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GaK-edge x-ray absorption measurements were employed to investigate Mg-doping effects in GaN
samples. Strong polarization-dependent x-ray absorption near-edge structures become less
pronounced with increasing doping concentration, indicating the formation of a mixing-phase
structure of cubic and hexagonal phases. Analysis of the extended x-ray absorption region of the
spectra revealed doping-related defects such as vacancies, substitutions, and interstitial occupations.
They were formed anisotropically in the crystal axis direction and its perpendiculars.
Disorderliness arising from phase mix and defects is believed to have lowered the Debye
temperature of the doped GaN films and caused the destructive interference of the absorption
fine-structure oscillation functions. These effects were taken into account for the observed large
coordination number reductions in our samples. 2@01 American Institute of Physics.

[DOI: 10.1063/1.1337636

With wide direct-band-gap and high thermal stability, from ~10' to ~10?°cm™2 from secondary ion mass spec-
group-lll nitride semiconductors are commonly used i”trometry datd
short-wavelength light emitters and detectors as well as high- g4 K-edge XAFS measurements were performed at the
temperature and high-power electronic devite@ne of the  iggler beamline BL17C in the Synchrotron Radiation Re-
major obstacles irp-type ?aNﬁgrowth is the limitation of = search CentefSRRQ of Taiwan. The photon energy for the
carrier concentration<10'*cm =), which makes the fabri- - xAFs covered the range between 10 200 and 11 300 eV. The
cation of GaN-based laser diodes very difficulintil now, intensity of the incidence x ray was monitored by afled
Mg has been known to be one of the bpdype dopants for  jgpization chamber and the fluorescence emitted from the
GaN. However, owing to its low activation efficiency sample was measured by an argon-filled Stern—Heald—Lytle
(<10%), an optimal Mg |ncor_;)3orat|on concentration gener- gatector. A Si111) double-crystal monochromator with a 0.5
ally requires more than #Bcm™ to meet device-fabrication iy entrance slit was used. A zn filter was inserted between
quality. In such a high doping concentration, the hexagonajhe sample and the detector window to reduce the noise from
lattice can be distorted by local stress and stacking féunsscattering and to improve the spectrum quality.
Recently, cubic-phase GaN and other doping-related defects Figures 1a) and 1b) depict the G&-edge x-ray absorp-
were also reported in high doping samplesin this letter,  tion near-edge structuréANES) spectra for GaN samples
we examined our samples with x-ray absorption fines, the grazing(electric-field vectorEL ¢ axis and normal
structure(XAFS) measurements. The analysis of the data did g ¢ axig) incidence angles, respectively. The four samples
not result in a clear result until model simulations were madesyamined are undopedu-), lightly Mg-doped (CpMg
in examining the possible cases. . =0.02umol/min, [Mg]=10cm™3), heavily Mg-doped

Undoped and Mg-doped GaN ;ample(hckness (Cp,Mg=0.79zmol/min, [Mg]=2x 10?°cm3), and amor-
~0.5-1um) were grown on(00021) sapphire substrates at a phous (a-) GaN. We shall call the Mg]~2x 10?°cm™3
temperature of 1075 °C by an atmospheric-pressure horizoré—amme “the No. 633 sample.” The reference sample
tal metalorganic vapor-phase epitaOVPE) reactor. For  5_gan; results in both Figs.(4) and Xb) show independent
undoped GaN growth, trimethylgalliuffMGa) and ammo-  arization effects due to their amorphous characteristic. In
nia (NHs) were used as the Ga and N precursors with floweonirast, the other three samples exhibit strong polarization
rates of 10.4umol/min and 0.7 slm, respectively. For doped gffects. Similar polarization variations on group-Kredge
GaN growth, a flow of biscyclopentadienylmagnesiumyanEgs were also observed for AIN and IfNThis is attrib-
(CpeMg) from 0.02 to 0.79umol/min was introduced. The a4 10 the anisotropic distribution of tiepartial density of
Mg solid concentrations of all samples were estimated to bgateg p-DOS) in the conduction band along the hexagonal
c axis and its perpendiculafsin Figs. a) and Xb), the
dElectronic mail: whchen@cc.nctu.edu.tw XANES intensity interference oscillations are seen to attenu-
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32 Appl. Phys. Lett., Vol. 78, No. 1, 1 January 2001 Pan et al.

(a) ab-plane (£ L ¢) (b) c-axis (E// c) (a) ab-plane (E 1 ¢) (b) c-axis (E/l ¢)
GaN:Mg GaN:Mg
Cp,Mg Cp,Mg Cp,Mg Cp,Mg
(zmol/min) {kmol/min (emol/min) {(umol/min
0 0 a ]
-— ‘c ]
] s
= .
S -
3 5 0.02 0.02,
R
a @
8 o
0.12
-y ‘2 0.12
5 2
£ a-GaN a-GaN = 0.3 0.32
=
w 0.6
84 0.64
oy S\ o om
1 N A 1 1 1 I 1 A RS 1 AN 1 =
1036 1040 10.44  10.36 1040  10.44 0 1 2 3 4 5 6 1 2 3 4 5 6
Photon Energy (keV Photon Energy (keV 2 A
gy (keV) t gy (keV) R (A) R (A)

FIG. 1. GaK-edge XANES spectra from undoped, lightly Mg-doped,
heavily Mg-doped(No. 633, and amorphous GaN films ife) ab-plane
(ELc) and(b) c axis (Ellc) polarization modes.

FIG. 2. Fourier transform{(FT) magnitudes for G&-edge EXAFS from
GaN films grown with various GiMg flow rates in(a) ab-plane ELc) and
(b) c axis (Elic) polarization modes.

ate with the increasing dopant concentration, suggesting th@uc axis andE L ¢ axis, respectively, in the full concentra-

the electron density of the conduction band is decreased,, range. However, in the second shell, they reduced from
This tendency is also consistent with PL results of an earlieg_o to ~2.1 and from 6 to~5.5 for the two polarization
report;® where the intensity of the near-band emission deqges, respectively. Based on our Raman results, the GaN
creases as the Mg incorporation increases. We see the damfysiajiine structure is relatively well presen@dhus, we

ing effect is more pronounced in thgic axis case than in  5yqe that these reductions must be due to reasons other than
the EL c axis case, revealing the influence of the Mg impu- 4 simple great amount of vacancy defects.

rity on the p-DOS along thec axis direction is more signifi- To examine the possible causes for the observed coordi-
cant than in theab plane. nation number reductions in thglc axis case, we took one
Extended XAFSEXAFS) analyses of the samples were stepy pack to the comparison kity(k) in thek space for the
carried out using theerF7program packadzéand the result-  No, 633 data and the simulated curves of the models. In
ing Fourier transform{(FT) magnitudes ok x(K) versus ra-  thesek-power multiplied interference functions g{k), it is
dial distanceR for the cases of th&L c axis andElc axis  easjer to see the envelope and frequency changes of the en-
are shown in Figs. (@) and 2b), respectively. Again, the FT  compassed sinusoidal wave. We first comparedw@aN
magnitude attenuation with the increasing Mg concentratiorp<2_mu|tip|ied data fromauToBk and thek?y(k) of the gen-

is more pronounced.in thEllc axis than in theELc axis.  erated hexagonal GaN results in Figa/ AUTOBK is a back-
The first two shell distanceRg,_n and Rg,_ca €Xtracted

from Figs. Za) and 2b) using thererFIT fitting program for

the two incident angles are shown in Fig&)3and 3b). The 200 (a) B EL caxis (c)
first-shell distanceRg,_p Slightly decreases as the Mg con- ® Ell c-axis re.
centration increases in both polarization modes. Opposite tc?.:'% = a- m
that, the second-shell distanBg,_g,in Fig. 3b) increases .8 2 "m
slightly. The shortening oRg,_y and the lengthening of 5 "%/ g tom-m._ |3 ¢ e,
Rca_caWith the increasing dopant concentration can be un-:fe ® e 0" N e
derstood qualitatively from the larger atomic radius of Mg ™ 1941 B £l caxis
than that of G&? In high concentration samples, more Mg ® EJj c-axis
atoms push N towards Ga, causing the reductioRgf_y. T AR T )
The lengthening oRg,_g, however, would be caused by _ 6 W-m.g -
the bond-angle distortion in the normal GaN lattice. s 8 : oo

Figures 3c) and 3d) show the first two shells’ coordi- 8 z e
nation numbersNg,_n and Nga_ga in both polarization 5320 - 24 -®

. . ; . - om By |G

modes. They decline with the increasing Mg concentrauon,i e o 3 °
and the decline in thEllc axis is more steep than in tiiel ¢ 3181
axis. One would first attribute this decline to the depletion of 2t °
either nitrogen V) or gallium (Vg,) from their lattice sites e Y Y S Y 00 02 03 0% 0B
during the Mg incorporation. These vacancy defects are en: [Cp,Mg] (kmol/min) {Cp,Mg] (umol/min)

ergetically favored and easy to forfhOther than the decli- _ _ _
nations, we also noticed the coordination number reductioff/C: 3- (8 First-shell distancesRg,_y, (b) the second-shell distance,
. . . . ) . ca_ca (C) the first coordination number$ls,_y, and(d) the second co-
is rather anisotropic. In the first shell, the coordination NUM-orgination numbersN:._z, 2S a function of dopant concentration in units
bers reduced from 2.0 t60.8 and from 2.0 to-1.4 for the  of Cp,Mg flow rate for theE L c axis (M) and theElic axis(®), respectively.
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afa) e u-GaN " ) ] using the same weighting to simulate the mix-phase situa-
pure hex. GaN simulation tion. A comparison of the resultant oscillation and the No.
633 data is given in Fig.(4). In this case, the phase shifting
is seen to be reduced, but the theoretical oscillatory ampli-
tude needs further suppression. To do this, one may consider
the increasing disorderliness due to the presence of impurity-
related defects and the formation of the mixed-phase struc-
ture in the film. This disorderliness in crystal lowered the
(b)_o_Ga:‘_Mg o ¥ t lattice Debye temperaturtleTb). and depreased the erye—
n _Mg+'MgG simulation Walle_r (DW) factor_, resu!tmg in redl_Jctlon of the oscnllat_ory
roTe amplitude. The simulation, including all these consider-
ations, is shown in Fig. (4), where we have usedj
=400K, 50% weight for each phase, cubic Maf (1.56,
1.56, and 1.56 Aand hexagonal Mgat (0, 0, and 2.70 A
2| T,=600k ] with Mgg, for both crystals. After this, a better fitting was
t t t indeed obtained, except for a small phase difference at the
(€) —o— GaN:Mg (#633) low-k region of the two oscillations.
{cub.)x0.5+(hex.)x0.5
In summary, the NK-edge XAFS measurements have
revealed that Mg doping introduces substitutional and inter-
stitial defects in GaN, and also results in the mixing of crys-
tal phases. The disorderliness of the GaN film increases in
] proportion to the impurity content. As a consequence, the
t symmetry of the nitrogen electronic states in the conduction
band becomes less defined, which results in structure blunt-
ing of the XANES spectra. The same reason causes the De-
bye temperatur@; to decrease, and thus brings down the
k?x(k) oscillatory amplitude, which is more pronounced in
the Ellc axis case than in thé L c axis case. The optimdlp
| to fit our No. 633 sample best is around 400 K, instead of the
. ’ reported 600 K foru-GaN.* The destructive interference
» caused by substitutional and interstitial defects further re-
kA% duces the amplitude. Decreases in FT magnitudes of the
FIG. 4. Comparisons d2x(k) oscillations for theEllc axis polarization of kZX(k) functions in increasing Mg concentration then fol-
(@) our u-GaN and thererrzgenerated undoped hexagonal G, No.  lowed. Thus, the reduction in coordination numbers is not

633 GaN:Mg{Mg]=2x10"cm™® and the simulated case of 1Mg attributable to the vacancy defects on any significant scale.
+1Mgga, (c) No. 633 and the simulation of mixed-phase 1MdMgga,

and(d) the case ofc) using reduced =400 K, showing the best fit of our The authors are grateful for the support by the National

data. Science Council of the Republic of China under Contract
Nos. NSC89-2112-M-009-012, NSC89-2112-M-009-013,

ground removal inclusion ofEFFz The output file ofaToms ~ and NSC89-2112-M-009-016.
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