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Low temperature photoluminescence spectra of Be-doped layers grown on Si (111) by molecular
beam epitaxy have been analyzed. Emissions at 3.466 eV and 3.384 eV, and a broad band centered
at 2.4-2.5 eV are observed. Their evolution with temperature and excitation power, and time resolved
PL measurements ascribe an excitonic character for the luminescence at 3.466 eV, whereas the
emission at 3.384 eV is associated with a donor-acceptor pair transition. This recombination involves
residual donors and Be-related acceptors, which are located around 90meV above the valence band,
confirming Be as the shallowest acceptor reported in GaN. The intensity of the band at 2.4-2.5 eV
increases with the Be content. This emission involves a band of deep acceptors generated by Be
complex defects, as suggested by the parameter g =2M083 obtained by photoluminescence-
detected electron paramagnetic resonance.

1 Introduction [13] observed a broad band centered at 390-420 nm,

Controllable doping is a key issue for the fabrication ofVich is interpreted as a donor-acceptor emission
ultraviolet and blue emitters based on GaN alloys. Sinvolving Be acceptors, with an ionization energy of 250
and Ge have been successfully used for n-type dopiH@eV' . ) ]

high n-type residual background present in GaN, and th#ill be analyzed in order to determine the shallow
large ionization energy of acceptors (Mg, Zn, Cd) [2].2cceptor level and study the generation of deep levels.

P-type GaN has been achieved by Mg doping of meta, Experimental

lorganic chemical vapor deposition (MOCVD) [3] and ) .
molecular beam epitaxy (MBE) [4] layers. However, Be-doped wurtzite GaN layers were grown on Si (111)

the large ionization energy of Mg (250 meV) [5] SL_Jbstrates by MBE_ in a MECA-2000 chgmber [14].
implies a low activation of the acceptor at room temper!Nitrogen was supplied by an Oxford Applied Research

ature. Hence, the search for shallower acceptors is stillRF Plasma source, and high-purity>(7N) standard

matter of great importance. solid sources were used for Ga and Be. Samples consist
Be should be a shallower acceptor in GaN than Mg ar.1 AHI\l buffer layer (500 A) dand a 0.5¢im th|c|k

[6] [7] due to its large electronegativity and the absenc aN:Be layer grown at 84 and 750°C respectively.

of d-electrons [8]. Theoretical calculations suggest tha he Be doping Igvelhwas contrfoygg \éaigmsg the (I;_%e cell
Be behaves as a rather shallow acceptor in GaN [gj?mperature (8¢) in the range o ) - Secondary

with a thermal ionization energy of 60 meV [10]. Nev-10n mass spectroscopy (SIMS) measurements showed
ertheless, experimental evidences point to the introdud3® concentration increasing over two orders of magni-
tion of deep levels by Be doping in GaN. Severalfude in the Ee range of 700 - 8AC (Figure 1). The
authors have reported a Be-related deep emissigscale of Be concentration is arbitrary, because no SIMS
detected by photoluminescence (PL) in Be-doped [11¢alibration was available for Be in GaN.

[12] and Be-implanted GaN [5], probably associated PL experiments were carried out in a He closed-
with the formation of complex defects. Salvador et al.cycle cryostat at temperatures between 4 and 300 K. The
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334 nm line of an At laser was used for continuous and Si [18]. From x-ray diffraction measurements per-
wave (cw) excitation. Sample luminescence was disformed in these layers, a lattice parameter ¢ = 5.1844 A
persed by a THR-1000 Jobin-Yvon monochromator andl@s been obtained, in agreement with the results by
detected by a GaAs photomultiplier. Time resolved PLChichibu etal. [18].

measurements were performed at 10 K using a fre32 The 3.384 eV band.

guency doubled Ti-Sapphire laser with 200 fs pulsei‘t lower energies than the FXA, Be-doped samples
(peak powef10.2 MW/cnt ) pumped by a mode-locked present a new emission (30 meV, FWHM) centered at
Ar* laser, with a system time resolution of 100 ps. 3.384x 0.001 eV, together with other recombinations at
PL detected electron paramagnetic resonance (PL3.292 and 3.202 eV. The energy spacing between these
EPR) measurements were performed at 1.5 K, with amissions (92 meV) reveals that the lower energy transi-
microwave frequency of 72 GHz (V-band), for highertions are respectively the first and second LO phonon
resolution. The optical excitation was performed with areplicas of the luminescence at 3.384 eV. This recombi-
halogen lamp followed by a monochromator, and thenation and its LO phonon replicas have been also
magnetic resonance was measured as a change of the iecently observed on GaN layers grown by MBE on sap-
intensity detected by a photomultiplier, with amplitude phire substrates [15].
modulation of the microwaves and lock-in techniques. The variation of the energy position of the emissions
3 Results. with excitation power and temperature has been ana-
) lyzed to identify the origin of the emission at 3.384 eV.
A typical low temperature PL spectrum of a Be-dopedrig re 4 shows the evolution of this transition with
GaN layer is shown in Figure 2. A narrow emissionjn reasing temperature in the range 4-60 K. A blueshift
attributed to free excitons recombination is observed att 4 meV is observed. This variation in the energy
3.466 eV. In addition, new peaks at lower energies aBosition corresponds to a rate @fk, the Boltzmann
present, related to tran_sitions involving Be Shallo"vconstant, consistent with that expected for a donor-
acceptors [15], as described below. A broad band cenycentor pair recombination (DAP). This dependence
tered at 2.4-2.5 eV is also observed as previouslyih temperature is due to the enhancement of more
reported [5] [11] [12], with its emission shape modu-cjosely spaced pairs by a higher thermal ionization rate
lated by a Fabry-Perot interference pattern. The integy, the donors [19]. The evolution of the energy of the
grated PL intensity of the band increases with Be dopingansition at 3.292 eV with increasing temperature is
level, whereas this emission is not detected in “ndoDeﬂarallel to that described for the DAP band (Figure 3),

samples. Hence, a relationship between this band ang,norting the identification of this emission as a first
deep levels generated by Be will be established. order LO phonon replica (DAP-LO).

3.1 The 3.466 eV line. The evolution of the transition at 3.384 eV with
The peak at 3.466 eV (15 meV full width half maxi- increasing excitation power is depicted in Figure 5. The
mum, FWHM) observed in all samples is attributed toemission shifts 15 meV to higher energies when increas-
free excitons recombination (FXA), as deduced from théng the incident excitation power for almost three orders
temperature evolution (4-300 K) shown in Figure 3, andf magnitude (0.02-10 mW), what is consistent with the
time resolved PL spectra shown below. The effect of latsaturation of distant pairs under increasing excitation
tice vibrations on bandgap energy of semiconductorexpected for a DAP recombination. On the contrary, the
has been studied by Fan [16], who propose the followemission at 3.466 eV does not shift with excitation
ing temperature dependence: power, confirming its excitonic origin (FXA), as previ-
. ously established.
CRE PL intensity decay measurements also support that
exp(—Ej -1 (M the peak at 3.384 eV is a DAP transition. Figure 6 shows
T a comparison between the luminescence decays of the

where E(0)Bg , andk are respectively the transition 3.466 eV emission (FXA) and that of the 3.384 eV peak
energy at 0 K, the Einstein temperature and a constaDAP). The excitonic emission shows a very fast and
The values obtained for these parameters with the beskponential decay, with a time constant limited by the
fit are: E(0) = 3.4658& 0.0001 eV, 0.17% 0.007 eV and  system resolution[fL00 ps). Conversely, the decay of
O = 447+ 9 K. Calle et al. observed the FXA recombi- the DAP luminescence is slow and strongly non expo-
nation at 3.479 eV in relaxed samples grown on Si (111yential, with a life time of 0.2s in the region between
[17]. However, in the samples analyzed in this work, the?00 ns and 500 ns.
energy position of FXA is affected by biaxial tensile  Time resolved PL spectra are shown in Figure 7,
strain due to thermal expansion mismatch between GaMcorded in several 10 ns periods from the beginning of

E, = E[0) -

[4
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the decay. The DAP emission and its first LO phonorperature range of 4-290 K. This shift to lower energies is
replica shift to a lower energy (longer wavelength) withhigher than that observed in Figure 3 for the free exciton
time. This red-shift is explained considering the expo+tecombination, FXA. This behavior also suggests the
nential decrease of the transition probability withpresence of a band of deep states whose occupation
increasing distance between donor and acceptor. Thugvel changes with temperature, rather than a single
the recombination of close pairs (higher energy transibAP recombination.

tions) dominates the emission for short times (0-10 ns). Time resolved PL has also been performed in this
On the contrary, the recombination of distant pairsspectral region at low temperature (10 K). The time evo-
(lower energy) becomes dominant at longer times (250ution of the intensity at 2.25 eV is shown in Figure 11.
260 ns). The decay is extremely slow and clearly non exponen-

All the above results are consistent with the identifi-tial, with a lifetime of 1Qus for the range 4-1(s. This

cation of the peak at 3.384 eV with a DAP transition,result provides additional support for the interpretation
with the acceptor probably related to substitutional Beof this broad band as produced by deep levels with dif-
The energy of a DAP transition is given by: ferent lifetimes, making the decay strongly non expo-

tial.
=E,-F,-E, +E nen
Fpy =E, —Fp —B, +Eqqy @ PL-EPR measurements have been carried out in

The donor is likely the residual donor reported on ougrger to obtain more information about the levels
samples [17], with an ionization energy E 35 meV.  inyolved in this transition. The PL-EPR spectrum shown
The bandgap energy is reduced tg £ 3.492 eV  in Figure 12 was measured via the 2.4-2.5 band. In first
because of the biaxial tensile strain [18], as was estalorder perturbation theory, the deviation of the g factor
lished for the FXA recombination. The coulombic inter- from the free electron value, g 2.0023, is given by the
action energy can be estimated gg,F 15 meV [19].  expression:

Hence, an ionization energy E190 meV is derived for

the Be-acceptor. This result is in agreement with recent gmg + ®)
theoretical calculations, predicting that Be is a shallow E-E,

acceptor in GaN [9], with a thermal ionization energy whereA is the spin-orbit interaction constant, E is the
of 60 meV [10], and it is very close to the 85 meV cal-energy of the perturbed state angi€the energy of the
culated by Podor for the hydrogenic acceptor in GaNyndamental state, without perturbation effects. A
[7]. This conclusion is also supported by the recent worlgonor-like resonance with a half widfd 7 mT was

by Dewsnip et al. [15] where a DAP character related tgpserved at 2.637 T (Figure 12), with an anisotropic g
substitutional Be is attributed to the 3.384 eV recombifactor, g= 1.955+ 0,001 and g = 1.949+ 0.001 (| and
nation, finding an optical ionization energy between 904, indicate magnetic field B being parallel or perpendic-

100 meV for the Be acceptor. ular to the c-axis of the layers respectively). These
3.3 The 2.4-2.5 band. results are in agreement with those obtained for the
The low temperature spectrum of a Be-doped layer preesidual donor in undoped MOVPE layers grown on
sents also a broad band centered at 2.4-2.5 eV (Figusapphire [20] [21]. On the low field side of this reso-
2). Figure 8 shows this emission for different samplegiance, there is another peak, with a half widttb mT
with increasing e, i.e., Be concentration. A clear rela- and g;= 1.956+ 0.001 and g = 1.957+ 0.001 (inset in

tion between the intensity of this band and the Be conFigure 12), likely related to a second shallow donor also
centration is observed, suggesting that this band igwvolved in the 2.4-2.5 eV luminescence. The resonance
associated with complex defects involving Be. at lower magnetic field (2.57 T), with g = 2.088.003,
Figure 9 shows the variation of the band positionis assigned to an acceptor-like defect. This resonance
with excitation power. The center of the interferencialdoes not present any anisotropy, as expected for a deep
pattern envelope of the band shifts about 400 meV tacceptor.
higher energies when increasing the power three orders All the experimental evidences described above sug-
of magnitude (0.01-10 mW). This blue-shift is muchgest a model for the broad emission at 2.4-2.5 eV, that
higher than that corresponding to a DAP transitionconsists of a recombination between shallow residual
between discrete levels (see Figure 5 for 3.384 e\donors, and a band of deep acceptors at 0.9-1 eV above
DAP). This fact points to a transition involving a broadthe valence band.
band of deep levels related to Be.
The evolution of this luminescence with increasing
temperature is shown in Figure 10. The center of th®L spectra of Be-doped GaN samples are presented, and
emission envelope is red-shiftetd300 meV for a tem- emissions at 3.466, 3.384 eV and a broad band at 2.4-2.5

4 Conclusions.
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eV have been studied. The transition at 3.466 eV is iderf16] H.Y. Fan,Phys. Rew82, 900 (1951).

tified as a FXA recombination, as deduced from PL evofl7] F Calle, F J Sanchez, J M G Tijero, M A Sanchez-
lution with temperature and time resolved PL. TheGarcia, E Calleja, R Berenforemicond. Sci. Techndi2,
luminescence at 3.384 eV has been analyzed under ciy96-1403 (1997).

excitation. PL measurements show blue-shifts witt‘llf] ‘T‘(‘. Ch'fh't;]u’ T. Azuhata,  T. Sota, H. Amano, |.
increasing tempe_rature and excitation power. TimAg?s%f’ﬁggérztg;" L(:T?&oi%ﬁafﬂl,giggl. PhysA5, 2266
resolve PL experiments reveal a non exponential an

slow decay, and a red-shift of the transition energy witl"tzo] E R. Glaser, T. A. Kennedy, K. Doverspike, L. B.
time. These experimental evidences indicate a donORewland, D. K. Gaskill, J. A. Freitas, Jr., M. Asif Khan, D.
acceptor origin, involving Be acceptors with an ioniza-T. Olson, J. N. Kuznia, D. K. WickendeRhys. Rev. B1,
tion energy as low as 90 meV. Hence, Be is confirmed as3326-13336 (1995).

the shallowest acceptor reported in GaN. Finally, PL{21] F. K. Koschnick, K. Michael, J. -M. Spaeth, B.
evolution with temperature, excitation power and timeBeaumont, P. Gibart, J. Off, A. Sohmer, F. Scholz,
together with PL-EPR measurements allow to associaté'published.
the luminescence at 2.4-2.5 eV with a transitionfFiGURES
between shallow donors and a band of deep acceptors

related to complex defects. 1 03
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Figure 2. Typical low temperature PL spectrum of a Be-doped
GaN layer. Figure 5. Evolution of PL spectra with increasing excitation
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Figure 6. Low temperature PL decays of FXA and DAP
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Figure 7. Time resolved PL spectra recorded in 10 ns periods
between 0 and 260 ns at 10K.
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Figure 8. Intensity variation of the 2.4-2.5 eV band at lowFigyre 10. Evolution of the 2.4-2.5 eV band with temperature
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Figure 12. PL-EPR spectrum of a Be-doped GaN layer,
measured via the 2.4-2.5 eV band. Inset: high resolution
spectrum, showing shallow donors resonances.
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