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A comprehensive study of the nitrognedge and galliunM ; edge in gallium nitride is presented. Results
of two different experimental techniques, x-ray absorption by total photocurrent measurements and glancing-
angle x-ray reflectivity, are presented and compared with each other. First-principles calculationgpof the
larization averageddielectric response,(w) contributions from the relevant core-level to conduction-band
transitions and derived spectral functions are used to interpret the data. These calculations are based on the
local density approximatiofLDA) and use a muffin-tin orbital basis for the band structure and matrix ele-
ments. The angular dependence of the x-ray reflectivity is studied and shown to be in good agreement with the
theoretical predictions based on Fresnel theory and the magnitude of the calculated x-ray optical response
functions. The main peaks in the calculated and measured spectra are compared with those in the relevant
partial density of conduction-band states. Assignments are made to particular band transitions and corrections
to the LDA are discussed. From the analysis of thk Bnd GaM , ; edges the latter are found to be essentially
constant up te-10 eV above the conduction-band minimum. The differences in spectral shape found between
the various measurements were shown to be a result of polarization dependence. Smesithimn all the
measurements was normal to the sample surfpegglarized radiation at glancing angles corresponds to
Ellc while s polarization corresponds t&L c at all incident angles. Thus, this polarization dependence is a
result of the intrinsic anisotropy of the wurtzite structure. Spectra on powders which provide an average of both
polarizations as well as separate measurements of reflectivitysvpititarization ang polarization were used
to arrive at this conclusiodS0163-18207)06404-7

[. INTRODUCTION recently pointed out by some of &&the measured UV op-
tical response functions exhibit discrepancies with the one-
The recent breakthroughs in GaN-based bright light emitelectron theory which are difficult to reconcile even when
ing diodes and laser diodésand its promise for high- self-energy corrections as calculated by Rubtcal'* and
temperature, high-field, and high-frequency electronicPalummo et al*®> are applied to the local density band-
applicationd have spurred a new interest in the basic prop-structure results. To further complement these studies, an
erties of this material. While several theoretical studies of théndependent study of the unoccupied conduction-band states
band structure have been published—see Ref. 4 for ais thus desirable.
overview—relatively few experimental studies of the band As is well known the near-edge region of x-ray absorption
structure have been carried out. Photoemission sttidies spectra provides such information since it probes transitions
have been used to probe the occupied valence states directfyom the core level to the low lying empty conduction band
UV-reflectivity® and spectroscopic ellipsomelry® provide  states. In this paper, we present x-ray absorption spectra of
further information on the band structure but contain the in-GaN in the region of the nitrogek (N 1s to conduction
formation on the conduction bands in a somewhat indirecband and galliumM, 3 (Ga 3p;,, and Ga $3), to conduction
way requiring theoretical calculations of the dielectric band edges.
response!?'3 for their interpretation. Furthermore, con- In this paper, we present results using two different ex-
tinuum excitonic effects may strongly affect the oscillator perimental techniques for probing the x-ray absorption spec-
strengths of these spectfand complicate a straightforward tra and provide a theoretical analysis of them. In both tech-
interpretation in terms of the interband transitions. As wasiques the samples are exposed to an x-ray beam from a
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synchrotron radiation source and the x-ray photon energy ifor the powders which showed spectra intermediate in shape
varied over the range of interest. In the first technique thédetween those at ALS and those at NSLS and in better agree-
x-rays are oriented at normal incidence to the surface of th&ent with the theory. Finally, it became clear that the differ-
sample and the absorption as a function of photon energy {@Nc€é was due to the fact that the measurements at NSLS had
monitored by measuring the total photocurrent. The secong€€n done under nominal polarization while those at ALS
technique measures the x-ray reflectivity at glancing angleg?re done undes-polarization conditions. By polarization
and deduces the absorption coefficients from that b is meant that the electric field vector of the incident light is

Kramers-Kronig(KK) analysis. Essentially the latter tech- nl a?gnplﬁwnc?dgl;l égcéiet%%ebagg?e{ a:]heegfe tk?gr;(rjit;?gls,thingl e?:t_
nigue is based on the fact that at glancing anglesl, and, g g P ystal

h de~1 . the F | . for the refl tric field vector is almost parallel to the axis: E||c. In s
whene;<6 ande,~1, the Fresnel equations for the reflec- ,qarization, on the other hand, the electric field vector is

tivity R reduce toRx|e—1[% If e,—1<e,, \/ﬁ gives ap-  perpendicular to the plane of incidence and is thus always
proximatelye,. The x-ray absorption coefficiert=47k/N  perpendicular to the axis of the sample, no matter what the
in this limit of small €, is also proportional t&,. Thus, one incident angle is, as long as theaxis is in the plane of
expects the glancing-angle reflectivity spectra to closely reincidence. Since the crystal structure is anisotropic, this is
semble the x-ray absorption spectra for the appropriatexpected to lead to differences in intensity. It also explained
choice of angle. the very good agreement between the total photocurrent
Note, however, that there are three small parameters aeasurements (under normal incidenge and the

play: 0, e,—1, ande,. For §—0, R—1 independently of s-polarization reflection measurement at glancing angles. Fi-
€. One could anticipate that ¥,(w) shows a structure as a nally, to fully confirm the polarization dependence, the re-
function of frequency just above the edge, the conditions orlectivity measurements were repeated once more at NSLS in
the relative values of these parameters may change apprecf0th polarizations. Excellent agreement was obtained with
bly. From this, one can see that a strong angular dependen&@€ prior results fors polarization at ALS as well as the

of the peak intensities is expected. Therefore a careful calci2figinal p-polarized measurements at NSLS. At the same
lation of R(w, §) in terms ofe(w) and the anglé is impor- time the measurements were performed over a somewhat

tant. In particular, it is important to know the magnitude of Wider energy range to refine the KK analysis. It would, of

the matrix elements with sufficient precision. To this end, welOurse, be desirable to include the polarization effects di-

have performed first-principles calculations of the dielectric’eCtlY In the calculations. However, this is postponed until a
) : i - later study. The experimental evidence of the polarization
response functios,(w) in the x-ray region based on muffin-

i bital band-struct lculati dqf it obtain th effect, indeed, speaks for itself. The present calculations
In orbital band-structure calcuiations and from 1t obtan theg, e \without the explicit inclusion of the polarization allow
desired spectral functions such @aéw) andR(w, 6).

us to make a detailed analysis of the spectra in terms of the

Because a significant simplification of the calculationngerlying band structure. This was the original goal of the
method is obtained by averaging over polarization directionsgqy.

the present calculations were performed with this restriction. The overall good agreement in peak positions obtained
Although this was not evident from the beginning of our petween the independent measurements with the two tech-
study, the combined measurements with the different techniques and on different samples and with the corresponding
niques and the theory eventually showed that polarizatioparameter free theoretical results provides confidence that
effects are present. our measurements represent intrinsic properties of bulk GaN.
To fully appreciate how we arrived at this conclusion, weThe theoretical analysis, allows us to assign the peak posi-
briefly mention the chronological order of our investigation. tions to specific features in the conduction-band partial den-
The order of presentation of the results in the paper alseities of states. The theory is based on the local density ap-
closely follows this same order, thus providing the reader @roximation (LDA) to density functional theo which is
sense of why we did the various measurements. The initiavell known to underestimate the band gap and also to lead to
x-ray reflectivity measurements were carried out at the Na2 substantial underestimate of the absolute binding energy of
tional Synchrotron Light SourceNSLS) in Brookhaven and the core levels. We thus do not attempt a comparison be-
absorption coefficients were obtained from it by KK analysistveen the absolute energies in theory and experiment but
including the glancing angle conditions and using Fresnelnerely a comparison between relative positions of peaks. We

theory. Subsequently, the total photocurrent measuremen n thus look for systematic variations in the conduction-
were done at the Lawrence Berkeley National Laborator agdGseJ-energy cor.redc.tlons tr? thi LDQﬁB?thhthé(l\ééjge.
Advanced Lights Sourc@ALS). Comparison of both of these ggn dsais Zésgsﬁtﬁgh;n clgﬁts?;nftutpetzllo cévt zb%?/r:a Lt'ﬁgon
with the calculatedpolarization averagedesults revealed o,y ction hand minimum and does not increase systemati-
some discrepancies between both experimental results ar&‘illy with increasing energy above the minimum. This con-
between theory a_n(_j experiment which required further StuOIyclusion agrees with that of the previous UV-.reerctivity
The x-ray reflectivity measurements were then repeated &k, 4,8 hyt disagrees with presently available calculations of
ALS as a function of angle and their KK analysis was shownye self-energy correctioffsand indicates that further work

to provide results in excellent agreement with the total phoyy these many-body effects is required.

tocurrent measurements. The angular dependence was also

adequately explained in terms of the calculated spectra. Atll. THEORY AND COMPUTATIONAL METHODOLOGY

this moment, one could think that sample differences were
the origin of the discrepancies. However, measurents of dif-
ferent types of samples at ALS, including powders, epitaxial The edge spectra that we are interested in correspond es-
films, and bulk single crystals revealed little changes, excepsentially to transitions from a core level to the conduction

A. Theory of x-ray reflectivity and absorption
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band. The basic property describing these transitions is thejn small angles for which we can approximate i 6 and
contribution to the imaginary part of the dielectric function (cog)2=1— 2 As 9—0 clearlyr(w)——1 and the reflec-

given by tivity approaches 1. It is instructive to examine this limit
o2 somewhat more closely. In the x-ray ranges of interest the
€ ©) go=—7—o—2, f d3K|( be| —iAV o) ) 2 meitzrlx _ele_ments are s_uc_h that(w) is of the order c_>f
M w*7m 7 Jez 107“. Similarly, the deviations of the real part from 1, i.e.,

‘€,=€,—1 are of the order of 177 and the angl@ is chosen
X(1= fﬁ)‘s(ﬁ“” Ec— Eﬁ)’ @) n(laar é° oré is of the order of 0.1. Thus—1 igs typically of

whereE, is the core-level energg¥ is a band energy, and the same order a&”. On the other hand, i6°>|e—1], but

the Fermi factor (& fX) limits the sum to empty Stll 6°<1, we obtain

conduction-band states. We expand the conduction-band - .

wave function| ) == CR¢| #rL(End)) in the one-center f(w)~— e1(w) tiex(w) 3)

partial wave components on the sitBs Only the site on 46° '

which the core hole is located will contribute to Ed). We o o

have used the abbreviatidn=(I,m). The C™¥ coefficients ~ Thus, the reflectivityR(w)«|e—1|* in this case. The same

are the eigenvectors of the linear muffin-tin orbital band-8XPression is obtained for s-polarized I'zght in this limit. In

structure problem in the nearly-orthogonal representdfion. fact, if €1<ez, we see thaR(w)xe;(w)®. It is thus not

Each g, (E.r) function is as usual expanded in a Taylor SUrPrising that the reflectivity will resemble the x-ray absorp-

series around an enerdg, in the center of the bands of tion spectrum rather_ cl_osely._ Nevertheless, it is cle_zar_ that a

interest. Introducing spherical tensor components instead dfther careful analysis including the actual angle of incidence

the Cartesian components and using the Wigner-Eckart IS Necessary becauseeif ande, are not knowra priori one

theorem, the matrix elements can be reduced to products of¢@"Not be sure whether the conditigfe>| e~ 1] is satisfied

reduced matrix-elemer(t¢|C,O|Vo|¢|,0> and some combina- ©F not. Of course, fol¥—0 r(w) does not diverge but ap-

. . . roaches- 1 because fop’<|e— 1|, the above approxima-
tion of 3] symbols. Furthermore, if we take the average ovel? 02 . B°<|e—1] PP
L L ? tion is no longer valid.
polarizations, the combination off 3ymbols becomes inde-
pedent ofm and the whole expression reduces to a sum of _
thel,+1 andl,— 1 partial densities of states each multiplied B. Band-structure computational method

by a radial matrix element. These usdalependent but  The band-structure and matrix-element calculations were
m-independent partial densities of states are significantlperformed using the linearized muffin-tin orbital methbish
easier to calculate than those occuring when polarization ihe same manner as in previous work on the UV reflectfiity.
included because only a sum over the irreducible part of therhe atomic sphere approximation was employed with two
Brillouin zone is required without a need to apply symmetrydifferent size empty spheres introduced to fill the character-
operations to the matrix elements. Our present computggtic open spaces in the wurtzite lattice. The experimental
code utilizes this approach. While the experiments show thagttice constants were adopted. Spin-orbit coupling is in-
the polarization affects the relative intensities of the VariOUSduded for the core level while the valence- and conduction-
peaks, the polarization averaged x-ray optical functions calhand states were calculated scalar relativistically.
culated here still are quite useful in interpreting the experi- The crystal potential is obtained self-consistently using
mental results. the LDA (Ref. 19 to density functional theorif It is impor-
From ,(w), we can now obtain all other desired spectraltant to keep in mind that this is a theory for ground state
functions. Firste;(w) is obtained by Kramers-Kronig trans- properties and that its Kohn-Sham eigenvalues do not strictly
formation. The complex index of refraction is obtained from speaking represent one-electron excitation energies. The lat-
n(w)=n(w)+ik(w)=+e(w). The x-ray absorption coeffi- ter differ from the former by a self-energy correction. In the
cient is then given bya(w)=4mk(w)/N in terms of the present case, there are two important corrections to consider.
exctinction coefficienk(w) and the wavelength. This is  First, the conduction bands should be shifted up by an ap-
the spectrum being measured by the total photocurrengroximately 1 eV gap correctioht**® While a previous
method described below. study of UV reflectivity suggested a more or less constant
From the Fresnel equation®, the reflectivity correction of the conduction bands up to about 10 eV above
R(w,8)=|r(w,8)|? for an incident angle is obtained from the conduction-band minimum, the calculations by Rubio
et al1* using Hedin'$® so-called ‘GW" approximation—in

_ esing— \/cs—(cosa)2 which G stands for the one electron Green’s function and
rw)= esind+ W’ 2 W for the screened Coulomb interaction—indicate a trend of

increasing shifts of the conduction-band states with increas-
for p polarized light(i.e., E parallel to the plane of inci- ing energy above the minimum.
dence and by a similar expression but withreplaced by 1 Secondly, the core levels are shifted down from the LDA
in the first term in nominator and denominator for value by a shift of several eV. The origin of the core-level
s-polarized light € perpendicular to the plane of incidence shifts is explained in more detail in Ref. 7 to consist of two
We have assumed here that the medium from which the lightain contributions: a self-interaction correction and a final-
is incident on the sample is vacuum. We chose to use thstate screening correction. Calculations of these within the
angle with respect to a vector in the plane rather than meaexcited atom model as in Ref. 7 still have an estimated error
sured from the surface normal because we will be interestedf a few eV for these deep core levels. Without embarking
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on a separate calculation treating the core hole as a point B. X-ray absorption and variable angle reflectivity
defect, which is beyond the scope of the present work, this 4y ansorption and x-ray reflectivity spectra for differ-

prevents us from calculating the absolute position of thent incigent angles have been collected at the bending mag-
edges with adequate precision. We can thus presently onlyot 632 peamline of the ALS. The high photon flux
compare relative positions of peaks after the first peaks arf 0%%s/0.1% bandwidth in the NK-edge region and the
adjusted empirically. On the other hand, we can also COMpigh_energy resolution at this beamline allowed us to resolve
pare with x-ray photoelectron spectroscd{PS) measure-  , fine structure of the x-ray absorption spectra attredges
ments of the core-level binding energis. of nitrogen andM, ; edge of Ga and to detect a reflected
signal even for angles significantly differing from the opti-
mal glancing angle. The detailed description of the originally

IIl. EXPERIMENT designed plane grating Hettrick-Underwood type varied line
A. X-ray glancing-angle reflectivity space monochromator and mirrors set at this station can be
and its Kramers-Kronig analysis found elsewheré? The investigated samples were stuck into

a conducting indium foil which was isolated from the sample

Initial reflectance measurements were performed on thF| : :
. . older in the ultra high vacuum reflectometer. The reflecto-
Naval Research Laboratory beamline X24C at the National 9

Synchrotron Light Sourc& The monochromator delivered meter has a capability of ppsmonmg thf sample toif

g : . and setting its angular position to 0.002°. For measurements
radiation with a resolving power of about 12AD3 to 0.4 eV in the absorption mode, the direct photocurrent from the
at 400 eV with two 2400 I/mm gratings in the series. Second P ’ P

order and scattered light from the monochromator were su sample, positioned perpendicularly to the x-ray beam, was

. - measured as a function of the incoming radiation energy.
pressed by a 1600 A thick Ti filter for the M data and a . , . . I !
3300 A thick B filter for the GaM ; data. The TiL; edge The intensity of the incoming radiation was monitored by the

provided a check of the energy calibration. At thahedge. photocurrent () generated at the focusing mirror. No struc-

radiation from the exit slit had a relatively flat spectrum butture of this photocurrent due to beamline optics was detected
y X in the energy range under interest. Therefore, no filters were

with 10% dips _at 399 af‘d 406 _eV due to nitrogen Compound?Jsed. The storage ring was operated at the energy of 1.5 GeV

on the beamline grazing optlc_s. The reflectance measuresith current between 400 and 250 mA. The polarization vec-

ments were made with a uItrathzr; vacuum reﬂectometgr an&r of the radiation was parallel to the plane of the ring and

had an"angulflr: agcurgcytm‘o.l - The ref:jectg(tjhrzat?]|at|on along the axigin the c plang around which the sample was

ZS Z\\/e ?DS h ? dmC(;I eg tW?S mge:rs]ure " V\;' K te dsim?otated. This implies that the polarization was transverse
aAS1-x~ photodiode detector and Ihe ratio taken {o delery, 0 150 calleds polarization, i.e., with the electric field

mine the reﬂeocta_nce. The ra_d|at|on from the exit slit WaShormal to the plane of the incident and reflected light beams.
better than 90% linearly polarized at 400 eV and better thaq‘his impliesEL c for all measurements as already indicated

95% at 100 eV in the orbital plane of the synchrotron. Re- . .
in the introduction.

gigtwaerlo(l:?n\/\tlﬁ: :g;;&i%iﬁregulgsgoﬁ:ﬁlpd?g;at'tzg ; S the The resolving poweE/dE of the 1200 I/mm grating em-
: d Y, promp y loyed (with exit slit 50 xm) was close to 2500 at thk

differences observed between these initial measurements aﬁ e of N. This resolution was hiah enouah to distinauish
the ones obtained at AL@lescribed in the next sectiprthe 9 : g 9 9

: the fine structure in th tra. An incr f resolvin
measurements at NSLS were repeated in Bahdp polar- € fine structure in the spectra. crease ot resoving
o . . o power up to 700@exit slit 20 xm) did not result in resolving
ization, clearly evidencing the polarization dependence.

A KK analysis of the data was done in the manner of Vealany additional structure in the measured spectra but signifi-

and Paulika® with Lorentz oscillators to fit extrapolations to cantly decreased the signal intensity. Tilg ; edge of Ga

low and high energies. This was modified to accommodat& 2> measured using a 300 l/mm grating with A slit,

. ) o which results in a resolving power of 3000.
glancing reflectance measurements snpolarization by

7 e . : ; In the reflection mode, the resolution was kept the same
Roesslef’ Since the difference in the Fresnel equations bet, it the reflected radiation was detected by, &= P pho-
tweens and p reflectance is small for our cageee the Y ia e

_ i ) todiode positioned at the angle#2(where 8 is the angle
discussion after Eq(3) in Sec. Il, good results are also penyeen sample surface and incident beaFhe position of
obtained forp polarization. Of course, for the-polarized sample was carefully adjusted usirgy, z, and  manipu-
measurements, the results still represgimiolarized optical |ators to provide the best intensity. The error in theleter-
constants. Using optical constants from 4 to 30 eV derivednination, resulting from the zero angle adjustment due to
by KK analysis from near-normal reflectance of a previouspositioning of the samples in the sample holder, was esti-
paper’ the reflectance was generated at 5° grazing from 0.Inated to be not larger than 0.5°. As will be discussed in
eV to 30 eV. Reflectance measurements from 95 to 135 edetail below, the absolute intensity of the reflectivity drops
were also used. For the KK analysis, the glancing reflectanceapidly when the angle is varied slightly from the optimal
at 5° was interpolated from 30 to 95 eV and 135 to 395 eVglancing incidence angle which was found to be 5.3°. The
and extrapolated above 450 eV. Additional measurementBigh flux of the beamline and a high detector sensitivity en-
down to 300 eV were used to refine these interpolationsabled us to register clear structure of the reflected beam at
Interpolations and the extrapolation were adjusted to matcthe angles up to 9°. This fact was important for the evalua-
the reflectance magnitudes and slopes at the boundaries witlon of the angular dependence of the real and imaginary part
the data. of the GaN dielectric function.
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The M, 3 edge of Ga was not very pronounced and posi- 0.25 . .
tioned on a structureless background which decreased N K-edge
strongly with decreasing of the incident beam energy. That GaN
results from a significant decrease of the grating efficiency in 0.20 - -
this energy range. Therefore, a normalization proceddire 3
viding by 15) and linear background subtraction was applied. T
0.15 | -
C. Samples
The samples used in the NSLS study were grown at the 0.10 g { = :
Applied Physics Laboratory as epitaxial films on sapphire by N, c
metalorganic chemical vapor deposition. The samples arethe 60 | Al :" i
' 1,

same as those used in the previous UV reflectivity <taatyl
more details on the sample preparation can be found in that <
paper. = A N G
Three kinds of GaN samples were used in x-ray absorp- § EF

tion experiments. GaN powddwith particle size smaller
than 20um available commercially epitaxial film of about 0.0 , ‘ 1 ‘ ,
1 um thick grown by molecular beam epitaxy on sapphire 390 400 410 420 430 440 450
substrate, and bulk single crystal of GaN, grown by a high ENERGY (eV)

pressure, high-temperature metHfddihe latter sample had

the form of a platelet perpendicular to the hexaganakis. L . .
The epitaxial ?ilms ha% tﬁe same orientation. Tgo verify the &Y reﬂec"\"ty R(w) in the top an d the x-ray absorptian(w)
low sensitivity of this method to the sample surface rough_extracted from it by Kramers-Kronig analysis in the bottom panel:

S . Expt. (solid line) compared to calculated spectrfdashed ling A
ness and contaminations, these three kinds of GaN Sampl%ﬁnstam background of 8.9 was subtracted from the experimental

were employed. In variable angle reflectivity measurementgyqomiion spectrum and a constant upward shift of 23.1 eV was
only the epitaxial film was used. applied to the theoretical spectrum.

FIG. 1. NitrogenK edge of GaN as measured by glancing-angle

IV. RESULTS AND DISCUSSION the extrapolations in the KK analysis as mentioned above
and possibly incompletely suppressed spectral impurities. On
the theoretical side, a slightly incomplete convergence of an-
1. Reflectivity and Kramers-Kronig analysis gular momentum expansions of the wave functions may in-

The top panel in Fig. 1 shows the glancing angle X_rayfluence the magnitude of the matrix elements considerably

reflectivity of GaN in the NK-edge region. This spectrum and there are possibly many-body effects on the oscillator
was measured with=5.1+0.1° with p-polarized light. The strengths not included in the present theory. In view of these

second panel shows the absorption coefficiefits) ex- various factors agreement within a factor of 2 is actually

tracted from it by Kramers-Kronig analysis along with the gratifying._ . .
first-principles ca)I/cuIation of the s%me s)|€)ectrum.g , The Sh'.ft of our calculated_spectrum requweq to align the
We note that there is a substantial difference in peak inlclrSt peak is 23.1 eV. From this, we deduce a binding energy

tensities between the reflectivity spectrum and the absorptioﬂf. the N 1s core level with respect to the conduction-band

spectrum indicating that the conditiafi>|e— 1| is not sat- minimum of 398.6 eV. Subtracting the room temperature gap

isfied for this angle. In particular, this is seen to lead to aof 3.4 eV we obtain a binding energy of 335.2 eV with

shift of intensity from the first two peaks which appear asrespect to the valence-band.maxignum.in excellent agreement
only small shoulders below the third peak in the reflectivityWIth the XP.S results of Martiet al." which also gave 395.2
spectrum. eV. We estimate the error bar on both measurements to be a

The experimental and theoretical absorption spectra are iplEW 0.1 eV because a peak alignment procedure is involved

satisfactory agreement although there are clearly some shiftd ?:‘?‘Ch' 2 sh direct . £ th flectivity t
in peak positions as well as differences in intensity. The Iguré = Shows a direct comparison of the reflectivity to

corresponding peaks in the experimental and theoretical aﬁbeory. A Ilnglar background was subtracted from the exper-
%gent to facilitate the comparison. Good agreement is ob-

A. Nitrogen K edge

sorption spectra are labeled by uppercase and lowercase let- . . .
P P y upb ined between the theoretical and experimental peak posi-

lons. The theoretical curve was actually calculated at a
alightly smaller angle than the experimental conditions in
order to adjust the absolute magnitude for easy comparison.
gs discussed above it makes no sense to attempt to repro-

uce the absolute magnitudes exactly because of the various

ters respectively, to clarify our peak by peak assignment an
to simplify later discussion.

As far as absolute intensity is concerned, the theory an
experiment differ by a factor of about two. This discrepancy
should not cause great concern in view of the various factor
which may influence absolute intensities. On the experimen-
tal side, surface roughness induced diffuse scattering ma'&}n
lead to losses in the reflectance. The very rapid variation of
the reflectivity with anglgsee Sec. IV A 2also causes con-
siderable uncertainties in the absolute magnitude of the ex- As mentioned in the theory section, the x-ray reflectivity
tracted absorption curve. There are further uncertainties iat glancing angles is expected to be strongly angular depen-

certainties involved.

2. Angular dependence of x-ray reflectivity
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FIG. 2. NitrogenK-edge reflectivity: comparison to theory. Ex- FIG. 4. Calculated dependence of the nitro¢ferrdge reflectiv-
periment at 5° glancing incidence usimgpolarized light (from ity spectrum on incident angle. The spectra were multiplied by the
Fig. 1) is shown by a solid line after linear background subtractionfactor indicated to make them coincide at 395 eV.
in range 400—440 eV.

on the low-energy part of each spectrum. The measured in-
dent. The reflection spectra as function of angteasured at  tensity of the reflected beam varies drastically with the value
ALS) are shown in Fig. 3. For easy comparison the collectedf 6. The glancing angle corresponding to the maximum in-
spectra are normalized. Intensities of reflected radiation medensity is equal to 5.3°. It is worthwhile to notice that a
sured at a given angle are multiplied by the factor indicatedlecrease ob by 1° leads to a reduction of the signal inten-
sity by a factor of 17 with a simultaneous increase of the
— background signal whereas an increase® &fy 1° leads to a

GaN reduction of all signal intensity by a factor 12.

The rapid decrease of intensity with increasing angles is
N K- edge easily understood on the basis of the Fresnel equations dis
cussed in Sec. Il. In fact, in the limit where E®) is valid,
the reflectivity R(w) would vary inversely withg*. The
rapid decrease of signal amplitude for angles below 5.3° is
an indication of the rapid decrease of the penetration depth
into the bulk. Therefore, for small angles, the oxygen and
carbon contamination layers of the surface may overwhelm
the GaN signal and only an increase of the background sig-
nal can be seen. The simultaneously measured photocurrent
for different angles also shows a drastical change of the N
K-edge shape and intensity.

Besides the obvious variation of the intensity there are
also more subtle changes of the spectral shape with angle.
One can see that at the larger angles, the spectrum resembles
the photocurrent measurements more closely as expected
from the theoretical considerations. At the lower angles the
characteristic negative dip before the onset of the spectrum
can be seen and the intensity is shifted towards higher ener-
gies.

The calculated spectra at a series of angles are shown in
Fig. 4. Here we have chosen to scale the spectra by multi-
plying with a constant factor so as to make them coincide
just below the edge at 395 eV. First of all, we see again that
the required multiplication factors vary roughly as expected.

‘ S S A 6* dependence would require a multiplication by 7, 30,
390 400 410 420 430 440 and 81 for the 5°, 7°, and 9° spectra relative to the 3°
ENERGY (eV) spectrum. Second, we see that the shoukiend peaks

FIG. 3. Normalized reflectivity spectra of the Nitrognedge =~ @nd C increase with increasing angle while the pdalde-
as function of angle. Normalization factors are indicated for eacttreases. This is consistent with the data. It shows that the
curve, except for the 5.3° case where it is one. The spectra areresnel theory accounts well for the angular dependence.
arbitrarily shifted vertically for convenience. The topmost curve The reflectivities shown here, show differences from the one
gives the photoyield measurement of the absorption spectrum fdn Fig. 1, even when considering the same angle, which we
comparison. will later show to be a result of the different polarization.

current (abs)

x48x10?

Intensity (arb. units)

reflectivity
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FIG. 5. NitrogenK-edge x-ray absorption spectrum of GaN as
measured by total photocurrefgolid line) compared to theory FIG. 6. Band structure and density of statB9) in wurtzite
(dashed ling GaN. Thin line indicates N g partial DOS. Conduction-band states

) ) atI', M, andK are symmetry labeled.
3. Absorption by total photoyield

Figure 5 shows the NK-edae x-rav absorption spectrum such a systematic increase in self-energy correction.
9 9 y P P Peakd in the present experiment appears to be split in

of GaN as measured by total photocurrent compared to thﬁv0 peaks,D andD’. The k-point assignment in Table |
calculated spectrum. The spectrum showt/ig after fitting  ghows that this peak is expected to arise at least partially
I to a straight line in the energy range of interest. The samg oy transitions near the secod;, conduction band. The
shift (23.1 eV} of the theoretical curve used in Fig. 1 was |atter is subject to a spin-orbit splitting not included in the
applied here. While the relative peak intensities are somepresent band-structure calculation. A separate calculation of
what different and also different from the spectrum extractedhe bands including spin-orbit coupling indicates that this
from x-ray reflectivity in Fig. 1, the peak positions are in splitting is about 2 eV, consistent with the 1.6 eV splitting of
good agreement at least up to 10 eV above the edge. In thhe D—-D’ peak splitting. In the KK deduced absorption
next subsections, we first discuss the peak positions obtaineghectrum shown in Fig. 1, this splitting is not resolved and
from the present and previous measurements and subsihe peak appears to occur at slightly larger energy. In the

guently the differences in peak intensities. next section we will show that this is a polarization effect.
TheT g state corresponds folike states in the basal plane of
4. Band-structure assignment the crystal and thus transitions to it from the N dore hole

. . . nly occur forELc. The D peak in the other polarization
As mentioned already in the theory section, one eXpeC&%ust thus come from other regions of the Brillouin zone.

the N K.' edge spectra to be essentially proport_ional to the Above 410 eV, one may nhote a systematic overestimate of
2p partial density of statet?DOS. By comparison to the  yhe neak positions by about 1.5 eV by the theory. This is also
banq structure, we can to some extent associate the peakgtﬁb case for the KK deduced results except for p&k
partial density of states to van Hove singularities at specifiGynich is in good agreement with theory and hence shifted
points in the Brillouin zone. Figure 6 shows the band strucypwards from the photoyield results. TBepeak is actually
ture of GaN along with the total and NoZpartial density of  sp|it into two peaks in the theory and a shift of intensity in
states. The valence-band maximum is chosen as energy refe data from the lower to the higher-energy part might ex-
erence. For the present purposes only the conduction band igain an apparent shift towards higher energy compared to
of importance. the photoyield data. As will be discussed in the next section,
Table | compares the experimental and theoretical peakuch intensity differences occur also in other parts of the
positions from the NK-edge spectrum and provides this spectrum and may be attributed to a polarization dependence
band-structure assignment. Sevekalpoints or rather the not included in our present theory and different in the two
“flat band” regions near to them contribute to each peak.experimental measurements.
For the first 3 peaksA—C), no significant differences be- For these higher lying bands, we note that the present
tween theory and experiment are found, indicating that thé&single panel” linearized muffin-tin orbital method becomes
self-energy correction is approximately constant in that ensomewhat less reliable because the latter is optimized for
ergy range. states close to the gap. We thus refrain from drawing con-
This is consistent with a previous UV-reflectivity stuly. clusions about corrections beyond LDA on these bands and
In contrast, theGW calculations of Rubicet all*indicate a  conclude that agreement of the overall structure of the spec-
gradually increasing self-energy shift with increasing energyira to within an eV or so is quite satisfactory.
in the conduction band. They obtain abau 1 eV higher
shift at about 5 eV above the conduction-band minimum than
at the minimum itself. The present comparison between LDA We now discuss peak intensity differences between the
theory and experiment does not seem to give any evidence ofrious spectra. The first pe&kand its low-energy shoulder

5. Discussion of intensity differences
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TABLE I. Experimental and theoretical K peak positions and their band-structure assignment.

Label KK (p polarization Photocurrent Theory k points
and KK (s polarization

A 400.7 401.0 400.7 M, M3

B 403.6 403.0 403.0 Kz Ki, L1

C 405.2 405.2 405.2 Ks, I'g, My

D 410.9 409.2 409.2 Ms, I'g

E 414.4 414.5 416.9 M,

F 417.0 417.6 418.8

G 423.4 421.4 423.3

A in the total photoyield are in particularly good agreementabsorption spectrum fd£L c, this should indeed enhance the
with theory both in shape and position. Peaks strongly A andC peaks compared to tH2 peak. The powder spec-
Suppressed in the eXperiment in contrast to the KK eXtraCteg'um being an average Of both Shou'd then most C|ose|y re-
spectrum where it is comparable in intensity to Bi@eak.  semble our present calculation, which it does.

We now show that these differences are evidence of a polar- ag s discussed in detail in Sec. IV A 2, x-ray reflectivity

ization dependence. As already mentioned in the introdchas also measured at ALS on the same samples and imme-
tion, the absorption spectra correspond essentialliEI€  yiqiely after the absorption data were taken. A Kramers-

because the light is normally incident while the spectrum, . : . ; .
T g analysis of these reflectivity dagahich are shown in
deduced from x-ray reflectivity by KK corresponds ©SS€NFig. 3) performed in a similar manner as that for the NSLS

tially to Eflc bgcagsg the light ip polarized and. incident . data provides the absorption spectra shown in Fig. 8. These
close to glancing incidence. The theory as mentioned earlier

corresponds to an average of both polarizations. Spectra are in excellent agreement v_vith_the total photoyield
To check this further as well as the influence of roughnes{'€asurement. Because of tsepolarization, one expects
and crystalline perfection, a series of Kedge absorption NeSe Spectra to correspondia c independent of the inci-
spectra were taken on three different samples: a powder, &#fnce angle, unlike the data obtained at NSLS which corre-
epitaxial film, and a bulk single crystal. These are shown irsPond toE|c. The spectra confirm that there is little depen-
Fig. 7. No significant differences between the spectra of thélence on the angle and again are consistent with our
epitaxial film and the single crystal were detected indicatingnterpretation of the polarization dependence as the prime
the high quality of the epitaxial film. On the other hand, thesource of difference between the ALS and NSLS data dis-
powder spectrum shows more pronouncednd C peaks. cussed sofar.
We interpret these changes in terms of the dependence of the Finally, to fully confirm the polarization dependence, the
spectra on polarization. The randomly oriented crystallites irglancing-angle reflectivity spectra were remeasured at NSLS
the powder should lead to a mixture Bfic andELc com-  on the same sample in both polarizations. The results for the
ponents in the spectrum. As shown by the comparison of theeflectivity and the KK derived absorption coefficients are
KK derived absorption spectrum f&i|c with the photoyield  shown in Fig. 9. They clearly show excellent agreement with
all the previous results and fully confirm the above interpre-
tation. This rules out any alternative explanations such as
sample dependence. In fact, the sample independence indi-
GaN cates that our results truely correspond to intrinsic properties
of bulk GaN. It also confirms that the apparent shifts of the

‘-... powder

... single crys.

INTENSITY (arb. units)

o)

395 . 400 405 410 415 420 425 I 430
ENERGY (eV)

v T T v T
390 400 410 420 430 440

_ o ENERGY (eV)
FIG. 7. Measured absorption spectrum for an epitaxial film

(solid lines, reproduced and shifted for convenignoempared to FIG. 8. Absorption spectra obtained by Kramer-Kronig analysis
that for a single crystal and for a powder samfdashed lines from reflectivity at various incident angles usisgpolarized light.
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ENERGY (eV) FIG. 11. GalliumM, 3 edge of x-ray absorption spectrum of

GaN as measured by total photocurréthtick short-dashed line

FIG. 9. Reflectivity(upper pangland absorption spectioower and from KK analysis of reflectivitythick solid line compared to
pane) obtained by Kramers-Kronig analysis under beth(dashed theory (long dashed line Separate calculated contributions of
line) and p-polarized(solid line) light on the same sample. 3p1, and Jzp, are indicated by thin dashed and thin solid lines,

respectively. A shift of 10.7 eV was applied to the theory.

D, D’, andG peaks which were noted above are purely due
to the polarization effect. the overlap of the spin-orbit split@,, and 33, contribu-

still, a weighted average of tte andp-polarized spectra  tions. The agreement with the calculated reflectivity calcu-
does not fully agree with the theory, indicating that otherlated under the glancing-angle conditions is satisfactory.
aspects not fully included in the present theoretical treatmerfgain, absolute values were adjusted arbitrarily.
affect the intensities. It is well known that many-body effects ~Figure 11 shows the GM; 3 x-ray absorption spectrum
exist on x-ray absorption spectra and may be responsible fdtoth as measured directly from total photoyield and by KK
these remaining deviations. This includes among others, th@nalysis of the reflectivity data of the previous section com-
effect of the localized core hole in the final state on the locapared to the calculated results. The sepakége M5 contri-
density of states which may differ from that of the unper-butions are also indicated. Good agreement is obtained. The
turbed crystal. While this can, in principle, be included by shift applied to the theoretical spectrum in this case is 10.7
treating the core hole as a localized defect, such calculatior@V. This results in a binding energy of the Gasp state
are far more time consuming than the present ones and outith respect to the valence-band maximum of 101.9 eV in
side the scope of the present paper. good agreeement with the XPS results which gave 102.6 eV.
Our calculated spin-orbit splitting between G#,3 and
3psp of 3.65 eV is also in good agreement with the XPS
result of 3.7 e\?!

Figure 10 shows the glancing-angle x-ray reflectivity for We note that theA and B peaks correspond to the Ga

the GaM, ; edge. This spectrum is rather broad because ol ; spectrum while the&€ peak is an overlap of the first peak
of the M, spectrum and the thirmuch weakerpeak of the
0.10 , ‘ M5 spectrum. PeakP and E correspond to thévl, spec-
trum.

From the GaM, ; spectrum we deduce the same equal
~2 eV spacing between the first three peaks in the conduc-
tion band as was deduced from theKNspectrum in Sec.

IV A. The peak positions are about 108, 110, and 112 eV for
A, B, C corresponding tiM; and 112, 114, and 116 eV for
C, D, E in the M, spectrum. The same conclusion about the
constant shift nature of the conduction-band energy correc-
tion beyond the LDA is thus deduced from the ®3 ; as it
was from the NK spectra.

Figure 12 shows the calculated B, 3 spectrum over a
wider energy rangéincluding transitions to about 70 bands
extending into the region where ti\d; edge is expected. It
is shown that transitions from Ggp3to high lying conduc-
tion states overlap with the transitions from Ga ® the

FIG. 10. Galliuml\/la3 edge of GaN as measured by glancing bottom of the conduction band. The latter are much weaker
angle x-ray reflectivity(solid line) compared to theorydashed because of the smaller matrix elements and hence are diffi-
line). cult to observe. This is seen by separately plotting a spec-

B. GaM,;edge andM; edges

0.05

REFLECTIVITY

0.00 ‘ ‘ ‘ 1
105 110 115 120 125

ENERGY (eV)



55 X-RAY ABSORPTION, GLANCING-ANGLE . .. 2621

0.05 : : transitions to the lower conduction-band states up to about
10 eV above the conduction-band edge. Even up to 20 eV
above the conduction band minima the agreement in spectral

0.04 | ] shape is rather good with maximum discrepancies between
theory and experimental peak positions of about 1 eV. The
003 | | absolute energies of the edges were also shown to be consis-
_ tent with XPS measurements of the core-level binding ener-
% gies with respect to the valence-band maximum.
0.02 . The good agreement in peak positions and the assignment

of the peaks to the band-structure features allows us to con-
clude that the self-energy correction beyond the LDA band-
001 ¢ structure consists essentially of a constant shift for the con-
M duction bands up to about 10 eV above the conduction-band
0.00 J ‘ ‘ ‘ minimum. No systematic increase in the correction with in-
100 120 140 160 180 200 creasing conduction-band energy could be identified. This is
ENERGY (V) in disagreement with presently availab@W calculations
FIG. 12. Calculatedk,(w) function in an energy range above which predict a trend of increasing _cor.rections for higher-
the GaM , ; edge which includes the Gdl; edge region, including €Nergy conduc_tlon—band states. This indicates a need for fur-
transitions to about 70 bands. Separstg; andM, spectra corre-  ther work in this area. , o
sponding to transitions to lower 30 conduction bands only are indi- Some differences in peak intensities were observed be-
cated by a thin line. tween theory and between the two original sets of experi-
ment. The different polarizations involved in the two experi-
trum in which only transitions to the lower 30 conduction mental setups used was clearly shown to be the origin of
bands are included as shown by the thin line in Fig. 12. Wéhese differences by several means but most definitively by
caution that the higher conduction bands may not be veryemeasuring the same sample under both polarizations. The
accurately reproduced by our linearized muffin-tin orbital Present calculations did not include polarization because av-
method which is designed to calculate bands only withineraging over polarization directions constitutes a significant
about 1 Ry from the Fermi energy. Also, a slightly different computational simplification. We plan to include it in future
self-energy shift is expected for thes3and the ® core  Work now that the experimental evidence for this effect has
holes. been clearly established to be important. Further differences
Experimentally, theM; edge was detected in our ALS between theory and experiment may arise from a core-hole
measurements at the expected position of 162 eV as a stefipal state and other many-body effects not included in the
like feature. Since no detailed structure could be resolvedresent theoretical treatment. Future work to address these

the spectrum is not shown here. questions is planned.
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