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We report a comprehensive photoluminescence excitéRtiE) investigation of the deep iron acceptor in
hexagonal GaN. PLE spectra of th@Fé“Tl(G)-GAl(S)] luminescence in semi-insulating GaN samples reveal
intracenter excitation processes via excited states of tA& ¢@nter. Zero-phonon lines resolved around 2.01
and at 2.731 eV are attributed to tf&e;(S)-%T,(G) and the®A;(S)-*E(G) transition, respectively. A steplike
excitation structure on the low-energy onset of th&'#& charge-transfer band is attributed to the formation
of a (F€¥",e,h) complex at 2.888 eV. We estimate a binding energy of 280 meV locating the dé&j3'Fe
acceptor level 3.17 eV above the valence-band maximum:type GaN samples the e luminescence is
excited by hole-transfer processes. The experimental results indicate that the internal reference rule fails for the
GaN/GaAs heterostructurES0163-1827)00807-3

I. INTRODUCTION and II-VI semiconductors a close correlation between the
variation of the energy position of a deep TM level and the
Group-Ill nitrides gain increasing interest in view of their band offsets between the respective hosts has been found
potential for optoelectronic devices operating in the visiblewhich is called the internal reference rdfe® The determi-
and ultraviolet spectral region. Efficient blue and green light-nation of deep TM levels according to this rule was proposed
emitting diode$are now commercially available and the first t0_give experimental access to band offsets. Valence-band
electrically pumped laser diode has been demonstfated. Offsets between GaN, AN, and several other materials were
Despite this enormous progress in growth and device tecriVen based o+r/12'ihe internal refer_ence rule and Fhe identifica-
nology there is only little information about deep defects intion of the Fé"2" acceptor level in these _maten&l%_. _
these materials. Transition metdlBM’s) form deep defects N this paper we report a comprehensive PLE investiga-
and can be expected to be common contaminations of théon of the Fé" luminescence im-type and semi-insulating
group-IIl nitrides which are grown at very high temperatures GaN. We observe several excited states of the Eenter as
Even though their technological relevance for growing high—Weli/Z%S a bound state connected with +the acceptor type
resistivity material was already demonstrated for Fe- and Cr_'—:eg charge-transfer transition. Thearréz acceptor level
doped GaN layers decades dgbe first detailed information 1S found to be close to the conduction band. The impact on
on TM defects was reported only recertiy the appllcabnlty of the internal reference rule for GaN will
A structured near-infrared luminescence band was obP€ discussed below.
served in hexagonal GallRef. 5 which is dominated by a

zero-phonon line(ZPL) at 1.299 eV. Optically detected Il EXPERIMENT
magnetic-resonance spectra recorded on this luminescence '
band at 1.3 eV reveal the fingerprint ofA,(S) state of an We investigate a series of hexagonal GaN samples. They

electronic d® configuratior® Zeeman experiments clearly are GaN layers epitaxially grown of®001) sapphire. We
prove that théA, (S) state is the ground state involved in the will present the results obtained from three typical samples
ZPL transition'® Thus, the 1.3-eV luminescence is attributed containing Fe in different charge states. Crystal 1 is a 400-
to the *T,(G)-®A,(S) luminescence of Fé which is sup-  um-thick epilayer grown by hydride vapor phase epitaky.
ported by the long lifetime of 8 ms and the characteristic fineThe carrier concentration of this-type crystal is &10'
structure of the excited staté® Baur et al.”® reported pho- a.u.® at room temperature. Crystal 2 isun thick and was
toluminescence excitatiofPLE) results and proposed the grown by metal organic chemical vapor deposition. The
deep F&2" acceptor level to be 2.5 and 3.0 eV above thesemi-insulating crystal 3 is 38m thick and grown by vapor
valence-band maximum in GaN and AIN, respectively. How-phase epitaxy. This crystal was iron doped during grdtwth.
ever, neither the detection conditions nor details of the invesThe FEé" EPR signal can be observed in the dark for the
tigated samples and the stable charge state of iron wermrystals 2 and 3 confirming the semi-insulating character of
given. Thus, the interpretation of the spectra given is questhese two samples. The transition-metal impurities are incor-
tionable in view of the far reaching consequence of allocatporated as unintentional dopants in the crystals 1 and 2. In
ing the FE™/2* acceptor level. For transition metals in 1ll-V addition to the F&" luminescence the 1.19-eV luminescence
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FIG. 1. Low-temperature photoluminescence of the®'Fe Excitation Energy (eV)
[“T1(G)-5A.(S)] center. Shown are thetype crystal 1(a) and the
semi-insulating sample &,¢), Spectra(a) and (b) were recorded FIG. 2. Low-temperature PLE spectra of the 3Fe

using the green Ar-laser line at 2.412 eV for excitation. For Spec[4Tl(G)-6A1(S)] luminescence for the three samples. Crystal 1 is

trum (c) crystal 3 was excited at 3.81 eV. Exciting at 2.412 eV an n-type containing B In crystal 2 both F& and Fé" are
ZPL's at 1.268 and 1'2.86 ev are observed in the Sem"'nsulat'n%resent, and crystal 3 contains practically only'Fe_uminescence
sample and are tentatively attributed to Fe-related defect comz 19 nev window around the ZPL energy of 1.299 eV was
plexes. These lines and the corresponding phonon replica are I?i'etected '

beled by “*”” and “ ** ,” respectively.

can be observed in these three samples. This luminescent®the phonon sideband. The defects involved may be Fe-
was attributed to Gt (Ref. 5 and TP (Ref. 12 as well.  related complexes. Details about this luminescence and its
For our optical experiments the samples were immersed iPLE characteristics will be reported in a forthcoming paper.
superfluid helium at 1.8 K. Luminescence was excited byThe presence of this additional luminescence superimposing
various lines of an Af or a HeCd laser. the F€™ [*T,(G)-°A,(S)] makes the spectral position and
Depending on the spectral region the excitation source ithe width of the detection window a deciding criterion for
PLE measurements was either a xenon lafly) or a the reliability of the PLE experiments described below.
tungsten-halogen lam(visible to near infrared spectrally The excitation behavior of the P luminescence de-
dispersed by a 0.35-m double-grating monochromator. Th@ends essentially on the stable charge state of iron in the
luminescence was detected by a cooled Ge photodiode. Weample. Figure 2 compares the PLE spectra of thE Fe
employed a double prism monochromator as a variable bandninescence for the three crystals detecting only lumines-
pass in order to control the detection window. A tunable dyecence in a 10-meV window around the ZPL at 1.299 eV. For
laser in conjunction with a grating monochromator for detecthe semi-insulating crystals 2 and 3 even slightly lower de-

tion was used for high-resolution PLE and selectively ex-tection energies give rise to additional excitation bands in the
cited luminescence measurements. visible spectral region which are related to thé Feomplex

luminescencgFig. 1(b)]. n-type samplegcrystal ) show a
weak structureless excitation band in the visible region with
a low-energy onset at approximately 2.2 eV and high exci-

For the above band-gap excitation, the spectra of all outation efficiency in the near-band-gap region. The spectra of
GaN samples exhibit the 1.3-eV luminescence band. Thisemi-insulating sample&rystals 2 and Bshow structured
indicates that Fe is a general contamination of the crystalsabsorption bands not observed for tdype samples. Fine
The observed shape of the band agrees with that reportedructure is resolved around 2.01 and 2.73 eV and a broad
recently for the F&" [*T,(G)-®A,(S)] luminescencé® The  excitation band appears in the UV spectral region. The PLE
Fe** luminescence is shown in Figs(bl and ¥c) for the  fine structure shown is only resolved detecting thé*Fe
semi-insulating sample 3, but is representative of all thd*T,(G)-°A,(S)] luminescence and does not appear when
samples investigated. Exciting below the band gap at 2.41detecting the 1.268-eV luminescence. The occurrence of
eV only n-type samples show this luminescence with highsharp ZPL’s in the PLE spectrum of the3fduminescence
intensity[Fig. 1(a)], whereas semi-insulating samples exhibit together with the F&” EPR signal in crystals 2 and 3 directly
additional luminescence bands under these excitation condilemonstrates the presence of the neutralcharge state in
tions[Fig. 1(b)]. The intensive ZPL at 1.268 eV is shifted to the unexcited samples which supports the semi-insulating
lower energies with respect to that of the 3Fe character of both crystals. The ZPL's must be explained by
[“T,(G)-5A,(S)] band and a different fine structure appearsintracenter excitation processes ofFe

lll. RESULTS
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FIG. 3. Laser PLE spectrum of sample 3 in the region of the FIG. 4. High-resolution PLE spectrum of crystal 3 recorded at
Fe* [8A1(S)-%T,(G)] transition at 1.8 K. The inset gives the ZPL 1.8 K showing the F& [CA;(S)-*E(G)] transition and the
region over an enlarged energy scale. Luminescence in a 10-melFe*" e,h) complex on the low-energy onset of the’&" charge-
window around the ZPL position of 1.299 eV was detected. Energytransfer band. Luminescence in a 10-meV window around the ZPL
shifts with respect to the ZPL at 2.0091 eV are given in meV. position of 1.299 eV was detected.

Figure 3 shows a high-resolution spectrum of the intra{inset of Fig. 3. A detailed assignment of the observed fine
center excitation band at 2.01 eV of crystal 3, which wasstructure, however, requires more experimental data.
excited by a tunable dye laser. We were not able to resolve Figure 4 shows the fine structure observed for the semi-
these PLE resonances for theype sample 1. Luminescence insulating sample 3 around 2.8 eV over an enlarged energy
spectra excited at the various PLE fine structures show thecale. The observed linewidths are not limited by the experi-
typical F€" luminescence which proves that all belong to mental resolution even for lamp excitation, but rather from
the FE" center. The set of ZPL's around 2.01 eV is followed the limited crystal quality. The PLE fine structure shown is
by a vibronic sideband. The labels in Fig. 3 give the respecenly resolved detecting the £e[*T,(G)-%A,(S)] lumines-
tive energy differenceén meV) between peaks in the side- cence and does not appear detecting the 1.268-eV lumines-
band and the ZPL at 2.0091 eV. This vibronic sidebandcence. The structure starts with a single ZPL at 2.731 eV
shows no distinct replica due to optical-phonon modes ofvith a FWHM of 16 meV which is followed by a series of
hexagonal GaN® Only a weak step around 69 meV almost steplike resonances. The step period of approximately 75
coincides in energy with th&, (high) mode which domi- meV almost corresponds to TO modes of hexagonal GaN
nates the sideband of th&,(G)-°A,(S) luminescencéFig.  [Ero(I)=70.5 me\.!® However, it is more likely that local
1(a@)]. The inset of Fig. 3 shows the ZPL region over anvibrational modes of the Fe center are involved. This would
enlarged energy scale. At least four ZPL(at 2.0091, explain the energy difference between the phonon energy
2.0152, 2.0170, and 2.0188 k¥fre resolved with full widths ~ and the step periot?. Additionally, it is questionable whether
at half maximum(FWHM) down to 1.2 meV. Transitions the steplike structure can be interpreted as a phonon sideband
into higher excited quartet states are known to lead to strucsf the intense ZPL at 2.731 eV. The energy separation be-
tured bands in PLE spectra of thé&T,(G)-%A.(S) tween this ZPL and the first step amounts to 157 meV and,
luminescencé® Thus, we attribute this 2.01-eV absorption thus, corresponds to neither the step period of 75 meV nor
band to théA,(S)-*T,(G) transition of F&". The*T,(G) is  the typical phonon modes of hexagonal G&NVioreover,
the quartet state next to the luminesc&hi(G) state. The the strong intensity of the 2.731-eV line makes it an unlikely
series of weak and broad peaks in the sideband of theandidate for the ZPL of the steplike PLE structure. There-
2.01-eV absorption indicates a dynamical Jahn—Teller effediore, we treat the 2.731-eV absorption as a separate feature
in the excited state. and tentatively attribute it to an intracenter transition involv-

For the narrow band gap IIl-V semiconductors no opticaling the next excited quartet state, e, (S)-*E(G) transi-
transitions involving higher excited quartet and doublettion. This assignment is supported by the weak phonon side-
states of F&" have been reported;??indicating that they band typical for this transitiof®
are degenerate with the valence band. Obviously, for GaN The spectral appearance of the steplike structure showing
the FE€"/2* acceptor level lies high enough in the band gapat least four replica with increasing intensity is unusual for
to allow the observation of higher excited crystal-field statesan intracenter transition of a TM. However, it is rather typi-
in the band gap. ThéT,(G) state is expected to show a cal for deeply bound excitoASor deeply bound electron-
strong Jahn-Teller coupling te-type modes which can re- hole pairs’®?° The steps are located on the low-energy onset
duce the fine structure to a doublet. This was verified experiof the broad and efficient UV excitation baf¥gig. 2, crystal
mentally for Mrf* in ZnS° In hexagonal host crystals, how- 3) which we assign to the B&?* charge-transfer transition.
ever, the lower defect symmetry stabilizes thé'Feenter ~We therefore attribute this structure to the formation of a
against the Jahn-Teller coupling as recently established fahallow bound state at the Fe center.
the*T,(G) state in ZnS, ZnO, and also GaRi?>2*A similar Shallow bound states are now well established for the
effect on the*T,(G) state in GaN would explain the richer near-midgap acceptor Fe in Ill-V semiconduct§ts2 The
fine-structure spectrum observed for the 2.01-eV absorptio€oulomb interaction between the negatively charget’ Fe
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ion and a hole in the valence-band results in the formation of

a (FE€",h) complex. In a first approximation the bound-hole L Fe” CB_|
state can be described by effective-mass theory and thus as a . tcB
(transient shallow-acceptor state. This complex is, in prin- — AG) T
ciple, an excited state of Be and relaxes nonradiatively to

the excitedT,(G) state. The exchange interaction between 1.299eV

the loosely bound hole and the core holes influences the fine E,

structure. In GaAs, GaP, and InP Fe forms a deep-acceptor T(G)

level near the middle of the band gap with the core wave ! 3.17eV
functions well localized at the Fe ion. The binding energy of 2.009%eV

the (F€*,h) complex amounts to only a few tens of a meV. 4 "TAG)

As a consequence the overlap between the hole and the core 2 8886V 27316V

wave functions is small and thus the exchange interaction is i ‘B(G)

weak. This fact is demonstrated by the fivefold fine structure SN —— (Fe"e.h)
observed at the low-energy onset of the>®& charge- >

transfer band in InP, GaP, and Ga®s**which reflects the | T=13x VB |

Fe?* term scheme. The exact location of the’ &" accep-
tor level in GaN is not clear yet. The observation of the FG. 5. Energy levels of the B& center in hexagonal GaN in
charge-transfer band in PLE should provide this informationihe hole picture. The observed transition energies are given for a
However, the superposition of shallow bound states of TM’scrystal temperature of=1.8 K.
to the low-energy slope of a charge-transfer band makes a fit
of the ionization band impossible in order to determine theate with the conduction band. However, detailed information
onset energy®>?® Nevertheless, it is reasonable to identify on higher excited states were derived by PLE investigations
the energy(3.17+0.10 eV} at which the steplike structure for Mn?" in the wide-band-gap II-VI semiconductors?®
vanishes and the broad structureless charge-transfer band /@om our results we conclude that the crystal-field splitting
gins to dominate with the energy position of the deepof the G multiplet of F€" in GaN is approximately three
Feitier acceptor level. This assignment yields a binding entimes larger than that of Mi in 11-VI compounds. This
ergy of (280100 meV for the shallow bound state of the strong crystal field may be the result of the comparatively
Fe center in GaN. small lattice constant of GaN, thet3charge state of iron,
Therefore, the deep B&*" acceptor level in GaN is close and the high electronegativity of nitrogen. An increased
to the conduction-band minimum. This makes the hybridizacrystal-field strength has been reported for other TM’s in
tion of the core states important. Additionally, the binding GaN, too!*'2
energy of 280 meV of the shallow complex is much higher The possible excitation processes of thé’'Faimines-
than in the other Ill-V semiconductors. Both effects add upcence in the semi-insulating samples containing iron in the
to a strong exchange interaction. Therefore, a deeply boundeutral 3+ charge state are obvious from the term scheme in
electron-hole complex=€** ,h) is the appropriate descrip- Fig. 5. The sharp lines at 2.01- and 2.73-eV result from in-
tion of this state. Nevertheless, the ionization products argracenter absorption into the excited crystal-field states and
still Fe* and a free hole. A very similar situation was dem- the (F€**,e,h) complex. The broad UV band is attributed to
onstrated for shallow bound states of Ni comparing cubiahe acceptor-type charge-transfer process
ZnS and hexagonal Cd8The strong phonon coupling caus-
ing the steplike structure as seen in Fig. 4 is typical for such Fe* (°AL(S))+ hv—F&" +hyg— (FE1)*. (1)
a deeply bound electron-hole pafrRecent calculatiorfs o _ _
show that the hybridization of the TM ground state with The recombination of holes with ﬁ'écgnters_prowdes the
valence-band states is favored in hexagonal host crystalQ“OSt efficient excitation process of the’fduminescence in

Indeed, all known shallow states of TM’s in wurzite crystals Poth 11l-V (Refs. 30—32and II-VI (Refs. 23 and 24semi-
have the character of @M,e,h) complex?®?° conductors. Fon-type GaN samples the direct excitation of

Fe** is more complicated. P& has to be generated in an
excited state starting from E&in a photoionization process:
IV. DISCUSSION

The PLE spectra of the B& [*T,(G)-%A,(S)] lumines-
cence in semi-insulating GaN samplgsg. 2) allow us to  The probability of this transition is expected to be compara-
deduce a comprehensive term scheme of thé Eenter in  tively low due tos-d character of the electron transition.
GaN (Fig. 5. Four crystal-field states of e are identified. However, the low-energy thresholds for excitation into the
Their energy positions give a wealth of information for de-“T,(G) or *T,(G) states are expected at 1.64 and 2.35 eV,
tailed ligand-field calculations which are beyond the scope ofespectively, whereas the experimental threshold is found at
this paper. In principle, optical transitions ofdd configura- 2.2 eV, crystal 1 in Fig. 2. Thus, it is questionable if the
tion involving the®A;(S) ground state have a low transition observed PLE can be attributed to the?F& charge-
probability because of their spin-flip character. Only the lu-transfer excitation proce$&q. (2)]. The efficient visible ex-
minescenfT,(G) state exhibiting a ms lifetime is observed citation of the F&" luminescence observed im-type
in narrow-band-gap IlI-V compounds such as InP, GaP, angamples is more likely caused by the simultaneous presence
GaAs. The higher excited states are expected to be degeneatother defects in GaN acting as activator centers-type

FE(5E)+hv—(FE")* +ecp. 2
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I1-VI semiconductors excitation of the Beluminescence is internal reference rule has been validated for many semicon-
provided by the capture of holes generated in charge-transfeluctor TM combinations it is not clear if it can be used
processes of other TM defed¥?* Two-color stimulation —unambiguously to predict band offsets. Following the inter-
experiments indicate that there is a similar excitation mechanal reference rulé*° the position of the F&'>* acceptor
nism in n-type GaN with the deep defect of the yellow lu- level yields a type-ll band alignment for the GaAs/GaN het-
minescence acting as a hole SOLﬁAbé-hUS, the PLE Spectra eI’OjunCtlon W|th Valence' and Conductlon—band Oﬁsets Of
of the F&* luminescence im-type GaN vyield information 2.63 and 0.65 eV, respectively. These offsets are in disagree-
on other defects rather than on the Fe center itself. The PLE'€Nt with previous results of electrical measurements. These
spectrum of crystal 2 represents a superposition of the PLERVOred a type-I configuration v%/%?gggn[ﬁcant offsets in both
spectra observed in thetype sample 1 and semi-insulating the valence and conduction baftt” Obviously, the internal
sample 3 showing that the Fermi level is pinned at the F eference rule does not hold for GaN in conjunction with
level and that both, P& and F&" are present in the unex- aAs, GaP, and InP. The_ reason may be the large d|fference
cited crystal ' between the electronegativity of nitrog€®00 on one side
The PLE spectra presented in this paper differ consider‘:Jlnd tﬂ‘g"t of_phosphort{a.64) as well as arsem(l.S?) on the
ably from those reported by Baat al/'® We assume that the other’™ This argument can be supported considering ZnO

better defined detection window enabled us to separate di"—vhICh is comparable to GaN with respect to electronic and

ferent luminescence processes and, thus, to obtain more rgtice properties. Like nitrogen among the group-V ele-

liable data. The ionization energy of 3.17 eV determined inents, oxygen has a much higher electronegativity than the

this work is considerably higher than the value of 2.5 eV by.Other grpup—VI elements. With these ;imilarities in mind it is
Baur et al”8 It should be noted that our observation of the 'Nteresting to note that for ZnO the internal reference rule

; does not hold with respect to the other 1I-VI semiconductors.
formation of the(Fe**,e,h) complex on the low-energy on-
set of the F&"/2* charge-trans?er band does not aIEIJ())/w for Both the CﬁfH (Ref. 4] and the Fé+/2+. (Ref. 29 Ieye_ls
much uncertainty in the deep-acceptor-level position. are fo_und dlrectl_y be'OV_V the c_onduchon-band minimum
The energy level of the acceptor close to the conductioﬁ{Vh'Ch is not consistent with the internal reference rule. The
band allows us to understand an otherwise very puzzlin heories presently available do not account for these devia-

fact. Up to now it was not possible to detect the?Fe ions. Among the nitrides the internal reference rule is as-

(5E-.5T2) transition in absorption or luminescence rirtype sumed to give reasonable values for band offsets. With a
- : . . lence-band offset of 0.8 eV for GaN/AINRefs. 42, 43

or semi-insulating samples even though it is very prominent® X '
Hinsuating ples ev ugh 1t Is very prom e FEé'?* acceptor level is expected to be 4 eV above the

in other semiconductors. The lack of luminescence may b | band of AIN. Thi . hi than th
the result of efficient nonradiative relaxation processes revalence band o - Iis energy 1S much larger than the

sulting from the large phonon energi@s® Taking into ac- charge;t{rsansfer energy of 2.97 eV derived from PLE
count the position of the B&2" Jevel only 340 meV below spectra.® However, Refs. 7 and 8 neither give arguments for

: o ; Fe to be stable in the-3 charge state nor present fine struc-
the conduction band of GaN, it is now very likely that the . . i
excited®T, state of F&" is degenerate with the conduction tures in the charge-transfer band. It is possible that the PLE

band explaining the absence of the intra- SPectrum presented in Refs. 7 and 8 correspond ta-tlype
center transitions of 28 in optical spectra case and, thus, does not yield information on thé"fé

The position of the F&/2* acceptor level has also a re- level.
markable consequences for the interpretation of the other
TM luminescence bands in GaN. The relative positions of
the different TM charge-transfer levels in each component In this paper we presented detailed photoluminescence
are usually out of question. These positions are well knowrexcitation results for the B& [*T,(G)-°A.(S)] lumines-
for GaAs, GaP, and InP. In these semiconductors, the Ti andence in hexagonal GaN. Two crystal-field transitions,
V acceptor levels are closer to the conduction band than th&A,(S)-*T,(G) and °A;(S)-*E(G) were resolved with
of Fe. With the F&"2" acceptor level 340 meV below the ZPL's at 2.01 and 2.731 eV, respectively. Additionally, a
conduction band the Ti and V acceptor level would be de-deeply bound electron-hole compléxe®*,e,h) with a bind-
generate with the conduction band in GaN. This gives differing energy of(280+100 meV was observed. A strong pho-
ent information regarding the interpretation of the chemicalnon coupling leads to a steplike structure in PLE on the
origin of the 1.19-eV luminescence, which was previouslylow-energy side of the Fé’?* charge-transfer band. The
attributed to Ct" (Ref. 5 and to TF".22 Also more detailed Fe**’?* acceptor level is located 0.34 eV below the
investigations are necessary to clarify the chemical origin oEonduction-band minimum which has important implications
the 0.931-eV luminescence which was assigned 6.3/ for the use of the F&'2" level to determine band offsets.

The energies of deep levels of TM’s are used to determin&he internal reference rule was found not to be applicable to
band offsets of semiconductor heterostructtir&based on the GaN/GaAs heterostructure, a fact that we attribute to the
the internal reference rule for these defects. Even though thieigh electronegativity of nitrogen.
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