez axis is parallel to  resolved with a well reproducible structure.
the[0001] crystallographic direction of GaN. The other two  In order to ascertain that the new structure indeed relates
axes are chosen to form an orthogonal system withcthe to the GaN layer and to gain a more detailed understanding
axis. As expected, we detect a very sharp and intense linef its origin, we performed the same type of measurements
around 521 cm?, corresponding to the triply degenerate for a reference uncovered freestanding surface ¢fl)-
zone-center optical-phonon mode of the coval¢hil)-  orientedn-Si substrate. The experimental conditions were
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| 52070 ence of the hexagonal wurtzite phase in the GaN layer grown
500 - ' on AIN/n-Si(111) substrate. Therefore, we attribute the ad-
ditional line at 565 cm® to the Brillouin zone-centeE,(I")
high-frequency optical-phonon mode of gallium nitride. This
nonpolar phonon mode propagates parallel to the uniaxial
4004 n-Si (111) axis, which is the growth direction of the GaN layer in our
(xx) experiments. This assignment is also supported by the group-
’;:gégf’z o theory selection rules. For GaN crystallized in a hexagonal
wurtzite structure, belonging to the space gr@tﬁ;-PGsmc

2004 with four atoms in the unit cell ak=0, the point group

\ theory predicts eight sets of phonon modes. Among them is
L the twofold degenerate high-frequendy,(I") optical-

Raman intensity (arb. units)

phonon mode which is Raman actfén the backscattering
Al configurationz(y,x+y) "~ z.

wo 500 s0 706 8a0 900 In the off-resonant spectra obtained for this scattering
configurationE,(I") optical-phonon line has the highest in-

. -1
(a) Frequency shift (cm™) tensity in comparison with other allowed phonon modes. In
60 Figs. 1b) and 2b) the other low-intensity peaks that are
I 520.79 present in the spectra obtained in the expanded intensity

scale are similar. They correspond to the second-order Ra-
man scattering by different combinations of optical or/and
acoustic Brillouin zone-edge phonons of silicon.

401 n-8i(111) The surface flatness of the GaN layer was sufficient to
(xx) achieve a good signal-to-noise ratio. The gallium nitride

Lo oznm 918.53 layer is transparent to the 514.532 nm excitation line, which

| is also far from resonance with electronic levels. Therefore,

. ) the ratio of the absolute intensity of the Si optical-phonon

i line at 521.06 cr’ to that of theE,(I") optical-phonon line
of the thin 370 nm GaN layer for our-GaN/AIN/n-Si(111)
i heterostructure sample is approximately.1® order to de-
. ; i tect reliably such a line with rather weak intensity close to
e, " " ‘\"“."wr W the very strong Si phonon line, we performed several mea-
400 500 600 700 800 900 surements for slightly shifted grating positions of the spec-
(b) Frequency shift (cm™) trometer with increased acquisition times. We also limited
the spectral resolution to 5.6 ¢rhwithout analyzing the
FIG. 2. (a) Room-temperature Raman spectra of uncovered vir{olarization of scattered light. It is important to note that,
gin n-Si(111) substrate, recorded under the same experimental coimitially it was presupposed that the sharp Si line itself could
ditions as for then-GaN/AIN/n-Si(111) heterostructurgp) The  be used for frequency calibration for this line. However,
same in the expanded intensity scale. The solid curve correspondarious experimental conditions and methods of analysis
to the Voigt profile fitted to the experimental data for the Si opticalused by different authors led to some discrepancies in the
phOﬂOﬂ at (5207ﬁ 005) cm’l. The dotted curve at 918.53 6I+] data for the Si Optica|-ph0non moa%__zl Very recenﬂy'
corresponds to the Gaussian instrumental profile of the spectromet@igh-accuracy pressure-dependent Raman-scattering mea-
recorded with the Ne spectral line. surements for etched antl00-oriented Si by using a
diamond-anvil cell revealed the value of 523.88 ¢rfor the
frequency of optical-phonon mode at low temperatire
identical to those for the GaN/AIN/Si case allowing a =6 K under ambient pressute However, the Sil11) sur-
straightforward comparison. These spectra associated withface close to the substrate-gallium nitride layer interface can
clean Si surface are given in FiggaRand 2b), respectively. also be perturbed during the growth of thin AIN and GaN
One can see that the line at 565 Chrappears only in the layers with thicknesses of 5 and 370 nm, respectively. The
spectra recorded for the-GaN/AIN/n-Si(111) heterostruc- frequency of optical-phonon modes depends on the strain
ture. This line also appears in the spectra excited by &ields present in the heterostructures. It is clear that the strain
647.087 nm line of a Ki-ion laser indicating its Raman- fields play a key role in the formation of high-crystalline
scattering origin. quality semiconductor heterostructures with potential impact
Due to the far off-resonant conditions, the AIN buffer on devices. Therefore, it is important to understand the strain
layer itself with a thickness of 5 nm is too thin for detection. effect at then-GaN/AIN/n-Si(111) heterointerface.
Furthermore, in the spectra no evidence was found for nei- For this reason, in order to establish the macroscopic-
ther optical transverse,O) nor the longitudinal KLO) strain state at the surface of aBil) substrate that is close
phonon modes for the zinc-blende structure of GaN. These the AIN heterointerface layer, we carefully measured the
modes are also allowed by selection rules for the scatteringhift in the frequencies of the two phonon lines. We have
geometry used and are expected at 555 and 742 cre-  applied the nearby Ne spectral line at 918.53 &io check
spectively. The absence of these modes indicates the prethe exact values of the spectral resolution, instrumental line

Raman intensity (arb. units)
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TABLE |. Experimental frequencie® for the Raman-activ&,(I") high-frequency optical phonons in
GaN obtained in this work and that of ordedsis the thickness of GaN layer.

Material d w(incm™)  Temperature Comments
n-GaN/AIN/n-Si(111) 370 nm  565.430.05 RT Present work

GaN/GaAs or GaN/AlO, 566.5 RT Ref. 12

GaN, bulk 568 20 K Ref. 15

GaN, bulk 568 RT Refs. 14, 6

GaN/ALO;, 2.0um  568.5 RT Ref. 11

n-GaN/GaAg001) 200 nm 569 RT n=1-5x10"%cm 3 Ref. 7
GaN/GaN or GaN/AIO, 569 RT Ref. 8

n-Gal“N/AlL,O2 1.3um  569.2-0.2 10 K n=1x10"%cm 3, Ref. 9
n-Gal®N/AlL,O2 1.0um  551.8-0.2 10 K n=2x10cm 3, Ref. 9
GaN/ALO;, 200 um 570 RT Refs. 5, 10

GaN/ALO, 20um 572 RT n=1-100<10%cm 3, Ref. 13

%Ref. 9: completely relaxed GaN layers MBE grown from natural Ga and natural N (99:88%and
isotopically pure™N.

shape, and frequency shifts. Linearity in the spectral calibracess. What is more interesting is that this change is caused
tion of the spectrometer in this frequency range was provely only very thin AIN and GaN layers with thicknesses of 5
by detection of the several nearby neon lines. Furthermoreand 370 nm, respectively. We attribute this blueshift of the
the observed phonon line shapes were well simulated to thgj optical-phonon line to a biaxial compressive strain of the
experimental points by the Voigt functideolid curves in all  sjlicon surface at the-GaN/AIN/n-Si(111) heterointerface

the spectra The Voigt function is the convolution of the que to the large mismatch in lattice constants and thermal-
Lorentzian function corresponding to the true phonon linegypansion coefficients of GaN, AIN, and Si. Furthermore, we
shape and the Gaussian function corresponding to the spegaure able to determine the precise value of Ejeoptical-
trometer profile(dotted curves at 918.53 ¢m. In this case, phonon mode at 565.430.05 cni* for the GaN layer. This

the result of the convolutici®* was obtained by fitting a experimental value is given in Table I. Also shown in Table

\(0|gt proflle to the expen_mental line shape by accepting g are the results of recently performed Raman-scattering in-
fixed width for the Gaussian component. Consequently, we

gestigations of strain-related phenomena in GaN thin layers

frequency shifts. Therefore, the phonon frequency was detefOWVN by different techmque_s and on various Substrates.
mined quite accurately and with an estimated accuracy better Our Vzili’? for theE, optical-phonon mode at 565.43
than +=0.05 cm L. +0.05cm ~ is lower than the room-temperature values of
This approach really allowed us to detect the not neg”_the bulk and homoepitaxial GaN layers. The observed fre-
gible shift for the Si optical-phonon lines in these spectraduency of the, optical-phonon mode is also lower than that
First, we found that the precise value of the room-Of others. This is true excluding the special Cast551.8
temperature frequency shift for the Si optical-phonon line is=0.2cmi™* for the E, optical-phonon mode of the GaN
(520.79-0.05) cm! for the free-standing surface of the layer grown onc-axis-oriented sapphire by MBE with isoto-
(111)-orientedn-Si substrate. This is the same value as thapically pure nitrogen(0.5% ‘N, 95.5% '°N) and natural
observed in the spectra recorded with a 647.087 nm line of &a: GaN layers grown with natural gallium and natural
Kr*-ion laser with radically reduced excitation power down nitroger? (99.6345%N, 0.3666%*°N) exhibit the same
to approximately 10uW. Therefore, we believe that laser line at 569.2-0.2 cm 1. The significant negative frequency
heating of the Si surface through the gallium nitride layershift of (17.4+0.2) cnt has an other origin and mainly is
was negligible. Second, we found also that the position ofnduced by the almost full isotope shift due to reduced-mass
this Si phonon mode detected from the gallium nitride sidepehavior® The negative frequency shift for tHe, optical-
in the case of then-GaN/AIN/n-Si(111) heterostructure, phonon mode which we observed for ourGaN/AIN/
slightly shifts toward higher energies. The exact position ofn-Si(111) heterostructure in comparison to bulk Galé
the line in this case is (521.660.05) cm L. Third, the pen- 2.57+0.05cm L. The difference is remarkable. It is impor-
etration depth of the 514.532 nm excitation laser light for thetant to note that the frequency for this nonpadr optical-
underlying Si is very small (approximatety800 nm), ensur- phonon mode does not depend on the direction of phonon
ing a high sensitivity to strain at the Si surface close to thegpropagation relative to the opticalaxis due to the lack of
n-GaN/AIN/n-Si(111) interface. Fourth, we established that the anisotropy of the long-range Coulomb contribution. Con-
this shift is not induced by a thermal effect, because heatingequently, the observed shift could not possibly be explained
of the Si surface would shift the phonon frequency in theby a small misalignment of the sample during our measure-
opposite direction. Therefore, the experimental observatioments. Neither could it be attributed to laser heating, since
of this shift, as small as (0.270.05) cm’, immediately the n-GaN layer is transparent, nor to the underlaying and
indicates that the silicon surface itself at theGaN/AIN/  absorbing Si surface for which we have shown above that the
n-Si(111) interface really changed by the nitride growth pro- thermal heating by the incident laser beam is also excluded.
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At the same time, the corresponding shift for GaN layersand bond angle¥ Because of the lattice distortion of the
grown on sapphire in contrast to our case is positive andaN layer and Si surface due to the strain field, the average
ranges from 0.5 to 4.0 cht indicating a compressive strain bond lengths are no longer equal to the natural bond lengths
for these gallium nitride layers. We attribute the negativeof unstrained GaN and Si. The bond-length difference de-
sign of the shift to the tensile deformation of GaN layer. pends on the fractional strain contributions. Our data show
These results underscore the importance of the observéhat the strain-induced frequency shift of the GaN vibrational
phonon line-shape analysis and highly accurate measur&20de is greater than that for the Si. This fact partially indi-

ments of the frequency shifts. To check the homogeneity ofates that the variation of the Ga-N bond length caused by
the GaN layer as well as possible in-plane inhomogeneity of '€ residual strain is larger than that for Si-Si.
The lack of inversion symmetry in a wurtzite-structure

the strain field, we have performed several measurements at ' X
different points of the sample with a step ©0.5 mm. All semiconductor, such as GaN, leads to spontaneous polariza-

these data revealed the same value of the shifts for both &en and results in internal built-in strong electric fields along
and GaN phonon lines indicating a high homogeneity ofthe growth direction because of the strong piezoelectric

strain distributions. Furthermore, the observation of the lowProperties of these materials. -%15316ffect of these electric
level background scattering is also an indirect indication ofi€!ds has recently been considered.“These electric fields

the relatively flat and featureless surface morphology of thér€ reduced to a different extent by various types of defect

grown GaN layer. formation and should be taken into account in the analysis of
Due to the large lattice mismatch and mismatch oféxperimental data and appropriate applications of external

thermal-expansion coefficients of GaN and AIN with respect!ectric fields. This point should be highly emphasized in
to Si, GaN starts to grow commensurate until a critical thick-€Signing GaN/Si-based device structures

ness is reached. The room tempera{lR€) lattice constants

for GaN (Ref. 24 area=3.1890,c=5.1864 and AIN 3.104,

4.966 A, respectively, and for Si it is 5.4301 A. The RT IV. CONCLUSIONS

thermal-expansion coefficients for GaN are=5.59, ¢ In summary, we have shown that strain fields play an
=3.17, AN 4.2 fora, 5.3 forc, (X 10 “/K), respectively,  important role in the formation of high-crystalline quality
and for Si it is 3.5% 10" */K. In the elastic model for GaN . GaN/AIN/n-Si(111) heterostructures. We have performed
grown on AIN, the critical thickness was estimafees~3  precise frequency measurements of the first-order Raman-
nm. For pseudomorphically grown GaN layers with a thick-gcattering spectra from thin 370-nm gallium nitride layer
ness close to the critical thickness, strain fields due to th@rown by MBE onn-Si(111)-oriented conductive substrate
rr_lismatch in lattice constants and thermal-expansion coefﬁby using an optimized AIN buffer. It was found that the
cients of GaN, AN, and Si can be accommodated through @pservation of the optical-phonon line at 565.43 ¢nwhich
large local deformation of the crystalline lattice at the inter-\ye attriputed to the high-frequency nonpolar optical-phonon
faces. When the thickness is beyond the critical thicknessEz(r) mode, indicates that the grown GaN layer possesses
the generation of misfit dislocations becomes energetically,tzite structure. No evidence of the cubic GaN zinc-blende
favorable, releasing the strain generated at the interfaces ag,cture was observed. Furthermore, the obtained experi-
inducing a lattice relaxation with possible breaking up of themental data demonstrate the complex nature of the strain
epilayers. However, in our Raman measurements we still d&gistribution at the n-GaN/AIN/n-Si(111) interface. The
tect a residual built-in strain. The value of the residual Strairhegative frequency shift for thg, optical-phonon mode that
may be changed by the growth of GaN layers with different, e ghserved for oun-GaN/AIN/n-Si(111) heterostructure
thicknesses. The presence of such a strain in heterostructurﬁ]sCor.npariSon to the bulk GaN is (2.50.05) cmL, In

can induce changes in the optical and electrical propertieggnirast, the triply degenerated phonon mode of Si exhibits a
providing a new degree of freedom in the device des'gnpositive shift as small as (0.270.05) cni't in comparison
Knowledge about strain fields between gallium nitride layers, hat for the free standing Si substrate. We show that the
and substrates is important. For example, some theoreticg(t)itaxial growth of the thin GaN layer induces changes on
predictions show that the optical gain or threshold currenfy giges of ther-GaN/AIN/n-Si interface: the GaN layer
density in a nitride-based laser can be slightly reduced byqe|f exhibits biaxial tensile strain, while the Si surface at the
introducing anisotropic strain in theplane of GaN"> interface is under biaxial compressive strain. Such an unex-

Since many of the performance parameters of devices ?ArFected behavior of the substrate surface to the substrate-thin-
determined by the lattice defect structure, it is useful to kno

h h ff d by def ion fields. In thi . ayer interface seems to be a common problem for hetero-
ow they are afiected by deformation fields. In this vein, Wegy e res for various growth techniques used including
see that the effect of these strain fields on the optica BE growth

phonons in different types of layers is very different. The

biaxial strain character at the GaN/AIN/n-Si(111) hetero-

interface alternates from compressive for the Si surface to ACKNOWLEDGMENTS
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