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Hexagonal GaN thin films were grown on Si~111! substrates using single molecular precursor by
high vacuum metalorganic chemical vapor deposition at various temperatures from 600 to 800 °C
and pressures in the range of 231026 to 231025 Torr. We first developed and synthesized the
single molecular precursor of diethylazidogallium methylhydrazine adduct,@(Et)2Ga~N3)HzMe],
with the objectives of reducing carbon content in the GaN films and lowering growth temperatures.
Results of x-ray diffraction~XRD!, x-ray pole figure, and x-ray photoelectron spectroscopy
measurements showed that this approach yielded a single crystalline GaN thin film of@0002#
orientation with relatively low carbon content. Ga-rich compositions Ga:N of 1:0.92 were obtained
at a temperature of 750 °C and a pressure of 231026 Torr. However, for growth temperatures below
700 °C, we found the films to be polycrystalline. Scanning electron microscope~SEM! and atomic
force microscope~AFM! images showed that the as-grown GaN films have a smooth surface
morphology. Based on XRD, AFM, and SEM results, we identified effects of deposition temperature
and pressure on the growth rate and crystallinity, and can suggest that our deposition process is
governed by diffusion rate control. Optical properties were investigated by photoluminescence,
which revealed an emission peak at 3.40 eV with a full width at half-maximum of approximately
100 meV for a GaN film grown at 750 °C and 231026 Torr. © 2004 American Vacuum Society.
@DOI: 10.1116/1.1775193#
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I. INTRODUCTION

GaN is potentially a very important material, because
wide bandgap~3.39 eV at room temperature! allows applica-
tion for blue, violet, and ultraviolet light-emitting devices.1–3

For the fabrication of these optical devices, high quality G
thin film is required.4 However, a number of drawbacks, in
cluding a lack of a lattice-matched substrate and high gro
temperature, are still present.

Sapphire~0001! is the most widely used substrate for Ga
epitaxial growth.5,6 However, it is difficult to grow high qual-
ity GaN thin films with flat surfaces because of the lar
lattice mismatch and large difference in thermal expans
between GaN and sapphire.1,7 Therefore, it is necessary t
find a suitable substrate to replace sapphire. In spite of
even larger differences in lattice constant and thermal exp
sion coefficient between GaN and Si,8 Si is thought to be one
of the most promising candidates because of its high qua
availability in large sizes, and low cost.

The deposition of GaN films by conventional metalo
ganic chemical vapor deposition~MOCVD! has been carried
out using different Ga and N sources, trimethylgallium
triethylgallium and ammonia.9–11 The high thermal stability
of ammonia is a major limitation,12 since it requires the us
of very high growth temperatures, in excess of 1000 °C,

a!Electronic mail: jhboo@skku.edu
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high concentrations of ammonia.4,13,14 We have developed
and synthesized the single molecular precursor of diethyl
dogallium methylhydrazine adduct, (Et)2Ga~N3)HzMe, to
solve the problems associated with conventional MOCV
We used this single molecular precursor with its pre-exist
bond between Ga and N to lower the growth temperature
well as to reduce carbon content in the GaN films, obtain
a fairly good composition ratio between Ga and N.15

In this article, we report on the growth of single crysta
line GaN thin films using this single molecular precursor
Si~111! substrates, and investigate the effect of growth te
perature and deposition pressure on surface smoothnes
crystallinity. We also report the relationship between grow
rate and growth temperature.

II. EXPERIMENT

Single crystalline GaN thin films with hexagonal structu
were grown using a single molecular precurs
Et2Ga~N3)HzMe, by MOCVD. Si~111! was used as a sub
strate because of the similarity of atomic arrangement to
GaN~0001!. In order to form a H-terminated surface, the su
strate was prepared by wet chemical processes@i.e., de-
greased in deionized~D.I.! water and acetone#, boiled in a
solution of H2SO4:H2O251:1, etched in 10% HF and rinse
in D.I. water. The cleaned substrate with H-terminated s
face was then loaded into a reaction chamber. The sin
21444Õ22„4…Õ2144Õ5Õ$19.00 ©2004 American Vacuum Society
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molecular precursor applied in this study was synthesized
following schemes. All solvents used were dried and fre
completely, and Et3Ga was then added to a suspension
H2NNHCH3•HCl in THF. After the mixture was stirred for 6
h, the THF was removed under reduced pressure, resultin
obtaining the Et2GaClHzMe intermediate.

Et3Ga1H2NNHCH3•HCl ——→
THF or Et2O

Et2Ga~Cl!HzMe•

1EtH↑.

Et2Ga~N3)HzMe was synthesized by the reaction
Et2Ga~Cl!HzMe with excess NaN3. The reaction mixture
was refluxed for 12 h, and then filtered out. Final
Et2Ga~N3)HzME was obtained by the removal of solve
from reaction mixture.

Et2Ga~Cl!HzMe1NaN3 ——→
D

THF/Toluene
Et2Ga~N3)HzMe

1NaCl↓.

GaN thin films were grown in a high vacuum chamb
using the synthesized single molecular precursor without
rier gas. Prior to the growth, the substrate was mild anne
at 550 °C for more than 5 h to reduce outgassing from th
substrate during deposition. The substrate was then therm
treated to remove the H-layer and to obtain a clean surfac
850 °C for 20 min in the deposition chamber. The tempe
ture of the substrate was measured by an optical pyrom

After the pretreatment, deposition of GaN thin film w
carried out under the experimental condition as follows. T
sample was heated to growth temperatures in the rang
600–800 °C, and precursor was maintained in the rang
60–70 °C during deposition. In addition, film depositio
lasted for 5 h under the growth pressure of 231026– 2
31025 Torr. Neither buffer layer nor carrier gas was us
before film deposition.

The as-grown GaN thin films were characterized by s
eral analysis techniques. The film crystallinity and compo
tion ratio between Ga and N were first determined by x-
diffraction ~XRD!, x-ray pole figure, and x-ray photoelectro
spectroscopy~XPS! analysis. Film surface morphology wa
then investigated by scanning electron microscopy~SEM!
and atomic force microscopy~AFM!. Moreover, photolumi-
nescence~PL! measurement was also performed to study
optical property.

III. RESULTS AND DISCUSSION

We first investigated the effect of the growth temperat
on crystallinity of the as-grown films. XRD patterns a
shown in Fig. 1 for the GaN films deposited on Si~111! sub-
strates in the range of 600–800 °C and the same depos
pressure of 231026 Torr. These results suggest the gene
consideration that the crystallinity of the grown films is im
proved as the growth temperature increased. That is, the
films deposited at 600–700 °C were polycrystalline, w
GaN(101̄0) and GaN(101̄1) planes at 2u532.4° and 36.5°,
as well as a GaN~0002! plane at 2u534.4° @see Figs. 1~a!
and 1~b!#. Moreover, as the growth temperature decreas
JVST B - Microelectronics and Nanometer Structures
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the intensity of the peak for the GaN~0002! plane weakened
and broadened. For example, a weak and broad peak a
uted to GaN~0002! plane appeared at 600 °C. At 700 °C
however, the intensity of GaN~0002! peak was increased
even though other peaks attributed to GaN(1010̄) and
GaN(101̄1) planes still remained constant. On the contra
XRD patterns obtained from the GaN films deposited
750–800 °C showed highly preferred orientation
GaN~0002! plane without the other plane of GaN(1010̄) and
GaN(101̄1). In addition, the intensity of the GaN~0002!
peak was increased as compared with the intensity of
film grown at 600–700 °C. In more detail, the intensity of t
film grown at 800 °C was larger than that of the film grow
at 750 °C. As we discuss again later, however, the crysta
ity of the film grown at 750 °C was better than that of th
film grown at 800 °C according to the x-ray pole figu
analysis. That is, the pole figure of the film grown at 750
@Fig. 3~a!# showed a clear pattern with hexagonal structu
compared with the pole figure of the film grown at 800 °
~not shown!. Therefore, these results confirmed that hi
quality GaN film was obtained under the deposition con
tion of the growth temperature of 750 °C rather than th
grown at 800 °C.

To check the effect of the deposition pressure on the c
tallinity of the as-grown GaN films, we performed the Ga
thin film growth under the various deposition pressures
fixed growth temperature, and then examined the XR
analysis. Figure 2 shows the XRD patterns for the GaN t
films grown at 750 °C and various deposition pressures in
range of 231025– 231026 Torr. The XRD patterns of the
films that grew at 231025 Torr @Fig. 2~a!# and 9
31026 Torr @Fig. 2~b!# showed that two additional wea
peaks corresponding to GaN(1010̄) and GaN(101̄1) was ob-
served beside a strong GaN~0002! peak. These results indi
cate that thick polycrystalline GaN thin films could be grow
at higher deposition pressure. In the case of a higher dep
tion pressure of 231025 Torr @Fig. 2~a!# and 931026 Torr

FIG. 1. XRD patterns for the GaN films grown on Si~111! at 2.0
31026 Torr and various growth temperatures.
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2146 Lee et al. : Growth of single crystalline GaN thin films 2146
@Fig. 2~b!#, we thus obtained GaN thin films with thickness
of 1000 and 500 nm, respectively, suggesting that the gro
rate was proportioned to the deposition pressure. As
deposition pressure was decreased below 631026 Torr,
however, the crystallinity of the as-grown films was im
proved. Figures 2~c! and 2~d! show a hint of single crystal
line GaN formation. At 631026 Torr @Fig. 2~c!#, the XRD
pattern shows only the GaN~0002! peak and GaN~0004!
peak without the other peak, suggesting a high quality fi
Moreover, as the deposition pressure was decreased
31026 Torr @Fig. 2~d!#, the GaN~0002! peak was more
sharpened and the thickness of the film decreased to be a
250 nm. This indicates that the crystallinity can be increa
when we take the GaN deposition at very lower pressure
shown in Figs. 1 and 2, therefore, we obtained GaN fil
having a high quality and highly@0002# preferred orientation
in the lower pressure below 631026 Torr and in the higher
temperature over 750 °C. Moreover, the temperature as
as 750 °C and the deposition pressure as low as
31026 Torr in our experiments were considered as the b
conditions of our high vacuum CVD process.

From the results of the XRDu–2u scan only, however, we
do not explain clearly whether the film is grown epitaxia
or not. X-ray pole figure analysis was also performed in
der to verify that GaN film was grown epitaxially on Si~111!
substrate. X-ray pole figure was measured with 5° interv
of scan step inu and f angles. The range ofu angle is
changed from 0° to 360° and that off angle is varied from
20° to 90°. Figure 3~a! shows the x-ray pole figure for th
GaN thin film deposited at 750 °C and 231026 Torr. It re-
veals that six poles are shown symmetrically with 60° int
vals circularly, which indicates that the GaN film with he
agonal structure was epitaxially grown on Si~111! surface.

XPS analysis was also performed to show whether
GaN films have stoichiometric composition or not. In th
study, the GaN films with a Ga-rich composition rat

FIG. 2. XRD patterns for the GaN films grown on Si~111! at 750 °C and
various deposition pressures.
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~1:0.92! between Ga and N as well as relatively lower carb
contents than a GaN film grown with other single molecu
precursor16 could be successfully obtained using the sing
molecular precursor, Et2Ga~N3)HzMe. Figure 3~b! shows
the x-ray photoelectron survey spectrum of a GaN film d
posited under the deposition condition at 750 °C and
31026 Torr. The survey spectrum displays both the pho
electron and the Auger electron peaks for gallium and nit
gen. If we use the Mg Ka beam with the binding energy o
1253.6 eV as x-ray source, x-ray photoelectron and Au
electron peaks for carbon were not shown because the p
of C 1s overlapped with GaLMM Auger electron peaks. In
order to obtain the accurate composition ratio and to av
the overlapping of between C 1s and GaLMM Auger elec-
tron peaks, we also used the Al Ka ray with binding energy
of 1486.6 eV. Figures 3~c! and 3~d! show the high-resolution
x-ray photoelectron spectra of Ga 3d and N 1s, respectively.
According to the areal intensities of Figs. 3~c! and 3~d! with
accounting their atomic sensitivity factors, we could estim
the ratio of Ga 3d:N 1s peaks to be about 1:0.92. We cou
also examine the carbon contents of the deposited film
XPS analysis more precisely. The surface of the GaN fi
was etched by Ar1 ion sputtering for 20 min and then fol
lowed by examination of XPS~not shown!. The C 1s peak
intensity was rapidly decreased and the percentage of ca
content was about 2.5%. This indicates that the carbon e
mostly in the surface region of the film. Thus, the carb
incorporation into the film from the precursor itself does n
seem to occur during the chemical vapor deposition proc
From the above results, therefore, we can conclude that
deposited GaN film has a Ga-rich composition~Ga:N
51:0.92! with relatively low carbon contents~2.5%! com-
pared with other single molecular precursors.16

Figure 4 shows the variation of the surface morpholog
of the as-grown GaN films that examined by field emiss
SEM. A morphology for the GaN film grown at 600 °C an
831026 Torr for 5 h is shown in Fig. 4~a!. The film has a
rough and poor morphology, and the image of the film
vealed that the film was grown on the Si~111! substrate three-

FIG. 3. ~a! X-ray pole figure for the GaN film grown at 750 °C and
31026 Torr. The XP survey spectrum~b! and high-resolution spectra~c! of
Ga 3d and N 1s obtained from the same GaN film as in~a!.
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2147 Lee et al. : Growth of single crystalline GaN thin films 2147
dimensionally. Figure 4~b! shows the surface morphology o
the GaN film obtained at 700 °C and 231026 Torr for 5 h. In
contrast to Fig. 4~a!, many hexagonal-like small pyrami
crystals are observed in this film@Fig. 4~b!#. Figures 4~c! and
4~d! show the surface morphologies of the films grown
750 °C and in the deposition pressures of 231026 Torr and
231025 Torr, respectively. As shown in Fig. 4~c!, a GaN
film with smoother surface than that of Fig. 4~b! was ob-
tained. This suggests that as the growth temperature wa
creased to 750 °C, it is considered that GaN was in p
grown two-dimensionally due to a diffusion controlled pr
cess. However, the surface morphology of the film grown
231025 Torr @Fig. 4~d!# shows a rougher surface than that
a film deposited at 231026 Torr. These results indicated tha
the surface morphology was highly affected by both grow
temperature and deposition pressure. Therefore, when
growth temperature was increased to be 750 °C and gro
pressure was decreased to 231026 Torr, the best GaN film
with the most smoothest surface morphology can possibly
grown two-dimensionally. For the more exact determinat
of the surface roughness, AFM characterization~not shown!
was also performed on a 535 mm2 area of the film grown at
750 °C. Measured surface roughness of the film was ab
200 Å and rms roughness was 67.7 Å.

We examined the relationship between growth rate
deposition pressure. Figure 5~a! showed a variation of
growth rate as a function of deposition pressure. In the ra
between 231026 and 231025 Torr, the growth rate of the
film increased gradually with increasing deposition pressu
This suggests that the amount of flux from the precurso
one of the main factors to influence the growth rate. In t
study, an effect of growth temperature on growth rate w
also studied. Figure 5~b! showed the changes of growth ra
as a function of growth temperature. As the growth tempe
ture was increased from 600 to 800 °C, the growth rate of
film decreased proportionally. Thus, we concluded that
growth rate will increase with decreasing growth tempe
ture, and with increasing deposition pressure. To identify
film growth mechanism, moreover, we investigated the
pendency of the film growth rate on the growth temperatu
Figure 5~c! showed the Arrhenius plot obtained from Fi

FIG. 4. Surface morphologies of the GaN films grown at~a! 600 °C and 2
31026 Torr, ~b! 700 °C and 231026 Torr, ~c! 750 °C and 231026 Torr,
and ~d! 750 °C and 231025 Torr.
JVST B - Microelectronics and Nanometer Structures
t

in-
rt

t

h
he
th

e
n

ut

d

e

e.
is
s
s

-
e
e
-
e
-
.

5~b!. The positive slope in Fig. 5~c! in the region between
600 and 750 °C suggests that the growth rate is controlled
a mass transport of reagents through the boundary laye
the growth surface. This is termed the region of diffusi
controlled growth and is a principal feature of the MOCV
process chemistry, in which flux of reactants to the surfac
proportional to the concentration of the limiting precursor.
temperatures above 750 °C, however, the growth rate te
to decrease because of an increased desorption rate of
precursors or matrix elements, together with depletion of
actants on the reactor walls, probably due to parasitic s
reactions. Using the Arrhenius equation, the activation
ergy was calculated from the slope of the plot of Fig. 5~c!.
The obtained activation energy was about262.7 KJ/mol,
indicating that the deposition was mainly processed b
surface diffusion, and that some desorption and/or preads
tion also occurred during the deposition of the GaN thin fil

Finally, in order to investigate the optical property of th
film, a PL experiment was carried out at room temperatu
Figure 6 shows the PL spectrum of a GaN film grown
750 °C and 231026 Torr. As shown in Fig. 6, a PL spectrum
of as-grown GaN film revealed a near-band-edge emiss
peak at 3.40 eV, which indicated that the film can emit t
blue light. The full width at half-maximum~FWHM! of the
dominant GaN emission peak was measured to be appr
mately 100 meV at room temperature.

IV. CONCLUSIONS

Hexagonal GaN thin films with single crystalline natu
were grown on Si~111! substrates by high vacuum MOCVD

FIG. 5. Growth rates as a function of~a! deposition pressure and~b! growth
temperature.~c! An Arrhenius type plot obtained from~b!.
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using a single molecular precursor. XRD and x-ray pole fi
ures showed that good quality GaN films were gro
epitaxially in the@0002# direction at the growth temperatur
of 750 °C and deposition pressure of 231026 Torr. XPS
analysis showed that the GaN films grown at different pr
sures and at 750 °C have relatively low carbon impurities
well as a Ga-rich composition ratio of 1:0.92~Ga:N!. From
the XRD and SEM results, we could identify effects
deposition temperature and pressure on the growth rate
crystallinity.

Moreover, the SEM images showed that we can dep
GaN films with smooth surface morphology. Based on
relationship between the growth rate and growth tempe
ture, we suggested that our deposition process was gove
by a diffusion rate control. With PL spectrum measurem

FIG. 6. PL spectrum of the GaN film grown at 750 °C and 231026 Torr.
J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul ÕAug 2004
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at room temperature, furthermore, we investigated that
as-grown GaN film revealed emission peak at 3.40 eV wit
FWHM of approximately 100 meV.
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