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Density of states, hybridization, and band-gap evolution in AlGa;_.N alloys
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The electronic structure of the wurtzite,Ma, N alloy system has been studied for numerous values of Al
concentratiorx ranging from O(pure GaN to 1 (pure AIN). The occupied and unoccupied partial density of
states was measured for each alloy using synchrotron radiation excited soft x-ray absorption and emission
spectroscopies. High-resolution x-ray emission spectroscopy allowed the motion of the elementally resolved
bulk valence-band maximum to be measured as a function of Al concentration. Using this technique we
estimate that the value of the band-gap bowing parameter fggapl \N is zero. Furthermore, the x-ray
emission spectra revealed resonantlike emission at approximately 19 eV below the GaN valence-band maxi-
mum. By measuring the intensity of this feature as a function of Ga content we prove conclusively that this
emission arises from hybridization of Np2and Ga 3 states. Finally, we find that the K- and Al
K-absorption spectra depend strongly on the photon angle of incidence with respect to the surface normal. We
explain this in terms of orbital anisotropy in &a _,N. [S0163-182@98)03627-3

[. INTRODUCTION the elementally resolved partial density of staepO3 for
a series of AlGa _,N alloys. The valence-band contribu-
The use of GaN, AIN, and AGa, _,N alloys in electronic  tions of N 2p, and Al 3p states have been measured by
devices has resulted in 11I-N wide-band-gap semiconductorsecording theK-edge spectra of N and Al, respectively. We
becoming a very important class of technological matefials.find that the spectra agree well with the corresponding PDOS
The band-gap energies of InN, GaN, and AIN, are 1.9, 3.4from anab initio calculation!® We also use SXE as a tool to
and 6.2 eV, respectively, and in principle optoelectronic de/mnonitor the band-gap variation of Aba_,N alloys as a
vices made from alloys of these materials cover the entiréunction of Al content. This allows us to interpolate the
visible to ultraviolet range of the electromagnetic spectfum. band-gap values for all Al concentratiorsand estimate the
Al,Ga _,N alloys have successfully been grown and theband-gap bowing parameter We have also used SXE to
band gap found to vary with Al concentration. Neverthelessmeasure the degree of Nozhybridization in the shallow Ga
there is a significant lack of experimental data concerning théd core states, and correlate the measured hybridization with
basic electronic structure of these materials. Indeed, to oupa content. Finally, we have observed strong angular varia-
knowledge the first full band mapping of wurtzite GaN wastions in the SXA spectra that correspond well with predicted
only recently published.and the intrinsic band structure, the orbital anisotropy of the conduction-band states.
density of state¢$DOS), and the electronic properties of sur-
faces are a_II topics presently under intense scrutiny. Whil_e Il. EXPERIMENTAL DETAILS
photoemission spectroscopy is a powerful probe of electronic
structure in solids that is now being widely applied to llI-N  Our samples were thin-film wurtzite Aba_ N (0<Xx
semiconductors, it requires that atomically clean surfaces be1) grown using electron-cyclotron resonance-assisted
prepared before bulk properties can be meastif®@he  molecular-beam epitaxy on sapphire substrates. The samples
methods for cleaning surfaces of thin-film GaN have beerwere n-type, and the growth procedure has been reported
extensively reviewed by Bermudez, and little is known aboutelsewheré? Resistivity, mobility, x-ray diffraction, and pho-
cleaning AlGa,_«N surfaces at preseftA further problem  toluminescence studies indicated high-quality films. SXA
with photoemission spectroscopy is that, while it does meaand SXE measurements were performed at the undulator
sure band dispersions, it does not measure the partial densigam line BW3 at HASYLAB/DESY in Hamburg, Ger-
of states' (Rather, angle integrated photoemission measuresany, and on undulator beamline X1B at the National Syn-
a joint density of statesThe need for complementary probes chrotron Light Source, Brookhaven National Laboratory.
of electronic structure in these materials is thus clear. Absorption spectra were recorded in the total electron yield
We present here results of a study of the bulk electronienode by measuring the sample drain current and were taken
structure of AJGa, _,N (0=x=<1) using synchrotron radia- with energy resolutions of approximately 0.1 eV at 400 eV
tion excited soft x-ray emissio{8XE) and soft x-ray absorp- (in the vicinity of the N 1s edgg and 1.5 eV at 1400.0 eWn
tion (SXA) spectroscopie®® Specifically, we have measured the vicinity of the Al 1s edgs, corresponding to setting the
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monochromator’s exit slit width to 8@m. Since the soft N 2p PDOS in AIN

x-ray emission(fluorescenceprocess is weak compared to T T
the competing nonradiative deexcitation channels, the neec
for reasonable counting statistics required the use of a largel
exit slit width (400 um, corresponding to an incident photon
energy-resolution of about 1 ¢\Wuring emission experi-
ments. Emission spectra were recorded using a Nordgren‘,g
type grazing-incidence grating spectrometer using a 5-m,&
1200-lines/mm grating in first order of diffraction at a reso-
lution of approximately 0.8 eV?®The acquisition time for
individual SXE spectra was approximately 90 min. The base
pressure in the experimental system wasx110" 2 Torr.
This vacuum is quite adequate since both SXA and SXE are
primarily bulk probes, and surface phenomena were not un-
der investigation. Sample surfaces were not processed o
cleaned in the vacuum chamber.

units)

Intensity

Calculated
We compare our SXE and SXA spectra of, @b _,N
with the partial density of states taken from Xu and Chitfg. I |
The spectra result from the following electronic transitions:
3p—1s (Al K emission, 1s—3p (Al K absorption, 2p _10" = ; - ‘(; e 5' —— '1‘0' — ‘1'5‘ — ’2‘0

—1s (N Ka emission, and 1s—2p (N K absorption. Since

the final state in x-ray emission contains a hole in the valence
band, one expects that soft x-raynissionspectra reflect the FIG. 1. Comparison of experimental NK-emission and
ground-state DOS if the final state rule is Va,lﬁidThe final -absorption spectra from pure Alipper panglwith a broadened
state rule states that the spectral features that appear in X-r&ypOSs from Ref. 1Glower panel. Note that empty and filled DOS
spectroscopy correspond to the theoretical DOS calculateate scaled separately. The energy scale is relative to the experimen-
with the final state potential. In general, x-raigsorptioncan  tally determined valence-band maximuviBM). See text for de-
only be compared to calculations that take into accaone  tails.

hole effects but in favorable cases the resulting distortions

Binding Energy (eV) relative to VBM

are smalft® Ill. RESULTS AND DISCUSSION
The results of two spectroscopic techniques will be pre- A valence- and conduction-band partial density of states
sented, and then compared to theory. While these spec- for pure AIN

troscopies either measuf&XE) or vary (SXA) a photon
energy, it is relativévinding energies in the materials that are . L
of interest. The procedures used for setting a common bincf—or N 2p states in pure AIN. AIS.O pre_sen_ted In F|g(ljottom
ing energy scale are discussed fully in our earlier study o _ane) are the results of a first-principles orthogonalized

ure GaN® Briefly, we first calibrate our spectrometer de- mear-combina.tion .Of atomic orbitals calpulation in. the local-
b y P gensny approximation of the N®2PDOS in AIN° Figure 2

tector by using the elastic scattering of incident photons a . .
various energies. The accuracy of this method depends Jiresents equivalent data for the Ap 3tates. The theoretical

the combined instrumental resolution of the monochromato DOS. was first convqluted by Lorentzians to simulate core-
and the spectrometer as well as on the relative visibility !¢ lifétime broadening and then convoluted by Gaussians

(number of countsof the elastic peakThe monochromator to simulate the instrumental broadening. The overall agree-
calibration is accurate to within 5%, and since we are usin endt betweendthe measu:edfand calculated PDOS s quge
relative energy differences in the spectra, we use the mo ood. SXE and SXA results for pure GaN were presente

chrometer setting as the photon energy. Clearlyabsolute ealrlielr, a(;'d_ th?]t data also a%ér?edh WeIL with ¥ PDOS
energy scale, which is not of primary interest here, is les€@lculated in the same manner.The absorption spectra
accurate. This allows us to plot the SXE spectrum as a func-S10Wn in Figs. 1 and 2 were taken with the incident photon

tion of photon energy, i.e., the emission spectrum is plottetpea_m at an angle of incidence of 45°. The experimental oc-
on the same energy scale as the absorption spectrum. ypied bandwidths are found to be somewhat larger than the

situations where the elastic scattering was too weak to bi1eoretical ones’ Partly, this apparent discrepancy is due to
visible in our spectrometer, we instead record inner-shelffetime and instrumental broadening, which are on the order

transitions and calibrate against known spin-orbitOf 0.4 and 0.8 eV, respectively. However, valence-band pho-

splittings® To put the N emission and absorption spectra Oﬁoemission spectroscopy also shows a bandwidth much

a binding-energy scale, we determine the experimental arger than such calculations:®

valence-band maximurfVBM) by extrapolating the leading

edge of the emission spectrum to zero. Similarly, we ad- B. Soft x-ray emission from AlL,Ga;_,N alloys
justed the Al SXE and SXA spectifaeparatelyso that the
Al gap for AIN as derived from theoretical calculations is
reproduced. There is thus more uncertainty in the energy TheoccupiedN 2p states of the AlGa, _N alloy system
scale of the Al spectra than for the N spectra. was systematically studied by recordingkNemission spec-

Figure 1(top panel presents the SXE and SXA spectra

1. Band-gap evolution
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Al 3p PDOS in AIN

SXE

Intensity (arb. units)

Position of VBM (eV) relative to AIN VBM
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FIG. 4. Data points indicate the position of the experimentally
Calculated | determined VBM for the N p PDOS in AlGa_,N as a function

of x. The straight line is the predicted position if the bowing pa-
rameterb is zero. See text for details.
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Binding Energy (eV) relative to VBM

FIG. 2. Similar to Fig. 1, but for AK emission and absorption rémains almost constant, shifting upwards by approximately

from pure AIN. See text. 0.25 eV, while the top of the valence band moves linearly
upwards by 1.4 eV. Technically, it is only the motion of N

tra. Figure 3 presents a series of SXE spectra where thép PDOS that is measured, but since N &tates dominate
incident photon energy was set above the adsorption edg#)e valence band, this is a good measure of the motion of the
nominally at 405 eV. These spectra have not been shifted gntire valence band. The experimental behavior of the VBM
aligned in energy in any way, but instead of plotting thewith Al concentration is plotted in Fig. 4. Theoretically, the
spectra relative to the VBM of each alloy, the spectra arédehavior of the gap in such an alloy system may be described
each referenced to the AIN VBM as determined from the by the following formula:®
=1 spectrum. A significant narrowing of the ,&a _,N —
valence band with increasing Al concentration is clearly vis- Eg(x)=Eg+AEg(x—3)—bx(1—X).

ible. The binding energy of the bottom of the valence banq_|ere E is the average gapE, is the difference between
=g g

——— the gaps of the pure end members of the alloy systempand
N 2p PDOS is the bowing parameter'. Early optical s@udies gave widely
in Al Ga, N variable values ob ranging from approximatelyt 1.0 eV
(Refs. 20 and 21throughb=0eV (Ref. 22 to approxi-
matelyb= — 0.8 eV 23 However, a comprehensive recent op-
tical absorption study of high-quality &Ba, _,N films found
b=0 eV.?* Our data indicate that, within experimental error,
the VBM varies linearly withx, and that the band gap opens
symmetrically. The former is consistent with a value lof
=0eV. The latter conclusion comes from the observation
that the difference in the bulk band gaps of AIN and GaN is
2.8 eV, and our linear VBM motion is 1.4 eV.

Intensity (arb. units)

2. Hybridization of N 2p and Ga 3d-states inAl,Ga; _,N

In our recent study of pure GaN we attributed a very weak
feature observed at 19 eV below the VBM in theKNemis-
N sion to hybridization between N2and Ga 3l states:® The

) 0 5 4 lack of strict orbital selectivity in photoemission spectros-
copy means that such hybrid states cannot be studied using
photoemission. By contrast, SXE obeys quite stringent di-

FIG. 3. N K-emission spectra from ABa_,N (0=x<1).  Pole selection rules. Therefore, the Kemission spectrum
Only the valence-band emission is shown. The spectra are nd¥ill reflect the 2o states of our nitride samples. Dipole-
shifted in energy, but plotted relative to the binding energy of theforbidden Z-1s transitions are extremely unlikely. How-
VBM of pure AIN (x=1). The dashed lines indicate the motion of ever, the poor signal to noise ratio in our original measure-
the top and bottom of the valence band, and are guides to the eyment called for a more extensive investigation that could

runul I R IS S IR N1
-8 -6 -4
Binding Energy (eV) relative to AIN VBM
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FIG. 5. NK-emission spectra from 4Ga, (N (0<x=<1). This
is the same data as in Fig. 3, but the emission above and below the S RN SRR b SR
valence band is shown. Note the emission at 19 eV below the GaN 400 405 410 415 420
VBM. This peak gets weaker and disappears as the Ga content is Photon Energy (¢V)
reduced. It originates from N [2 states hybridized with Ga B ) )
states. FIG. 6. Unoccupied N PDOS in ABa_,N as measured by

SXA (N K absorption. These spectra are taken in normal incidence

conclusively identify this emission as being due to hybridmOd_e' Photon energies are as read from thc_a monochrometer and are

states. The outcome of such a study is of significant interedto™Minal. Spectra have not been energy shifted. See text.

since it promises that SXE can be widely applied as a probe

of hybrid states. . is excited? The dipole transition operataer projects out
Figure 5 displays the Al-concentration dependence of thene orbitals along direction of the polarization vector. Thus

hybridization peak that occurs at about 19 eV below the topyrpjtal-symmetry dependent absorption spectra are obtained

of the valence band of pure GalWote that here the spectra \hen using linearly polarized synchrotron radiation. The

are plotted relative to the GaN VBMWithin the statistical  \yrtzite (hexagonal films under consideration here are

accuracy of the spectra, no shift of the energy position of thigyrown on basel plane sapphire, and thusdfais coincides

peak with Al concentration is observed. Clearly, the intensityyith the film normal. Consequently, the, or out-of-plane

of this feature decreases with decreasing Ga content. PUggpitals are preferentially excited & edges whereL c.

AIN (top curve in Fig. 3 has no Ga d states, and thus the  simjlarly, thep, , or in-plane orbitals are preferentially ex-

feature disappears. Moreover, the spectral width of this peakjted whenelic. Such effects have been reported earlier by

is rather smallresonantlik¢whereas the N @states of GaN | awniczak-Jablonskat al. for N K absorption in the binary

have been shown by photoemission to be quite broad ify_nitrides AIN. GaN. and InN?®

energy”® These findings prove conclusively that this is in- |, Fig. 6 we show angle-dependentavid Al K absorp-

deed a hybridization phenomenon and not a signature Qfon spectra for A Gay N, pure AIN(AI K, N K), and pure

dipole-forbidden 2-1s transitions. Preliminary results from Gan (only N K). The SXA spectra clearly exhibit significant

In,Ga, N alloys that have d states at a similar energy o yariation with angle for all Al concentrations. The solid lines

the Ga 3, indicate that similar hybridization-features are represent the situation ef_c, i.e., normal incidence, and the

visible. dashed lines represent the approximately situation vehen
i.e., grazing incidence. In Fig. 7 we present a full series of
C. Angle dependent x-ray absorption spectra of AlGa; N normal incidence NK-absorption spectra for the indicated

When comparing the unoccupied PDOS with absorptioﬁ’alues ofx from O to 1. These show that increasing the Al
measurements, it is important to realize that polarization eféontent(bottom to top leads to sharper spectral features, an
fects can play an important role. The transition matrix ele-indication of an increase in N[Zstate localization. This is
mentM in the x-ray absorption process contains the scalaFonsistent with the decreased atomic radius in AIN. How-

product of polarization vector of the incoming photerand ~ €Ver. the theoretical DOS from the calculation of Xu and
the position vector of the electran Ching does not reproduce this effééiNote that the onset of

the N K absorption does not change significantly over the
M={pider| ), entire range of Al concentration. Our SXE data indicate that

the band gap opens up symmetrically such that both the

where g, is the wave functionoa N 1s electron andp; is  valence-band maximum and conduction-band minimum
the wave function of the final state into which thedlectron  should exhibit the same magnitude shift in energy. Thus a
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(denoteda—d); AIN shows an extra featurgnarked with an

N K-absorption ' No;mal asterisk in Fig. b that appears between and c. The N
b Incidence K-absorption spectra for GaN andAGa, sN are very simi-
------- glrcafilenngce lar in that we find that in-plane character is strongest at en-

ergies around 5 e\{ffeatureb). The influence of the Al in
Al Ga N is manifested by the small shift to higher ener-
gies of the out-of-plane component of featlrelt is inter-
esting to note that not only the intensity but also the energies
of the orbitals vary slightly depending on the angle of inci-
dence of the radiation. This is most evident for featoria
AlysGasN and AIN where the out-of-plane orbital has a
slightly higher energy than its in-plane counterpart.

The Al K-absorption spectra for fkGa, sN and AIN in
Fig. 6 were taken at much lower resolution, approximately
1.5 eV. The spectra are quite similar to each other, indicating
little interaction between Ga and Al sites in the alloys. The
dependence of the Af-absorption spectra on the polariza-
a g MosGagsN tion of the incident radiation is much stronger than for the N
P K-absorption spectra, especially above 4 eV. The corre-
sponding antibonding orbitals have almost purely in-plane
orientation. Feature at about 9 eV is dominant in the nor-
mal incidence spectrum but has completely vanished in the
grazing incidence spectrum wheséc.

Al K-absorption __

Absorption (arb. units)

i - - IV. SUMMARY AND CONCLUSIONS
0 5 10 15 20

Binding Energy (eV) relative to AIN CBM We have studied the electronic structure of the
Al,Ga _,N alloy system using soft x-ray absorption and
FIG. 7. Polarization effects on SXA spectra in@k,_N. The ~ €mission spectroscopy. We interpret both types of spectra in
top panel shows N-absorption spectra for=0, 0.5, and 1.0. The terms of the partial density of states. Comparison taakn
bottom panel shows AK absorption forx=0.5 and 1.0. Spectra initio calculation shows good agreement. The narrowing of
taken with the incident photons in both normal incideriselid  the valence band with increasing Al content is found to take
line) and grazing incidencédashed lingare shown. place almost entirely at the top of the valence band, with the

bottom of the valence band remaining essentially fixed. The
shift of 1.4 eV is expected for the onset of the SXA Spec”%pectral features and the width ng] the K- ;nd Al

between AIN and GaN. The absence of a shift in the absorpI'(—absorption spectra show good correspondence to the struc-

tion spectra despite the change in the band gap remains to lPL?res in the unoccupied PDOS. However, we find that there

SXF:'aItDed- Ofnteh post5|bll_|ty |stthat1_t Ilt IS at?] efff_ectl Oft ctore-fh;)rlleis strong anisotropy in the unoccupied ¥ and Al 2p states
IStortions of the atomic potential on the final state of €y, 1 heeq to be taken into account when comparing to the

x-ray e_lb_sorption process. The qlifference in core-hole SCrEe5R0S. The effect of the change in the band gap with varying
ing efficiency due to a change in the band gap can certaml)gd content was observed in IK-emission spectra. We esti-
alter the onset energy but this would favor an even large

: : hate from these spectra that the bowing parambtdor
s s e oo ol v o A1GB. N 20 Fnaly, & sharp emisson eaure at 19
S eV below the GaN valence-band maximum was proved to

fects. However, in view of the good agreement between the . . S .
X . originate from N 2 states hybridizing resonantly with Ga

theoretical N 2 PDOS and the x-ray absorption spectra3 d states

(Fig. 1), this is thought unlikely. A further possibility is that '

this is due to the chemical shift of the Nsstate binding

energy between AIN and GaN.
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