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Resonant Raman scattering in GaAsN: Mixing, localization, and impurity band formation
of electronic states
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Raman and TEM measurements on a thick GaAsN layer and on GaAsN/GaAs quantum well structures are
reported. The scattering was excited close to resonance with the N-inBucgensition, and detected in both
Stokes and anti-Stokes regions including the low-frequency range around the Rayleigh line. A broad continu-
ous scattering due to acoustic phonons is observed on the thick GaAsN layer. Calculations of the Raman
efficiency show that the localization and mixing of the resonant electronic states account well for the measured
spectral line shapes. The localization length around a single nitrogen impurity is estimated and the impurity
band formation discussed. Periodic oscillations of the scattered intensity are observed on the quantum well
structures. They are analyzed in terms of Raman interference effects. The observed oscillations period, spectral
envelope, and interference contrast are used to address the density distribution of the electronic states involved
in the E, transition.
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[. INTRODUCTION and localization of the electronic states come out as results of
the calculationd! =3
The substitution of only 1% As atoms by N atoms in  The aim of this work is to show that mixing and localiza-

GaAs has important effects on the electronic and optication can be addressed directly using resonant Raman scatter-
properties such as the giant band gap bowifighe unusual ing by acoustic phonons. Indeed, THz acoustic phonons re-
pressure dependence of the band“gagnd large effective vealed by Raman scattering have been successfully used as
masse$:” Two models were proposed for the electronic probes of the electronic wave-function localization and cor-
structures of ternary alloys of highly mismatched binary g|ation in quantum wellé'® and quantum dot
semiconductors(e.g., GaN/GaP, GaN/ng‘ﬁ‘_S' GaN/InAs  myltilayers” 28 In these systems, quantum confinement and
One is the band anticrossifBAC) model,™"in which the g ificial, as well as spontaneous, ordering are responsible for

electronic state of the isovalent impurity interacts stronglythe spatial localization and correlation of the electronic den-

‘%':2 g:]ee:g;’;gséfct%ldggﬂg?egaer}g;rtg;eis glfjgggnhd?tcrgitjgiséty. In GaAsN, the localization of the electronic density
using the BAC model, are in good agreement with the Spec{;lround the nitrogen impurity originates in the large differ-

tral features labeled= . and E, revealed by modulated ence between the covalent radius of(@l075 nm and As
reflectancg® (PR) and photoluminescentemeasurements; (0.125 nm. _ L

the coupling strength was however used as an adjustable pa- In this work' we estlmatt_a the Iocallgatlon length of thg
rameter. The BAC model is a phenomenological model sincéesonantly excited eIectron'lc states using Ramgn scattering
neither the origin of coupling nor the localization of the elec-Py acoustic phonons. Their degree of mixing is also dis-
tronic states are considered explicitly. On the other hand Belcussed. The results are compared to previous calculations of
laiche et al.1° Mattila et al.!* and Kent and Zungé&r'3re-  the electronic structure performed using a pseudopotential
ported calculations of the GaAsN and GaPN electronicsupercell approach*® and a large scale local density
structure using a pseudopotential supercell technique. Thapproximation:® Moreover, the formation of an impurity
composition and pressure dependence of the lowest conduland is adressed using interference Raman effects generated
tion band states were studied theoretically. It was shown thdan GaAsN/GaAs multilayers. It is worth mentioning that,
E_ and E, are due to transitions from the valence bandamong the published Raman studies on GaA%N: only a
maximum (VBM) to conduction states involving a strongly few were devoted to acoustic phonon scattefi] 3! In
localized nitrogen state mixed with host crystal states arisingddition, only thick GaAsN layers were studied up to now.
from the I', L, and X valleys of the Brillouin zone. This Interference Raman effects similar to those already observed
approach well accounts for the PL and PR data as the BA®n quantum dot layet5*®are here reported for the GaAsN/
model does. But in addition to the transition energies, mixingGaAs quantum well structures.
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FIG. 1. 200 dark field images of samples A and B. The nitrogen FIG. 2. Resonant Raman spectra from theum-thick
profiles measured along the growth direction are shown for one osaAs _,N, layer for excitation at 1.83 eVa), 1.91 eV p), and

the quantum wells of structures A and B. 1.96 eV (). The nitrogen composition &g s=0.8%. Scaling
factors were used in order to enable observation of the changes in
Il. EXPERIMENTS the spectra. Calculated spectra show the activation of TA and LA

phonons, in the\ andA directions 'L andI" X, respectively, due

The samples studied in this work consist of @ f-thick to wavefunction localization of the resonant state. The star in spec-
GaAsN layer and two GaAsN/GaAs quantum well structuregrum ¢ indicates a plasma line.
grown by molecular beam epitax§MBE) on (100 GaAs. i .
The MBE chamber is equipped with an Oxford Applied Re_pgrsed using a triple T800 Coderg spectrometer and detected
search HD25R RF plasma cell, which provides reactive NWIth a single channel GaAs photo-cathode.
species. Ultrapure Nwas obtained from 6N nitrogen flow-
ing through a heating getter filter to remove ,H,0, CO, Ill. RESULTS AND DISCUSSION
CO,, and other impurities. The growth temperatures were Figure 2 presents Stokes and anti-Stokes Raman spectra
580 and 470°C for the GaAs buffer layer and the GaAsNfrom the thick GaAs_,N, layer with xg;ys=0.8%. First
layer, respectively. Additional details of the growth condi- and second order scattering by zone center transverse TO
tions can be found elsewheteThe nitrogen composition and longitudinal L@ optical phonons of GaAs are observed.
was determined using secondary ion mass spectroscopy;Stattering by the local vibrational modevM) of isolated
GaAsN layer previously characterized by x-ray diffraction GaN bonds is also visible around 470 ¢t The dependence
was used as a reference.'Cgrimary ions and CsM posi-  of the frequency and intensity of the FOLO, and LVM
tive secondary ions configuration was used in order to prolines, on the nitrogen composition, has been already studied
vide a quantitative analysis of nitrogen content up to fewin Refs. 21, 23, and 25. In particular, Prokofyeataal ** and
percents. Wagneret al?® showed that calibration of the frequency shift

Figure 1 shows transmission electron microsc6pgM)  of the LQ- and LVM lines gives a reliable, rapid and non
image of the quantum well structures under the 200 darklestructive method for determining the nitrogen content. Us-
field conditions. Each structure consists of five GaAsN layersng the linear variations, as proposed by Prokofyeval.?*
separated by GaAs spacers. The thickness of the GaAsN laghd the measured frequency shifts, we obtgig=(0.8%
ers is about 9 nm for all structures whereas the barrier thick=0.1%) andx, = (0.9%x0.1%) in good agreement with
ness is 12 or 24 nm. The GaAs top layer has the same thicksys=0.8%.
ness as the GaAs barriers. The spectra in Fig. 2 were excited close to resonance with

For each structure the incorporation profile of the nitrogerthe upper energy transition labelél, and related to the
along the growth direction was determined by a quantitativenitrogen impurity. According to the electro-reflectance data
analysis of the TEM diffracted intensity.The N composi- of Perkinset al® we estimateE, about 1.86 eMat liquid
tion, if lower than few percent, is proportional to the inten- nitrogen temperatujeAs shown in Fig. 2, resonance occurs
sity ratio [l,090)—150o(N)1/15(0), where 1,0(0) and for excitation at 1.91 eV: first and second order scatterings
I,0o(N) are related to the GaAs barrier and the GaAsN well by the GaAs zone center phonons Ténd LG- and by the
respectively. For samples A and B, the nitrogen distributionGaN LVM strongly come out for excitation at 1.91 eV with
inside the quantum wells is rather homogene(ig. 1). respect to highe(1.96 eV} and lower(1.83 eV} energy.

The Raman measurements were performed at liquid nitro- Spectral features due to first order scattering by zone edge
gen temperature. The scattering was excited using the reatoustic (TA, LAy, TA_, LA,) and optical phonons
and yellow lines of a Kr laser. The scattered light was dis{(LO, , TOy) are clearly seen for resonant excitation. Such
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scattering has been already observed by Chetra®> and ~ GaAs Bloch state¥! The probability for direct optical tran-
Seonget al3! It is normally forbidden by the wave-vector sitions from the VBM to the conduction band is proportional
conservation rule. Indeed, as long as the wave vector is & thel' component of the final stafeFor theE, transition,
good quantum number, only zone-center phonon modes witthe conduction states retain about 30% of Fheomponent,
wave vectorg= (k; —ks) ~0 can be detecteck( andky be-  explaining the enhancement of the Raman efficiency at reso-
ing the wave vectors of the incident and scattered light, renance withE_ (Fig. 2. Moreover, 200 meV abova;(2)
spectively. As a matter of fact, under excitation at 1.91 eV there is another mixed state labeled(3),*?>***° which
the Raman data from a GaAs reference sample showed n®uld also contribute to resonance. In faf(3) has a ma-
evidence for first order scattering by zone-edge phonons. "]ority of the X component(93% and only 3% of thel’
stead, second order scattering by zone-edge @i#onons is  componerif at a nitrogen compositior=0.8%. Therefore,
allowed and could be observed because of resonance Withe contribution to the resonance of the Raman scattering
the indirect transition from the VBM to the conductidn  should be very weak in comparison with thatayf(2).
point. In Fig. 2 are presented Raman spectra calculated assum-
ing a wave-function localization of the resonant electronic
states and interaction with acoustic phonons via deformation
potential mechanisri®. Since we are interested in the activa-
As already noted by Cheorgt al?? and Seonget al.3*  tion of large wave-vector acoustic modes as well as zone-
the observation of first order scattering by zone edgedge modes, we used a polynomial fit to the measured dis-
phonons is the signature of spatial localization of the resopersion curves® rather than the linear dispersion valid only
nant electronic states. Indeed, the Raman scattering is notfar long-wavelength modes. Because of the three-
direct interaction between light and vibrations. It occurs viadimensional localization of the electronic wave functions alll
excitation and relaxation of electronic states. When these inerientations of the phonon wave vectors should be taken into
termediate states become localized on a length dedlee  account. However, since a mixing of electronic states in-
wave-vector conservation rule breaks down, and phonongolves mainlyl’, L, and X states, we have considered only
with wave vectors up to- /I can be excited. The spatial the [100] and [111] crystallographic directions. Moreover,
distribution of the electronic density determines the spectrajve disregarded possible localization of acoustic vibrations
shape of the Raman scattering. In the frequency range afue to N-induced disorder effects.
optical phonons, localization of the resonant electronic states We used a Gaussian function as a simple model for the
lead only to asymmetric broadening of the Raman Iffes, electronic wave function localized on the nitrogen at@so-
because optical phonons have a relatively small frequenciated impurity; the localization lengthis defined as the half
dispersion. In addition, their 4/coupling to the electrons via width at half maximum of the electronic density distribution.
Frohlich interaction favors the Brillouin zone center. Then, we considered the scattering due to an ensemble of
The frequency dispersion of acoustic phonons is lineaspatially distributed localized states. We assumed a random
over a wide range of the Brillouin zone. Their interaction distribution. Notice that such an assumption should be recon-
with electrons, via deformation potential, increases|aSo,  sidered in the case of the quaternary alloy GalnAsN, where
one can look to the spectral distribution of the low-frequencyshort range order effects could lead to the formation of InN
Raman scattering as the image of the electronic density disand GaAs bonds preferentiafl.
tribution in the reciprocal spacé-!® Conversely, one can The ensemble wave function is constructed simply by a
extract the electronic density in real space from the acousticoherent superposition of localized states; the average dis-
phonon Raman spectra, allowing an efficient comparisonanced between neighboring impurities is about 1.6 nm for
with band structure calculations. x=0.8%. Hence, the electronic density could be either
Calculations of the GaAsN electronic structure have beestrongly localized with randomly distributed local maxima or
performed by Mattileet al** and Kent and Zungét*®using  totally uniform depending on the ratiéd. The comparison
a pseudopotential supercell technique. It was shownBhat between calculated and measured low-frequency Raman
andE_ are due to transitions from the VBM to conduction (Fig. 2) spectra shows the following:
states consisting of mixed nitrogen impurity stat¢N) and First, the broad continuous scattering around the Rayleigh
host states,(I'), a,(L), anda;(X) associated with the cen- peak, and the sharp lines due to zone edge acoustic phonons,
ter I' and edge I(, X) points of the GaAs Brillouin zone. are both due to the activation of TA and LA acoustic
The degree of localization and mixing of these so-called perphonons. The very low-frequency range-$0-50 cnit)
turbed host stated®HS$ depend on the nitrogen content: in corresponds to linear dispersion of the acoustic modes.
the dilute impurity limit, E, involves a strongly localized Whereas the lines are due to nearly flat dispersion close to
nitrogen a;(N) state of which energy is inside the GaAs the Brillouin zone edges.

A. Wave-function localization

conduction band; this state, labelag(2), acquiresl’ andL Second, the low frequency scattering is activated because
characters and shifts to higher energy with increasing nitroef spatial localization of the resonant electronic states. The
gen content. localization lengthd =1.25 and 1.7 nm were used in the

For the nitrogen composition studied in Fig. s(ys  calculations for excitation at 1.91 and 1.83 eV, respectively.
=0.8%) the percentage &f andL components is 30% and These values give a good agreement between the calculated
61%, respectively. These values were calculated by Mattiland measured spectral extents and line shape of the low-
et al! using a spectral projection of the alloy states on thefrequency scatteringFig. 2). Different conduction states are
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probed when changing the excitation energy. Our results in-
dicate that the localization length increases when electronic
states closer to the conduction band minim(@BM) are
selected. This is consistent with the calculations of Kent and
Zungert? who showed that above the limit of amalgamation
between the nitrogen cluster states and perturbated host
states ¥=0.6%), there is a continuum of quasi-localized
states within 0.4 eV above the CBM; the states close to the
CBM are delocalized because of their larfecomponent,
whereas those around a CB#O0.4 eV exhibit localization.
According to Kent and Zung¥r and Wanget al!® nearly
80% of the electronic density is inside a sphere of 2-nm
radius and centered at the N impurity. From our estimate of
the localization length$ this percentage is about 69% and
41% for excitations at 1.91 and 1.83 eV, respectively.

Third, TAx, LAy, TA_, andLA lines come out strongly
in the measured specttapectrumb of Fig. 2): their calcu-
lated intensity is underestimated with respect to the intensity R R
of the broadband scattering. This is certainly due to the lack 20 -10 0 10 20
of zone-edge components of the localized electronic state. In
fact, we did not take into account explicitly the mixing be-
tweenI’, L, andX states. In that way, one could estimate the F|G. 3. Calculatedthin line§ and measuretbold liney Raman
amount of zone-edge componefite., mixing to be added spectra of the GaAsN/GaAs quantum well structures. Optical exci-
to the Gaussian wave-function in order to fit the experimen4ation has been performed at 1.91 eV close to resonanceEith
tal spectra(Fig. 2). The comparison with the experimental The thicknesses of the GaAs spacers are 12 and 24 nm for samples
data(spectrum excited at 1.91 ¢Vhdicates that mixing of A and B, respectively.

I', L, and X states is indeed relevant as already pointed out . . . : .
by Cheonget al?? and Seoncet a3 Notice that the spec- realistic than the one in which only a singlaverage state
trum measuredl at 1.83 eV combares rather well with thaV@S assumetf Further evidence for the formation of an im-

) urity band is given by the Raman interference effects.
palculated gpgctrq. zom.ejedge fgatures and broadband scalt €"rRaman scattering by acoustic vibrations is a spatially co-
Ing havg similar intensities. This means that the electrom(herem process, and this leads to interference effects in the
conduction states selected by excitation at 1.83 eV have ’

S ftheT This | ! ith th Raman efficiency: the emission and absorption rates of a
majority o .t e component. IS 1S consistent with the given vibrational mode could be either enhanced or inhibited
larger localization length 1.7 nrfinstead of 1.25 nm for

S depending on the spatial distribution of the resonantly ex-
excitation at 1.91 e)/ cited electronic density. As already shown for quantum
wellst*~1® and quantum dot multilayers;*® strong oscilla-
tions of the Raman spectra could be observed in the acoustic
phonons frequency range. The intensity maxima correspond

It is interesting to compare the localization lengtbf the  to bright fringes and the minima to dark fringes. The inter-
electronic state around a single nitrogen impurity and theringe, the interference contrast, and the spectral envelope of
average distance (1.6 nim) between nearest neighbor impu- the oscillations are determined by the electronic density dis-
rities: our estimations show thét=d, and indicate the for- tribution in the samplé®
mation of an impurity band(at a nitrogen contentx Periodic oscillations of the low-frequency Raman spectra
=0.8%). The calculations based on the pseudopotentiare clearly observed for both samples A an@Hgy. 3). They
method showed no evidence for the formation of an impurityoriginate from the interference between the Raman scattering
band of cluster state@€CS9. These states are located in the amplitudes associated with each GaAsN quantum well and
band gap and are strongly localized explaining the wealare observed only for resonant excitatigvith the E, tran-
CS-CS interaction and the absence of an impurity Hand. sition). The non-resonant spectra are very similar to the one
In comparison of the CS, the PHSs are less localized stateshown in Fig. Zc), where no signature of the nitrogen impu-
and their wave functions spread over distance which couldities was detected. The period of the Raman fringes is de-
be comparable to the average separation betweetermined by the sound velocity and by the separation be-
impurities?'31%|n our calculations of the Raman spectra, tween quantum wells. Their relative intensiti¢spectral
the formation of an impurity band was not taken into accountenvelop is a form factor given by the Fourier transform of
explicitly since interaction between quasilocalized states wathe electronic density distribution in each quantum well. The
ignored. However, we used an ensemble wave functiointerference contrast is directly connected to the interlayer
which is one of the impurity band eigenstatge., the one correlation of the electronic density!®
with no dephasing between the distributed statdhe The same scattering model as the one discussed for the
present model for resonant Raman scattering is thus morhick GaAsN layer has been used to calculate the Raman

Scattered intensity (arb. units)

Raman shift (cm_l)

B. Impurity band formation
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FIG. 4. In-plane electron density distributidicross section w
used for the calculations of the resonant Raman spectra. It is shown
only for two GaAsN/GaAs quantum wells, and was generated as- d=1l/5
suming a coherent superposition of randomly distributed localized A N\
states centered on the nitrogen impurities. | | | | | ~
1 1 1 1 1 1
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spectra shown in Fig. 3. Reflection of the sound waves at the ) 1
sample surface was taken into accotint The main differ- Raman shift (cm )
ence from the spectra in Fig. 2 is the spatial distribution of
the resonant electronic wave function. Instead of the threel-

Qimensional distrlbuthn of impurities, now We, ha\(e a la,yer'for various mean distancesbetween nearest neighbor impurities.
ing of the wave function along the grqwth direction. SII"C('Z‘Calculations were performed assuming statistical random distribu-
the energy of the resonaatl;(2) state is above the GaAs ijgns of the nitrogen inside the quantum wells. The width of the

CBM, quantum confinement effects are not expected. quantum wells and the separation between quantum wells are those
According to the growth conditions the nitrogen compo-measured for sample A.

sition in the quantum wells should be the same as in the thick ] . . . )
GaAsN layer. So, we used an ensemble wave function ofhe formation of an impurity band: for the studied nitrogen
randomly distributed nitrogen impurities in each GaAsNcontent, theE, transition involves quaS|-deIpcaI|zed states
quantum wells witithe parameters &nd d obtained from the @rising from the overlap of the wavefunctions located at
thick GaAsN layer. neighboring nitrogen impurities.

Figure 4 shows the in-plane electronic density in two of
the five GaAsN/GaAs quantum wells used for the calcula-
tions. The parameters, such as the thickness of the quantum Resonant Raman scattering, detected in the frequency
wells and distance between the quantum wells, were takerange of acoustic phonons, reveals the spatial distribution of
from the TEM images in Fig. 1. As one can see in Fig. 3, athe excited electronic density. We have applied this approach
good agreement between calculated and measured spectraadsthe study of electronic wave-function localization in
obtained for samples A and B. The period and spectral envesaAsN. Our main findings can be summarized as follds.
lope of the oscillations as well as the interference contrast arBy comparing calculated and measured Raman spectra we
well accounted for. In order to appreciate the sensitivity ofhave extracted the localization length of the conduction
the interference contrast to the localization of the electronictates involved in th& , optical transition. We have found a
wave function, calculations were performed for constant good agreement with the electronic structure predicted by the
and various values al (i.e., of nitrogen concentrationAs  pseudopotential supercell method and by the large scale local
shown in Fig. 5 clear periodic oscillatiortsnaximum con-  density approximation(ii) Impurity band formation has been
trash come out for a quasiuniform electronic density distri- addressed using an ensemble wave function for the calcula-
bution in the plane of the quantum welld<1/5), whereas tions of the Raman spectréii) Interference Raman effects
strongly localized and isolated statat<(5l) lead to a con- have been generated by layering the electronic density along
tinuous scatteringvanishing contragt The parametel ex-  one direction(multiple quantum wells We have observed a
tracted from the thick GaAsN layer gives a good agreemenstrong interference contrast on the quantum well structures.
between calculated and observed interference contffeists  This supports partial delocalization of the electronic density
3) for a 0.8% nitrogen concentration in the quantum wells.over many nitrogen impurities, i.e., the formation of an im-
The measured strong interference contrast is consistent withurity band at the studied nitrogen concentration.

FIG. 5. Calculated Raman spectra for a fixed localization length
of the electronic density around an isolated nitrogen impurity and

IV. CONCLUSION
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