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Identification of optical transitions in cubic and hexagonal GaN
by spatially resolved cathodoluminescence
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The hexagonal and cubic phases of GaN are characterized by spatially resolved cathodolumiri€sgence
spectra from micrometer-size single crystals with either hexagonal or babits grown by plasma-assisted
molecular-beam epitaxy. At 5 K, distinct narrow excitonic lines are found at 3.472 and 3.272 eV for the
hexagonal and cubic phase, yielding energy gaps of 3.500 and 3.300 eV, respectively. Detailed temperature-
and intensity-dependent CL measurements on cubic GaN crystals enable us to clearly identify the exciton
(free: 3.272 eV, bound: 3.263 ¢\and the donor-acceptor pdi8.150 eV transition. Moreover, we deter-
mine the donor-band and acceptor-band transition energy for this phase. In addition, phonon replicas of the
exciton line and of the donor-acceptor pair transition are observed at 3.185 and 3.064 eV, respectively.

GaN is a direct wide band-gap semiconductor, which issmooth facets characteristic for either the zinc-blende or
important for future applications in optoelectronics. Thewurtzite structure and are single crystals as determined by
equilibrium structure of GaN is wurtzitthexagongl In the  transmission electron-diffraction patterns. The CL experi-
past few years, it has been demonstrated that it is possible toents are carried out in a scanning electron microscope
produce layers of the metastable zinc-blendaubic (SEM) equipped with an Oxford Mono-CL and He cooling
phaset~® However, the results reported on band-gap energgtage system providing a continuous temperature control
(Eg) and luminescence transitions of nominally cub@) ( ranging from 5-300 K. The electron-beam energy amounts
GaN layers are inconsistent with each other. The opticalo 5 keV and the current is usually set to about 0.1 nA. A
properties of hexagonahj GaN were investigated in detail grating monochromator and a cooled photomultiplier are
in the early seventies by Dinglet al.®'° Lagerstedt and used in conjunction with a conventional photon counting
Monemart! and Monomar? resulting in a value for the technique to disperse and detect the CL, respectively. The
energy gapE, (h-GaN) of 3.503 eV at 1.6 K. Theoretical surface morphology of the GaN samples is monitored by
calculation$®~1° predict thatc-GaN has a slightly lower gap (SE) images.
thanh-GaN. The predicted differences betweggh-GaN Figure 1 shows a SE micrograph of several GaN single
andEg(c-GaN) range from 100 meV(Ref. 13 to 400 meV  crystals grown by the MBE procedure described above. Two
(Ref. 14. Optical absorption and photoreflectance experi-of these crystals exhibit the distinct hexagonal grohaibit.
ments have provided values &(c-GaN between 3.270 All six angles of the top plane of the truncated pyramids are
and 3.300 eV at 10 R*1® However, larger differences are
found among the reported cathodoluminesce(ce) and
photoluminescencéPL) spectrd®~’ The discrepancies in
the luminescence results may originate from fractions of
h-GaN interspersed in nominatGaN layers>®

The aim of this work is to provide clearly separated CL
spectra of nominally undopdu-GaN and ofc-GaN. We use
spatially resolved CL taken from micrometer-size GaN crys-
tals, which exhibit hexagonal or cubiabits to distinguish
the CL of the two phases.

The samples are grown by solid-source molecular-beam
epitaxy (MBE) on GaAs(001) substrates, employing a dc
plasma discharge source for exciting moleculartdatomic
N and to N ions. Growth of GaN is initiated at 630—680 °C
under nearly stoichiometric conditions, using a slow growth
rate (0.05 ML/9. After establishing a smooth, cubic GaN
layer as revealed by reflection high-energy electron diffrac-
tion, the Ga flux is increased by a factor of 4. Then Ga
droplets evolve at the growth front, giving rise to a vapor-
liquid solidlike growth of GaN crystals inside the droplets.
After growth is completed, the samples are treated with con-
centrated HCI to remove liquid Ga and thus give access to
the GaN crystals on the surface of aun-thick GaN layer. FIG. 1. Secondary electron micrograph of GaN single crystals
These crystals, having sizes in the micrometer range, exhibgrown by molecular-beam epitaxy.
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FIG. 2. Cathodoluminescence spectrum of a hexagonal GaN T
crystal recorded at 5 K. In the inset, the full line is a fit to the data (b)
points using two Gaussians with line positions at 3.459 and 3.472
eV. The FWHM of the main line amounts to 10 meV. 2
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(D°, A)-pair ™, 1

3.208 eV 3.234eV
determined to be 120°. Since they are tilted with respect to ]
the sample plane, the perspective of the SE image has to be
taken into account to estimate these angles. Additional cubic 20 JSa - 3%
crystals identified by their square facets surround these hex- X0, x10_
agonal crystals. aosevy L eser )
CL in connection with SEM allows us to position the .
electron beam accurately either on a cubic or on a hexagonal 0 ) ' ; ,l
crystal. Consequently, a separate excitation of the cubic and 3.0 3.1 3.2 33
hexagonal phase is possible. A CL spectrum from the hex- Energy (eV)
agonal crystal is shown in Fig. 2. This CL spectrum exhibits
an intense, narrow line at 3.472 eV with a full width at half  FIG. 3. Cathodoluminescence spectra of a cubic GaN crystal
maximum (FWHM) of 10 meV and a series of weak lines recorded at 5 K. Fota) and(b), a different excitation position was
below 3.400 eV. The main line actually consists of two lineschosen on the same crystal. The solid lines in the inseta)aind
centered at 3.472 and 3.459 €f. inset of Fig. 2. The CL  (b) are fits to the data points, using two and four Gaussians, respec-
line positions in this spectrum are compiled in Table | to-tively. The FWHM of the exciton line amounts to 8 mé® and 11
gether with corresponding data obtained by Dingteal®  meV (b).
and Lagerstedt and Monemr.
Comparing our results with those reported in Refs. 9 andf a micrometer-size hexagonal GaN crystal agrees well with
11 shows that the strong CL line at 3.472 eV is due to radiathat of 100—25Qum-thick layers’ Recently, Sharet all®
tive transitions of both bound excitoriseutral donor and  published values obtained from thinnd#.2-um-thick)
free excitons(cf. Refs. 11 and 12 The line at about 3.459 h-GaN layers, which are systematically higher by 10 meV.
eV, which is not well resolved, can be related to the excitonThe reason for this discrepancy is probably related to strain
bound to a neutral acceptor. The weak lines at 3.380 andffects. In fact, Namiwaet al1® have shown that the exciton
3.289 eV are most probably phonon replicas of the strondine position of h-GaN layers increases by about 10 meV
exciton line. The CL band at 3.270 eV can be the donorwhen the thickness is reduced from 300 to 2.
acceptor pair transition as recently confirmed by Glaser When the CL excitation position is set on a cubic shaped
et all” or might originate from the cubic phase surroundingGaN crystal, we obtain spectra as shown in Figs) and
the hexagonal crystaisee below. 3(b). The two spectra are taken from the same cubic crystal,
Our CL results show that the excitonic transition energybut recorded at different locations. Both spectra exhibit CL

3.268eV |

o (10° counts / s)
[e<]
T

TABLE |. Peak energy position@n eV) of the CL spectra recorded drirGaN crystals 85 K compared
with PL results fromh-GaN layers reported by Dingket al. (Ref. 9 and Lagerstedt and Monem@def. 11).
FX is the free exciton,l.'()o,X) the exciton bound to a neutral donoAO(,X) the exciton bound to a neutral
acceptor, and{® A% the donor-acceptor pair transition, respectively,@nd LO, are phonon replicas.

FX (D%X) (A°X) LOy; LOy, (D°A9
This work 3.472 3.459 3.380 3.289
Dingle et al. (Ref. 9 3.474 3.466—-3.468 3.455 3.380 3.290 3.257

LagerstediRef. 1] 3.475 3.469 3.454 3.377 3.263
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S — sz transition™® The deviation ofE,(T), with respect to the
M P @ | (b) downwards shifted curv&,(T) between 5 and 100 K and
sasf | [ BTN s their coincidence with increasing [cf. Fig. 4a@)], indicate
azl exciton CL u that, for low T, the excitonic CL is mainly due to bound

excitons at the excitation location, whereas the free exciton
dominates for highef. For T>100 K, the good agreement
between the downwards shifte,(T) and the data points
suggests an exciton binding energy of 25 meV for cubic
wsal (@AY -paircL a.145 GaN, which is close to the value of 28 meV found by Dingle
/ et al® and Monemdr for the hexagonal phase.
S The second distinct CL linéat 3.150 eV becomes domi-
o % T‘;‘;p‘:r;:r": (:)“ e cumt . nant at excitation spots on the cubic crystal, where the inten-
sity of the excitonic line is decreased. The temperature and

FIG. 4. Temperaturég) and intensity(b) dependence of the line intensity dependence of the corresponding line enégy)
positions of the excitoni¢rectanglesand D% A%)-pair (triangles IS Presented in Figs.(d and 4b) as full triangles, respec-
emission obtained from a cubic GaN crystal. The excitation intendively. With both T and I, Ep, increases as expected for
sity used in(a) corresponds to an electron-beam current of about 1adonor-acceptor [°% A% -pair transitions®* For weakly
nA. The temperature irfb) is 5 K. The straight line in(@) is a ~ compensated semiconductors, an increas&gf of a few
least-squares fit to the data poifitsangles. The full line relatedto  meV is expected, whehis increased by a factor of 10. The
the rectangles irfa) is the downwards shifted temperature depen-intensity dependence &p, can then be written 83
dence of the band-gap energy according to Ref(ddited line.

The full line in (b) is a least-squares fit of the data poifttiangles {(Epa—E)® exd —2Ep /(Epa—E.) 1}
to Eqg. (1) with values ofE,, and E of 3.125 eV and 75 meV, | o (Ep+2E..— 2Epp) ) 1
respectively. The dotted line is a guide to the eye.

exciton CL.

bod
N
o
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©
g
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3.140

where E,,=E4—(Ep+Ep), with E, and E, denoting the
lines at almost identical energetic positions, but the intensitylonor and acceptor binding energies, respectively. In Fig.
ratios between these lines vary sensitively with the spot po4(b), the solid line through the data points Bf, is a least-
sition. First, we discuss the line around 3.270 eV, which varsquare fit to the experimental points using Et), which
ies in its spectral position between 3.268 and 3.272 eV foresults in values foE, and Ep of 3.125 eV and 75 meV.
different excitation locations on the crystal. Since we do notCompared to the experimentally founB{,A°) line position
find any other CL line at higher energies on our cubic crys-at 3.150 eV, these values are reasonable, indicating the va-
tals, this luminescence is assigned to the lowest excitonitidity of Eq. (1) for our cubic GaN crystals. Consequently,
transition of cubic GaN. Figuregd and 4b) show the tem- we used the values of the fitting paramet&ts and Ej to
perature T) and intensity () dependence of the line posi- estimate the acceptor binding energy resultinggig=100
tions of the near band-edge CL, respectively. In both graphseV, when the band-gap energy of cubic GaN is assumed to
the full rectangles represent the excitonic transition. Foibe E;=3.300 e\it
T>100 K, the line energyE) approaches the temperature  The important result is that thed, A)-pair transition is
dependence of the band-gap energy)(of cubic GaN ac- closer in energy to the fundamental excitonic transition for
cording to Rarmez-Floreset al® When the excitation den- cubic than for hexagonal Gal:'**"The cubic phase should
sity (electron-beam currenis changedcf. Fig. 4b)], we do  thus exhibit not only a shallow donor, but also a quite shal-
not observe any variation &, as expected for an excitonic low acceptor state, as predicted by the above fitting proce-

FIG. 5. Secondary electron mi-
crograph of the crystals in Fig. 1
superimposed by CL micrographs
recorded at the detection energy of
the cubic fundamental exciton and
(D% A% -pair transition in(a) and
(b), respectively. The crystal of in-
terest is marked by arrows.
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TABLE Il. Peak energy positionén eV) of the CL spectra recorded anGaN crystals at 5 K, FX, BX,
(D% h), (A% e), and 0% A% are the free exciton, bound exciton, donor-band, and acceptor-band transitions,
respectively. LQ and LQ,, are the phonon replicas of the exciton afP(A%)-pair transitions.

FX BX (D% h) (A%e) (D%,A9) LO, LOpa

3.272 3.263 3.234 3.208 3.150 3.185 3.064

dure. Indeed, in the case of the stromd’(A°)-pair CL, we posed by CL images recorded at the excite® and
can recognize two additional weak CL lines between the ex¢D° A% -pair (b) transition energy. The distinct bright re-
citonic and % A%)-pair CL lines[cf. inset of Fig. 3b)]. We gions on top of the cubic crystal marked by arrows, which
assign the lines at 3.234 and 3.208 eV tentatively to free tehange in position and shape betwéanand (b), reflect the
bound transitions involving the neutral donor and acceptokpatial CL intensity distribution, demonstrating that the CL
level, respectively, yielding donor and acceptor binding envyriginates from different crystal facets, when the detection
ergies ofE, =68 andE,=94 meV, respectively. The values gnergy is switched between the excitonic amf,A°)-pair

of this set of binding energies are close to the predicted onggansition.

(Ep=75 meV andE,=100 meV, which demonstrates good  The jgentification of optical transitions from cubic GaN is

a%reerpﬁlnt yvithig the eXp%gn;]en?I CljJ_ncertainty. l\icote t.hatoften made more difficult by the inferior quality of the GaN
when following Haynes rul€ the binding energy of exci- {ayers. Factors responsible for this may include phase mix-

tons bound to both the donor and acceptor are estimated Rg, extended defects, and residual inhomogeneous strain.

be of the order of 10 meV. This value is consistent with theTherefore the photon eneraies of luminescence lines as-
more pronounced low-energy broadening and the shift to ’ P 9

lower energy of the excitonic line in Fig(58 compared with cribed to specific transitions for nominally cubic GaN vary

that in Fig. 3a) considerably between different authors. Values for the cubic
The energy of the emitted photons related to th8,A°) band-gap energy deduced from absorption, reflectance, and
pair is from photoreflectance data scatter around a value of 3.300

eV atT<10 K. Perhaps, the most accurate results were pre-
_ sented by Ramez-Flores etal,'® who obtained
Epa=Eq— (EatEp)+ . 2 E,=(3.302£0.004 eV. Our results concerning cubic GaN
_ ) ) . ) are summarized in Table Il. The exciton CL line energy for
Wh_eree is the dlelectrlc_constant andthe spatlal_ pair sepa-  cybic GaN is determined to be 3.272 eV. This is the highest
ration. The last term arises from the Coulomb interaction of,51ye measured for different excitation locations. Taking into
the carriers. W|thEg=_3.3OO eV, we obtain a \{alue of 12 5ccount arE, of 25-28 meVE, (cubid is estimated to be
meV for this term, which agrees rather well with the value3 297_3 300 eV, which is in excellent agreement with the
assumed in Ref. 11 for hexagonal GaN. o work of Ramrez-Floreset al. Hence, we conclude that the
Finally, the CL lines at 3.185 and 3.064 eV in Fig$a3  pand-gap energy of our crystals is not shifted noticeably by
and 3b), respectively, exhibit one common feature: Their grain “Therefore, the CL spectra of Figs. 2 and 3 are repre-
spectral separation from the main CL lifexciton in(a) and  gentative of optical transitions of unstrained hexagonal and

0 A0 e i
(D",A") pair in (b)] amounts in both cases to 86 meV, sug-cypic GaN, respectively. Moreover, we determine the bound
gesting that they are due to LO-phonon replicas of the '®exciton, the donor-band, the acceptor-band, and donor-

spective transition. _ o acceptor pair transition energies of cubic GaN to be 3.263,
The strong spatial inhomogeneity of the{,A°)-pair CL 3.234, 3.208, and 3.150 eV, respectively.
intensity and the correlated variation of the excitonic CL

indicates that the defects or impurities formin®%A°) The authors would like to thank A. Trampert for transmis-
pairs are inhomogeneously distributed within the cubic GaNsion electron microscopy, G. Jungk and H. Raidt for helpful
crystals. Similar phenomena were observed by Kawaraddiscussions, and H. T. Grahn for a critical revision of the
et al,?% in the case of small diamond particles and are premanuscript. Part of this work was supported by the
sumably related to impurity or defect segregation. Figure Bundesministerium fiu Bildung und Wissenschaft of the
shows a SE micrograph of the crystatd. Fig. 1) superim-  Federal Republic of Germany.
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