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Photoluminescence of carbon in situ doped GaN grown by halide vapor
phase epitaxy
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Carbon wasin situ doped into GaN during halide vapor phase epitaxy and photoluminescence
properties of the C-doped GaN film were investigated. It has been found that incorporation of
carbon into GaN produces a significant yellow luminescence around 2.2 eV. The peak position of
the yellow band blueshifts linearly and the intensity of that band monotonically decreases with
measurement temperature, with systematic changes in the linewidth. These results suggest that
multiple donor—acceptor recombination channels are involved in the yellow luminescence.
© 1998 American Institute of Physids$0003-695(98)02013-7

Recent advances in GaN-based matefiaisch as light- therefore a suitable technique to study the correlation be-
emitting diodesLEDs),? have stimulated worldwide interest tween YL and C atoms in GaN bintentional C doping
in developing novel GaN-based optoelectronic and electroniduring GaN growth. In this letter, we will report on the PL
devices. Although a GaN continuous-walesv) injection la-  properties of C-doped GaN grown by HVPE. We have found
ser diode has successfully been operated at room temperatuhet incorporation of C into GaN produces significant YL in
with a lifetime greater than 1000*hsome persistent prob- these HVPE-grown GaN layers. PL measurements operated
lems in GaN material have to be resolved in order to realizeat variable temperature show a clear dependence of peak
higher performance devices. One such problem is the behaposition, peak width, and intensity of YL on the measure-
ior and impact of carbon impurities in GaN. Carbon is one ofment temperature. All results indicate that there are multiple
the most common contaminants in the metalorganic vapotransition channels involved in YL. Comparison of the PL
phase epitaxyMOVPE) of GaN* Carbon impurities in GaN  properties of C-doped GaN films to those of non-C-doped
are thought to occupy anion sites and act as accepfors. GaN samples have also shown that a variety of recombina-
Carbon may also combine with other defects, such as Gaon mechanisms lead to the appearance of the PL band in the
vacancie<, due to the electronegativity and size differencesyL energy regime.
between the carbon impurity and host atom. Carbon impuri-  All GaN samples were grown o0001) sapphire sub-
ties are also believed to be related to yellow luminescencstrates in a horizontal atmospheric pressure HVPE system.
(YL) in GaN/~'° Some of the initial photoluminescence Details of the reactor and growth technique were described
(PL) studies on C-doped GaN were carried out by Pankovelsewheré? The reactive gases were injected into the cham-
and Hutchby. They reported that C-implanted GaN exhib- ber by separate inlets and mixed just above substrate to pre-
ited a strong yellow luminescence band centered around 2..vent premature gas phase reactions.;N¥as used as the
eV at 78 K. This band was attributed to defects arising fromnitrogen source and the mole fraction of Ni#as kept ap-
implantation damage, since the YL band could also be seeproximately constant aKnp,= 0.11. HCI was reacted at a

in samples implanted with other elemefSgino and Aokl high temperature with the liquid Ga to form GaCl. The GaCl
found that the YL in both GaN microcrystal powder andyas transported to the substrate which was held at a higher
needlelike crystals was greatly enhanced by intentional introgemperature. Temperature of the Ga boat was kept at 850 °C
duction of carbon into those materials. They concluded thajyjle the substrate temperature was 1030 °Ewhis used as
the carbon impurities were crucial for YL. The YL was sug- carrier gas. The input ratio of NHo HCI was 30. The only
gested to involve a radiative transition between a shallowntentional dopant specie was carbon, supplied as high purity
donor, with the ionization energy of25 meV, and a deep 1094 propane in hydrogen mixture. The propanetiixture

acceptor, situated 860 meV above the top of the valencg s added to the growth system through a separatsufier
band? Polyakovet al® and Niebuhret al® have also attrib- jine 12 The mole fraction of GHg in the reactor was varied

uted the observed YL in GaN grown by MOVPE to carbonfom 1.8<10°% to 3.3<10°3. The growth rate under that

impurities. The halide vapor phase epitafVPE) tech-  congition was in the range of 1—1m/min and the thick-
nique does not use carbon containing source materials bylegs of samples was between 30 andu80. The surface
only uses NH, HCI, and ultrapure Ga to synthesize morphology was dominated by hexagonal surface features
GaN:=™" Carbon would only appear in these materials as aynd very regular cracks. The cracks were due to the differ-
unintentional dopant. The YL ban(g_ln typical HVPE-grown entia| thermal expansion between the GaN film and the sap-
GaN is either absent or very weéak?in agreement with the phire substrate.

lack of carbon in the growth system. HVPE-grown GaN is The double-crystal x-ray diffraction technique was used
to characterize the structural properties of the epitaxial films.
dElectronic mail: kuech@engr.wisc.edu The rocking-curve measurements gave a range of full width
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FIG. 1. PL spectrum of intentionally C-doped GaN film @901 sapphire
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under 2.5 Wi/crhexcitation of the 325 nm line of a HeCd laser. The FWHM Photon energy (eV) Photon energy (eV)
of the BE band is~7.4 meV. The C-induced YL band is identified, but
reduced by a factor of 100 when compared to the BE band. FIG. 2. PL spectra of HVPE-grown C-doped GaN at various measurement

temperatures over the energy ranges of 3.1-3.54a&\and 1.75-3.1 eV

. (b). The peak position, FWHM and intensity of the BE band change dra-
half maximum (FWHM) from 495 to 869 arcsec. All matically from 20 to 300 Ka) while those of the YL band change very little

samples were type. over the same temperature range

The C doping efficiency was studied through the use of
secondary ion mass spectrosc@fyMS). Two samples have other techniques grown materials, responsible for the YL
been tested and compared. One sample was grown by thgnd.
NH;—GaCIl-N system, while another was grown with the Figures 2a) and Zb) display PL spectra of sample A
addition of 15 sccm @Hg/H, into the systentnamed sample  determined over the temperature range of 20—300 K for the
A hereaftey. The unintentionally doped sample had a mea-energy ranges of 3.1-3.54 eV and 1.75-3.1 eV, respectively.
sured carbon concentration that wa® x 10'6, which is at | Fig. 2(a), the BE peak becomes broader and less intense,
the detection limit of the SIMS measurement for carbon. Theand the energy position of that peak shifts to low energy side
presence of a propane mole fraction %¢,,=1.8<10™*  as temperature increases, similar to other results reported in
lead to a rapid increase in the carbon content up to a medhe literature:® At T= 20 K, the BE peak is located at 3.4862
sured value of %10 cm 3. The room-temperature Hall eV with the FWHM of 9.8 meV. AfT=300 K, the BE band
measurement on this sample gave an electron concentratiomoves to 3.4254 eV and the FWHM becomes 53.5 meV. The
of 4x10* cm™3. This result indicates that although carbon intensity of the BE luminescence decreases by a factor of
is considered to be an acceptor, there is continued compeabout 100 from 20 K to room temperature. It can also be
sation of the incorporated carbon by the generation or incorseen from Fig. @) that another wide emission band centered
poration of additional shallow donors. These shallow donoraround 3.35—-3.4 eV becomes visible and comparable to the
continue to dominate the electrical properties of the GaNBE band when the temperature is increased from 20 to 300
film. The measured room-temperature Hall mobility of thatK.
sample was 90 cfv 1 s7L The intensity and peak position of the YL bands in Fig.

Photoluminescence was employed to study the optica(b) are less temperature dependent than the BE band shown
properties of GaN samples. The PL was excited by the 32# Fig. 2@). From 20 to 300 K, the intensity of the YL only
nm line of a HeCd laser and the excitation power intensitydecreases by half while the peak position shift285 meV.
was 2.5 W/crA. All C-doped samples showed both sharp The FWHM of the YL band changes very little from about
band edgeBE) luminescence and the YL band at both low 0.49 eV at 20 K to 0.475 eV at 300 K. All parameters of the
and room temperature. A typical low-temperature PL specYL band are summarized in Fig. 3. The change in the YL
trum, where the measurement temperature was 11.5 K, gfeak position can be well described by a linear lavi
sample A is presented in Fig. 1. In that figure, the two major=1.0& T, which agrees well with the configuration coordi-
luminescence bands are shown with the BE band being mosiate (CC) model for donor—acceptor pair recombinatién.
prominent. The FWHM of the BE peak at that temperature isThe proportionality factor of 1.08 is, however, almost half of
7.4 meV for this intentionally C-doped GaN sample. Therethat calculated from data in Ref. 8. The YL band peak posi-
are several individual bound exciton and free exciton peakson presented here is also substantially different from that
contained within our BE peak At very low measurement reported by Ogino and AoKiwhere the YL peak shifts to a
temperatures, such as 11.5 K in Fig. 1, the principal contrifower energy due to a combining effect of both the tempera-
bution to the BE peak should be due to excitons bound to theure dependence of the energy gap and the linear shift ex-
donors attributed to thea-type background doping. At a pected in the CC model as the measurement temperature in-
much lower emission intensity, a broad luminescence bandreased. These results indicate that the shallow states
around 560 nm emerges. The intensity of this YL band isinvolved in the YL transition in the HVPE-grown GaN lay-
two orders less than that of the BE band under our measurers are less influenced by the temperature-induced change of
ment conditions. This intensity difference is associated wittthe band edge.

the reduced concentration of defects, relative to MOVPE and The intensity of the YL band in the GaN:C films de-
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close to or at the SIMS detection limit. In the ‘SHtloped”
\v\ (a) sample, a strong YL band is observable and comparable to
A the BE band at both low and room temperatures. The vari-
i \\' able temperature PL spectra show substantial differences in
T~ the YL peak position, intensity, and FWHM when compared
to the C-doped samples. These results again support the idea
AAA that there are multiple origins for the spectral features in the
osol X ‘\ (b) wavelength regime associated with the YL band. The YL
/ band can be induced by a variety of mechanisms with the
P A A features of the YL band that are C-doping related presented
0.48\ \\ here. The detailed characteristics of the j‘#bped”
A samples will be presented elsewhere.
In conclusion, photoluminescence propertiesirofsitu
- C-doped GaN grown by HVPE have been studied. We have
found that direct and controlled incorporation of carbon into
GaN can produce a significant YL band. The energy position
(c) of the YL band blueshifts linearly and the intensity of the YL
band decreases monotonically with temperature. The tem-
0 50 100 150 200 250 300 perature dependence of the FWHM of the YL peak implies
that there are multiple channels related to the YL band in
these films. Comparison of the PL properties of C-doped
FIG. 3. Temperature dependence of the peak position, FWHM and intensitg3aN films to those of GaN samples grown in the presence of
of the YL band. Note that the peak position shifts in a linear fashion togdditional H in the growth ambient have shown that the PL

higher energy, in agreement with a configuration coordinate model Offeatures of the YL range can originate from different mecha-
donor—acceptor pair recombinati¢eee Ref. 11 The complex dependence

of the YL FWHM on temperature indicates that there are multiple recom-NISMS.
bination channels involved in the YL band.

I, (a.u)
o
4
4

FWHM ., (eV)

2240

2.23L

L (eV)

w2220 g gw
u

Temperature (K)

The authors would like to acknowledge financial support
of the Naval Research Laboratory, the DARPA URI visible

creases monotonically from low to high temperature and thigight emitters, and the facilities support of the NSF Materials
dependence cannot be fit a simple single exponential curv@®esearch Science and Engineering Center on Nanostructured
In fitting low-temperature data, an activation energy of 8.6Materials and Interfaces.
meV can be obtained. The FWHM of YL band exhibits a
complex behavior with temperature, i.e., the FWHM initially
increases and then decreases as measurement temperaturegSyakamura, M. Senoh, and T. Mukai, Jpn. J. Appl. Phys., P&0,2
increased. The nonexponential behavior of the peak intensityL1708 (1992.
combined with the complex dependence of the FWHM im- iih N??imeavat-hMlga’i\'l ?”d 'V'Hse?;)h' J. AF;I_O'- Ph@?-$189(1934>- ]
ples that there were multple recombination channels con- 1 et of e Gatase has been contpuously e and i
tributing to the YL band. These channels, arising from dif- 4p_ge Mierry, 0. Ambacher, H. Kratzer, and M. Stutzmann, Phys. Status
ferent chemical or physical origins, will each have a separate Solidi A 158 587 (1996.
temperature dependence. The peak width and position of thé]' C. Zolper, R. G. Wilson, S. J. Pearton, and R. A. Stall, Appl. Phys. Lett.
?ntire YL band Wi” t,’e dgpeqdent on the relative Conce:mra'Ggéyl?]igﬁts)e(ﬂ.r?;ﬁy, J. D. MacKenzie, S. J. Pearton, and W. S. Hobson, Appl.
tion and recombination kinetics of these channels leading to phys. Lett.66, 1969(1995.
a complex behavior with temperature. Our measurements inlJ. I. Pankove and J. A. Hutchby, J. Appl. Ph¥3, 5387 (1976.

. . . 8 H :
dicate that this defect luminescence band has a complex orisT- ©9ino and M. Aok, Jpn. J. Appl. Phy&8, 2395(1980.
A. Y. Polyakov, M. Shin, J. A. Freitas, M. Skowronski, D. W. Greve, and

gin, both chemically and physically. _ R. G. Wilson, J. Appl. Phys80, 6349(1996.

In order to distinguish whether the;dg or the H, intro-  °R. Niebuhr, K. Bachem, K. Bombrowski, M. Maier, W. Pletschen, and U.
duced in the gHg/H, mixture in the growth system leads to llKaufmann, J. Electron. Mate4, 1531(1995. N
the appearance of the YL band, GaN films were grown by R. J. Molnar, K. B. Nichols, P. Maki, E. R. Brown, and |. Melngailis,

der th ditions of the C-doped sam IeﬁMater. Res. Soc. Symp. Prog78 479 (1995.
HVPE under the same conditi . p Pl€BN. R. Perkins, M. N. Horton, Z. Z. Bandic, T. C. McGill, and T. F. Kuech,
except for the absence of;Eg but in the presence of the  Mater. Res. Soc. Symp. Prog95, 243 (1996.
additional H flow and studied by PE> The typical back- 13\év.|§ha§. T. J. ?Chrr?idt’ x.ﬁlg- Jga”(‘”ggsj' Hwang, J. J. Song, and B.
: ; ‘o ” oldenberg, Appl. Phys. Leté6, 985 (1 .
ground Carb,on concentration m(;llgese% HOp?d §amples 14c. C. Klick and J. H. SchulmarBolid State Physic®dited by F. Seitz and
was determined by SIMS-4X 10" cm™®, which is about D. Turnbull (Academic, New York, 1957 Vol. 5, p. 99.

two orders lower than the intentional C-doped samples anéfR. Zhang and T. F. Kuech, J. Electron Matéa be publishey

Downloaded 04 Jan 2007 to 128.104.30.229. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



