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The optical properties of bulk crystals of gallium nitride grown by chloride vapor-phase epitaxy
are investigated. It is shown that these crystals exhibit exciton luminescence bands.

Analysis of the energy positions of the band maxima imply certain conclusions about the
presence or absence of mechanical stresses in the bulk crystals of GaN obtained. Analysis of the
luminescence spectra also reveals that the temperature dependence of the width of the GaN
band gapE, in the temperature range=6—600 K is well described by the expression
Ey(T)=3.51-7.4x10 * T(T+600) * eV. It is estimated that values of the free electron
concentration in these crystals do not exceetf@® . The optical characteristics of

the bulk GaN crystals are compared analytically with literature data on bulk crystals and epitaxial
layers of GaN grown by various methods. 99 American Institute of Physics.
[S1063-782629)00510-4

1. INTRODUCTION fabrication regime, was varied from 1 to @dn/h. A descrip-

tion of the distinctive features of this technology can be
found in Refs. 6—11. In order to investigate optical properties
we used single crystals of GaN with thicknesses-1200

&m separated from the substrate by plasma-chemical etching

The creation of high-efficiency blue and green light-
emitting diodes based on gallium nitridend the fabrication
of a violet injection lasérhave advanced this material to the
ranks of the most intensely studied semiconductors. At thi

2 ity i k-
time, an important factor that retards progress in developin f the Iat;ccelr% and 2'?0 (_apltaxtl_al Itqyers ?f tGal;l W'Ith thick
this material is the lack of an ideal substrate material, ali|€Sses 0 —#m. Prior investigations of structural proper-

though single crystals of GaAs, ZnO, MgO, Mg, and ties of bulk GaN crystals usingray diffractior? showed that

especially A}O; and SiC are actively used as substrates fthe tsimplels tobtan;d cHon|?|st_ dc;:]blofc K s:(r?gle crystaI? of the
heteroepitaxial growth of GaRiThe cardinal solution to the wurtzite polytype (21). Hal-widths of rocking curves from

mismatch probleniwith regard to crystal lattice parameters the N-faget [|.e:, from the (0002 plang obtained n the
and thermal expansion coefficignbetween the epitaxial w-scanning regime were less than 130 arc-sec. Detailed stud-

: . ies of the structural properties of GaN/SiC layers obtained by
layer of GaN and the substrate is obviously to use homoepi loride HVPE and published by us previouSlyalso

taxial methods to make device structures based on GaN. Fg/g d that th 't of bulk sinal al
this reason, methods for obtaining GaN substrates have be&hOWed that tney consist of bulk single crystais. .
PhotoluminescencdL) of the samples was investigated

intensely pursued However, until now only a few publica- . .
tions have addressed the problem of obtaining and charactel: the temperature range=6-600 K. At low temperatures

izing bulk single crystals of GaK;'° a problem which, it 6-50 K the PL was excited by a DRSh-250 mercury lamp

must be asserted, is accompanied by serious technologicglf”th UFS2 f”md ZhS3 filtejs Comparatively low mtensmes.
difficulties. were used in order to exclude the effect of concentration

In this paper we discuss the optical properties of bulksaturation of the optical transitions with participation of im-
purities and defects. The samples were placed in a helium

GaN crystals obtained by the chloride version of halide tat. which all 4 us to obtai . et
vapor-phase epitax§HVPE). We compare the properties of cryostat, which aliowed us to obtain a minimum sampie tem-
perature of 4.2 K. In the high-temperature range we excited

bulk GaN crystals grown in this way with structurally perfect ; : : .
epitaxial layers of GaN grown by the same method on Sub'ghe photoluminescence with a nitrogen laser for convenience
strates of &1-SiC, and also published data on gallium ni- (vyavelength 337.1 nmand the samples were placed in a
tride. nitrogen cryostat, where the sample temperature could be

regulated from 77 to 900 K. By defocusing the laser beam
we were able to decrease the excitation pulse power density
to 100 W/cn? (corresponding to an average pump power
Samples of GaN were obtained at atmospheric pressumensity of 104 W/cn?), which also ensured a low level of
in a horizontal reactor placed in a multizone furnace withexcitation. The spectrum of the luminescence was recorded
resistive heating. As substrates we used crystals of siliconsing an MDR-23 monochromator with a dispersion of 1.3
carbide in its 61 polytype. Growth temperatures were in the nm/mm. The spectral resolution of the apparatus was 0.1 nm
rangeT ;= 950-1050 °C. The growth rate, depending on theor better. In order to obtain absorption spectra in the ultra-

2. TEST SAMPLES AND MEASUREMENT PROCEDURE
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free excitong**® The ratio of intensities of the “yellow”

\ band caused by defects, with a maximum at an enékgy
34676V I =2.2 eV_, tq the intensity of the exciton peak was less than
FWHM 0.033 eV n 0.01. It is important to note that _for our very best_GaN
i samples the value of the full widths at half-maximum
(FWHM) of the exciton bands agreed closely with values
quoted in the literature for structurally perfect epitaxial GaN
layers(see, e.g., Ref. 36which in turn indicates the rather
high structural perfection of our bulk crystals. This also fol-
lows from Figs. 1a and 1b, where we compare PL spectra
from our best bulk GaN crystal with that of a structurally
perfect epitaxial GaN layer, also grown by us, at two tem-
peratures 77 and 300 K. As for the positions of the exciton

J. 409 eV ! band maxima, it is obvious from Figs. 1la and 1b that the
FWHM 0.068eV, peaks of the bulk crystal spectra are shifted$y0.01 eV
A towards higher energies compared to those of the epitaxial
. , , . o . , , GaN layer(for different samples of epitaxial GaN layers on
20 22 24 26 28 30 32 34 36 SiC substrates with different thicknesses and technological

PL intensity , arb. units

how, eV growth regimes, this shift can have values from 0.01 to 0.02
eV). A similar shift in the PL spectra of GaN/SiC layers
b 3457 eV ’ compared to bulk GaN crystals was reported previously by
. e

FWHM 0.025 eV :ll Buyanovaet al.® where it was explained by residual tensile
' i mechanical stresses that arise along the axis of the epitaxial
i layer (i.e., along a plane perpendicular to the principal crys-
i tallographic axisc) when the samples are cooled after epi-
ﬂ taxial growth, primarily due to differences in values of the
" thermal expansion coefficients of GaN and $iThe GaN
f layers used in Ref. 15 were obtained by metallorganic
: chemical vapor depositiofMOCVD) with a buffer layer, in
] contrast to the layers investigated by us, which may explain
|| the somewhat lower values of residual mechanical stresses in
3. 397eV | them, and consequently the lower values of the energy shift,
'.
)
|
\

PL intensity, arb. units

FWHM 0.068 ev observed in that study,in the position of the exciton lines
within the layer compared to bulk materiat-0.008 eVj.
A Using the average value of the energy shift of exciton lines
! L L L L ' 2N obtained in Ref. 17 for a biaxial mechanical stress of 1 GPa
2.0 22 24 26 28 30 32 34 36 in the plane of the GaN epitaxial layér24 meV/GPg we
ho, ev can estimate a value of0.5 GPa for the average tensile
FIG. 1. Photoluminescence spectra of a bulk GaN crysiand a thin(1.5 mechanical stress in the best epitaxial layers obtained by us.
um) epitaxial layer of GaNb) at a temperature of 77 Kdashed curveand We observed the presence of both free and bound exci-
300 K (solid curve. The excitation light comes from a nitrogen laser. tonic states in the low-temperature luminescence shifts. Fig-
ure 2 shows an example of low-temperature photolumines-
violet range we used the MDR-23 monochromator and gence spectra containing the largest number of features for

DDS-30 deuterium lamp. Room-temperature infrared refleco'C of our samples of bulk GaN in the temperature range

. . . 6—-45 K. AtT = 6 K this sample exhibits a peak correspond-
tion spectra in the range 2.5—28n were measured using an . . :
. ing to an exciton bound to a neutral don@BE) with an
IKS-29 two-beam IR spectrometer and two IPO-22 reflection . L .
; ; energy maximumhw= 3.472 eV. In addition, it is easy to
attachments. As a reflection reference we used a mirror layer . .
made of aluminum deposited on glass See two other exciton peaks, which we assume are from an
' exciton bound to an acceptdiABE) with energiesfw
=3.449 and 3.421 eV. On the long-wavelength side we see
the first two donor-acceptor recombination peaks—a zero-
During photoexcitation the GaN crystals luminesced in-phonon peak(3.263 eV} and its LO-phonon (energy ~92
tensely, with a luminescence that was distributed uniformlymeV) replica (3.171 eVj. On the short-wavelength side, in
over the sample area. The luminescence spectrum of bulkhe region 3.48—3.49 eV we see a weakly expressed shoulder
GaN crystals, like that of epitaxial GaN layers, is dominatedwhose energy position corresponds to the free exotdn
by the exciton luminescence bar(ig. 1). In the low- =1)."*ltis clear from Fig. 2 that the donor-bound exciton
temperature region, the dominant band of luminescenckne at 3.472 eV, which corresponds to the lowest binding
arises from excitons bound at a neutral donor, while at higtenergy(~ 4 meV), quenches most rapidly with increasing

temperatures the dominant band is from recombination ofemperature. The two emission lines of the acceptor-bound

3. EXPERIMENTAL RESULTS AND DISCUSSION
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stressed bulk GaN crystals. In our view, all these results
point to the absence, or at least weakness, of mechanical
stresses in our samples after their removal from the substrate.
At the same time, the ratio of intensities of lines from bound
excitons for our samples differ somewhat from those re-
ported in Ref. 19, e.g., for the sample in Fig. 2, the acceptor-
bound exciton lines are rather intense and broad. A possible
explanation for this could be stoichiometric nonuniformity of
our sample, and also local electric fields which cause fluc-
tuations in charged impurities leading to Stark shifts. We
note that the more structually perfect the samples of GaN
are, the weaker are the inhomogeneous broadening and
acceptor-bound exciton lines and the narrower the exciton
spectrum(for example, even at high temperatures the values
of the FWHM for the bulk sample of GaN shown in Fig. 1la
are considerably smaller— 0.033 eV at 77 K and 0.068 eV at
300 K— than for the sample shown in Fig. 2, i.e., 0.086 eV
at 6 K). The temperature broadening of the exciton spectrum
== ‘ ) . we obtained for the highest-quality samples of bulk GaN is
3.1 3.2 3.3 J.4 J.§ J.6 well described by a linear law with a slope of X80 4
fiw, eV eV/K in the temperature range 77-600 K.
. When we increased the temperature to 300 K, we ob-
FIG. 2. Low-temperature photoluminescence spectra of a sample of bulk .. . .
GaN crystal at temperaturésom top to bottorh of 6, 10, 15, 20, 30, and 45 served an additional temperature- induced quenching of the
K. Excitation light comes from a DRSh- 250 lamp. luminescence spectrum for all the bands, with the bound-
exciton bands decaying more rapidly than the free-exciton
bands due to the considerably larger binding energy of the
exciton atfiw= 3.449 and 3.421 eV quench much more |atter (~30 meV for the ground state of theexcitort*2%-2},
slowly, so that atT=45 K the predominant line for this At higher temperaturesT(= 500—-60(K) the temperature-
sample is still the emission line at 3.449 eV, the most intenséhduced quenching of the exciton luminescence bands occurs
line in the spectrum. The emission peaks due to donormore rapidly than we would expect, starting from values of
acceptor pairs shift towards shorter wavelengths as the tenhe binding energy for freé\-excitons mentioned above;
perature increases, which corresponds to the decay of paitRerefore, we assume that nonradiative recombination pro-
with the lowest binding energ§i.e., the most distant pais  cesses play a dominant role.
The transition from donor-acceptor emission to emission via  Figure 3 shows the temperature dependence of the width
band-acceptor transitions occurs at a temperalur80 K,  of the bandgajE, obtained by analyzing the position of the
since atT>80 K the observed emission is no longer de-free-exciton luminescence band for bulk crystals of GaN and
scribed by the donor-acceptor mechanism. The energy posépitaxial GaN layeré? There we plot data from Ref. 23 on
tion of an exciton bound to a neutral donor is in rather goodthe temperature dependence of the band gap calculated from
agreement with the energy position of the donor-bound exthe optical absorption spectra of bulk crystals of GaN ob-
citon published in Refs. 14 and 15 for bulk GaN without tajned at high pressur@ig. 3, curve2). Using the standard
mechanical stressé¢$able ). On the other hand, the donor- empirical expression for the temperature dependence of the

bound exciton appears at an energy position thatid0  band gap of semiconductors to approximate the experimental
meV lower in the PL spectra of thi~1um) epitaxial layers  data shown in Fig. 3Ref. 24.

of GaN grown by the same method in our apparatus, and not

detached from a SiC substrdfeThe energy positions of Eg=E4(0)—yTAT+pB) "1, (1)
excitons bound at an accept@¥ig. 2) are likewise close to

the numbers published in Ref. 19 for mechanically un-whereEgy(0) is the band gap at 0 K, anfl and y are em-

ardb. units

PL intensity,

TABLE |. Parameters of low-temperature exciton luminescence from epitaxial layers and bulk single crystals of GaN.

Thickness, FE DBE ABE Mechanical

pum Substrate  T4,°C Method fw, eV (T, K) ho, eV (T, K) fo, eV (T, K) stress Literature
100-200 None ~1000 HVPE 3.48-3.49(6) 3.472(6) 3.449(6) None Data from Refs.

3.421(6)
>500 None ~1000 HVPE 3.479-3.480(2) 3.473-3.474(2) None 14,15,19
2 6H-SiC ~1000 HVPE 3.4726) 3.464(6) Tension 18
along layer
<10 6H- SiC ~1000 MOCVD 3.472(2) 3.466(2) Tension 14 and 15

along layer
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36 —— 7T 7 TABLE Il. Nonlinear coefficients of the temperature dependeBgéT)

obtained for bulk crystals and epitaxial layers of gallium nitride.

~ 2 Sample type Experimental methogt, 10 % eV/K B, K Literature

— N Layer GaN/ALO; Luminescence 7.2 600 (Ref. 30

5 1 N\ n Layer GaN/ALO; Optical absorption 9.39 772 (Ref. 23
"~ }\ N Layer GaN/SiC Luminescence 7.7 600Ref. 22
~. \ Bulk GaN crystal Optical absorption 10.8 745Ref. 23

o~ \ Bulk GaN crystal Luminescence 7.4 600 This work

3.5

T

suming a classical parabolic band and ignoring exciton ef-
"N\ fect9 lies in the range 3.31-3.32 eV for various samples of
. GaN, which is roughly 0.13 eV lower in energy than the
3.3r *\'*§ value expected from the photoluminescence re$aksindi-
' ted by the data shown in Fig. 1a, the value of the band gap
=3.51-0.0007% - T%/(T+ \ ca ’
| £ (7)=3.9770.0007-T7/(T+600) at T= 300 K should beE,(300 K)= 3.436 eV,
In the infrared reflection spectrum, the lattice resonance
— (reststrahl band which extends from 13.7 to 18,8m and
500 600 - .
whose boundaries correspond to energies for the transverse
(TO) and longitudinal LO) optical phonons,is quite in-
FIG. 3. Temperature dependence of the width of the optical ban&g@  tense, which also attests to the relatively high structural qual-
for bulk crystals of GaN grown by chloride HVP@). For comparison we  jty of the crystals obtainedFig. 4). In Fig. 4 we show for
show the dependence of the energy po_sition of the optical absorption edg@omparison the reflection spectrum of a structurally perfect
for bulk crystals of GaN obtained at high pressRef. 23 (2) and the itaxial GaN | sic bstraigashed W
function E¢(T) obtained from the exciton luminescence data of Ref. 22 for EPI@XIAl LA fayer on a 1L subs refgashe CUM? e .
thin (~1um) epitaxial layers of GaN grown by MOCVDma 6 H-sic  hote the good agreement between the two spectra in Fig. 4 in
substrate(3). the lattice resonancg@eststrahl bandof GaN, and also the
appearance in the spectrum of the epitaxial layer of an addi-

irical h h i oft q tional resonance in the region 16-32.8 um, which corre-
pirical constantshere the parametef is often connecte sponds to the silicon carbide substrateEstimates of the

}N'thhthe Def?y_e tem_peéatli)r,e/r\]/e opta|n thifogowmg values values of theTO- and LO-phonon frequencie$560 and
or the coefficients in Eq(1) that give us the best agreement 730-749 cm?, respectively from the IR reflection spectra

with the experimental datéFig. 3, curvel): E4(0)=3.51 of the bulk GaN crystals are in good agreement with results

eV, y=7.4x10 * eV/K, and3=600 K. It is clear from Fig. - -
obtained previously by Raman spectroscbmnd for the
3 that, ignoring the effect of residual mechanical stresses, the P y P =4

agreement between the curves for our bulk crystals and epi-

1 ! L ! ! ! 1 J
0 100 200 300 400
T, K

3.2

taxial layers of GaN is good. On the other hand, the bulk Wavelength pm

crystals of GaN grown in Ref. 23 at high pressuFég. 3, 4 5 10 20
curve2) exhibit a considerably larger value for the band gap '

compared to our samples of GaN. This is most likely due to LO: 730-740 cm~"

the Burstein—Moss effeéb, given the high concentration of T0: 560 cm 1

free electrons in these crystdlen the order of 1€cm 3 a0

(Ref. 23]. In contrast, the concentration of free electrons is
relatively low in the samples of GaN we investigated,; in fact,

it never exceeds the Mott linfft (this is confirmed by the & 5|

existence of an excitonic luminescence bamaah estimate for - A
which is ny=(0.26k5)°=7%x10"cm 2 (hereag=2.9nm g 1 :
is the Bohr radius of an excitonThe values reported above 5 :

T

LS

for the nonlinear coefficients in the temperature dependencez 40
of E4 are in satisfactory agreement with those obtained pre- &
viously for epitaxial GaN layefé (Table I). The difference
in values of the nonlinear coefficiengand y for bulk crys- 20}
tals of GaN obtained at high pressufieble Il) can be quali- — ==~
tatively explaine@® by the temperature dependence of the
Burstein-Moss effect. \ ) X )
The most structurally perfect of all the GaN crystals ob- 02500 2000 1500 1000 500
tained by us was visually colorless and in the visible region Wave number, cm~1

. . o
possessed a rather hlgh optlcal tranSpareanyund 60% for FIG. 4. IR reflection spectra for a bulk crystal of G&dblid curvg and an

a thickness of 10@um). The value of the band gap obtained gpjtaxial layer of GaN with thickness 3,m on a SiC substratédashed
by measuring the optical absorption edgelat 300 K (as-  curve. T = 300 K.

/

!
{
1
t

'
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LO-phonon there is good agreement with the photolumines- Krivolapchyuk, M. P. Scheglov, and Yu. V. Zhilyaev, Inst. Phys. Conf.
cence datésee the text above and Fig. Zhe location of the ~ Ser.155 191(1997.
minimum in the reflection near the resonance, which is sen-,E - Mokhovand Y. A. Vodakov, Inst. Phys. Conf. S£65, 177(1997.

" . é?& ds t R. J. Molnar, P. Maki, R. Aggarwal, Z. L. Liau, E. R. Brown, |. Meln-
va? to the Concentratlonpf free carri orresponds 1o a gailis, W. Gotz, L. T. Romano, and N. M. Johnson, Mater. Res. Soc.
relatively low concentration of free electrongess than Symp. Proc423 221(1996.

10¥cm™3; see Ref. 29 which again agrees with lumines- *°V. A. Ivantsov, V. A. Sukhoveev, V. I. Nikolaev, I. P. Nikolaev, and V. A.
cence data Dmitriev, Fiz. Tverd. Tela(St. Petersbung39, 858 (1997 [Phys. Solid

. . . State39, 946 (1997)].
Thus, we have investigated several features of the Optiniy,, . Melnik, I. P. Nikitina, A. S. Zubrilov, A. A. Sitnikova, Yu. G.

cal properties of bulk GaN crystals obtained by using the musikhin, and V. A. Dmitriev, Inst. Phys. Conf. Ser42, 863 (1996.
chloride version of HVPE. We have established that theséZV._E. Sizov and K. V. Vassilevski, NATO ASI, Ser. 3. High Technology,
crystals have a bright excitonic luminescence, and that theirW'de Ba_ndgap ‘Electronlc Materialedited by M. A. Prelast al. (Kluwer
tra are similar to those of structurally perfect thin epi Academic Publishers, 1998, p. 427.
Spec s yp ) PlRsyy, v, Melnik, I. P. Nikitina, A. E. Nikolaev, D. V. Tsvetkov, A. A.
taxial layers of GaN. What differences there are primarily sitnikova, and V. A. Dmitriev, Abstracts 1st Europ. Conf. on Silicon
involve exact energy positions of excitonic bands, which in Carbide and Related MateiHeraklion, Greece, 1996p. 79.
. 14 .
the case of bulk crystals correspond to mechanically un- :B.A'\I(llonekmahl;;Ré IP-t Bergg‘a’:l‘;t !-dA-SBUYa”O(;’aé&Vg-Z'HQ';éAma”O' and
. o . asakl, nternet J. Nitriae semicona. .
stressed states of gallium nitride. We have shown that the:,I_A_ Buyanova, J. P. Bergman, and B. Monemar, Appl. Phys. Bet9),
temperature dependence of the band gap for these GaN cryss (199¢.
tals in the temperature range 6—600 K can be described byA. S. Zubrilov, Yu. V. Melnik, D. V. Tsvetkov, V. E. Bugrov, A. E.
the expressiofEy(T)=3.51-7.4x10 4 TXT+600) !, eV. 2'1';0('?3;7)8[; Stmanovsy and V. g-nggr(i%b ;']z Tekh. Poluprovc@ih.
H H H _ oV. yS. Ssemicon , .
l_JSIhg photollummescencg and IR reflection, we have eStahJW. Rieger, T. Metzger, H. Angerer, R. Dimitrov, O. Ambacher, and M.
I|§hed that, in contrast with b_ulk crystals of GaN grown at  syytzmann, Appl. Phys. Let68, 970 (1996.
high pressure, the concentration of free electrons in the bulkb. K. Nelson, Yu. V. Melnik, A. V. Selkin, M. A. Jacobson, V. A.
Crysta|s is no more than 1%m*3, i.e., far from degeneracy_ Dmitriev, K. G. Irvine, and C. H. Carter, Jr., Fiz. Tverd. TéBt. Peters-

; . burg 38, 822(1996 [Phys. Solid Stat@8, 940 (1996].
We found that the band gap determined from the optlcalgB. Monemar, J. P. Bergman, H. Amano. I. Akasaki, T. Detchprohm.

absorptlon edge for our b_UIk cry_stals 1S Shlfl(élj’ about (_)'1 K. Hiramatsu, and N. Sawakiternational Symposium on Blue Laser and
eV towards lower energiggelative to the value obtained Light Emitting Diodes(Chiba Univ., Japan, 1996
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