Growth of single crystalline GaN thin films on Si (111) substrates
by high vacuum metalorganic chemical vapor deposition using a single
molecular precursor
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Hexagonal GaN thin films were grown on(8l1) 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 0k20 © to 210 ° Torr. We first developed and synthesized the
single molecular precursor of diethylazidogallium methylhydrazine addl(Et),GaN;)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 filB0GH
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 pressurexfil®° Torr. However, for growth temperatures below

700 °C, we found the films to be polycrystalline. Scanning electron micros&pk!) and atomic

force microscopg 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 andk2L0” ® Torr. © 2004 American Vacuum Society.
[DOI: 10.1116/1.1775193

|. INTRODUCTION high concentrations of ammonid®!*We have developed
and synthesized the single molecular precursor of diethylazi-

GaN is potentially a very important material, because itsdogallium methylhydrazine adduct, (E§aNs)HzMe, to
wide bandgap3.39 eV at room temperaturallows applica-  solve the problems associated with conventional MOCVD.
tion for blue, violet, and ultraviolet light-emitting devicdS}  We used this single molecular precursor with its pre-existing
For the fabrication of these optical devices, high quality GaNpond between Ga and N to lower the growth temperature as
thin film is required: However, a number of drawbacks, in- well as to reduce carbon content in the GaN films, obtaining
cluding a lack of a lattice-matched substrate and high growtt fairly good composition ratio between Ga and™N.
temperature, are still present. In this article, we report on the growth of single crystal-

Sapphir€0007) is the most widely used substrate for GaN line GaN thin films using this single molecular precursor on
epitaxial growtt® However, it is difficult to grow high qual- ~ Si(111) substrates, and investigate the effect of growth tem-
ity GaN thin films with flat surfaces because of the largeperature and deposition pressure on surface smoothness and
lattice mismatch and large difference in thermal expansiorrystallinity. We also report the relationship between growth
between GaN and sapphité.Therefore, it is necessary to rate and growth temperature.
find a suitable substrate to replace sapphire. In spite of the
even larger differences in lattice constant and thermal expan-
sion coefficient between GaN and®sj is thought to be one . EXPERIMENT
of the most promising candidates because of its high quality, Single crystalline GaN thin films with hexagonal structure
availability in large sizes, and low cost. were grown using a single molecular precursor,

The deposition of GaN films by conventional metalor- Et,GaN3;)HzMe, by MOCVD. S{111) was used as a sub-
ganic chemical vapor depositidMOCVD) has been carried strate because of the similarity of atomic arrangement to the
out using different Ga and N sources, trimethylgallium orGaN0002). In order to form a H-terminated surface, the sub-
triethylgallium and ammonid:! The high thermal stability strate was prepared by wet chemical procedses, de-
of ammonia is a major limitatiof? since it requires the use greased in deionize¢(D.l.) water and acetorjeboiled in a
of very high growth temperatures, in excess of 1000 °C, andolution of H,.SO,:H,0,=1:1, etched in 10% HF and rinsed

in D.I. water. The cleaned substrate with H-terminated sur-

¥Electronic mail: jhboo@skku.edu face was then loaded into a reaction chamber. The single
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molecular precursor applied in this study was synthesized by —
following schemes. All solvents used were dried and freed T
completely, and BGa was then added to a suspension of @
H,NNHCHs- HCI in THF. After the mixture was stirred for 6 -
h, the THF was removed under reduced pressure, resulting in
obtaining the EfGaClHzMe intermediate.

THF or ELO
Et;Gat+ H,NNHCH;- HCl ——  Et,GaCl)HzMe-

+EtHT.
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Et,GaN3;)HzMe was synthesized by the reaction of
Et,GaCl)HzMe with excess NalN The reaction mixture
was refluxed for 12 h, and then filtered out. Finally,
Et,GaN3;)HzME was obtained by the removal of solvent
from reaction mixture. _J

Et,GalCl)HzMe+NaN; " Et,GalN) HzMe 20

(a) 600 °C
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o ] ) Fic. 1. XRD patterns for the GaN films grown on (811 at 2.0
GaN thin films were grown in a high vacuum chamber x 107 Torr and various growth temperatures.

using the synthesized single molecular precursor without car-

rier gas. Prior to the growth, the substrate was mild annealethe intensity of the peak for the G&002 plane weakened

at 550 °C for more tha 5 h toreduce outgassing from the and broadened. For example, a weak and broad peak attrib-
substrate during deposition. The substrate was then thermallyted to GaN0002 plane appeared at 600 °C. At 700°C,
treated to remove the H-layer and to obtain a clean surface &owever, the intensity of Gali002 peak was_increased
850 °C for 20 min in the deposition chamber. The temperaeven though other peaks attributed to GaN@O0land

ture of the substrate was measured by an optical pyrometeGaN(101) planes still remained constant. On the contrary,

After the pretreatment, deposition of GaN thin film was XRD patterns obtained from the GaN films deposited at
carried out under the experimental condition as follows. The750-800°C showed highly preferred orientation of
sample was heated to growth temperatures in the range Qja[\(oogg plane without the other plane of GaN(1I)land
600-800 °C, and precursor was maintained in the range qgaN(lon). In addition, the intensity of the GABD02
60-70°C during deposition. In addition, film deposition neak was increased as compared with the intensity of the
lasted fo 5 h under the growth pressure of<20™°-2  fjm grown at 600—700 °C. In more detail, the intensity of the
X 10" ° Torr. Neither buffer layer nor carrier gas was usedgiim grown at 800 °C was larger than that of the film grown
before film deposition. at 750 °C. As we discuss again later, however, the crystallin-

The as-grown GaN thin films were characterized by sevity of the film grown at 750 °C was better than that of the
eral analysis techniques. The film crystallinity and composi+jjm grown at 800°C according to the x-ray pole figure
tion ratio between Ga and N were first determined by X-Ta&Yanalysis. That is, the pole figure of the film grown at 750 °C
diffraction (XRD), x-ray pole figure, and x-ray photoelectron [Fig. 3a)] showed a clear pattern with hexagonal structure
spectroscopyXPS) analysis. Film surface morphology was compared with the pole figure of the film grown at 800 °C
then investigated by scanning electron microscéS¥M) (ot shown. Therefore, these results confirmed that high
and atomic force microscopfAFM). Moreover, photolumi-  qyality GaN film was obtained under the deposition condi-
nescencéPL) measurement was also performed to study thgjon of the growth temperature of 750°C rather than that
optical property. grown at 800 °C.

To check the effect of the deposition pressure on the crys-
tallinity of the as-grown GaN films, we performed the GaN
lll. RESULTS AND DISCUSSION thin film growth under the various deposition pressures at

We first investigated the effect of the growth temperaturefixed growth temperature, and then examined the XRD
on crystallinity of the as-grown films. XRD patterns are analysis. Figure 2 shows the XRD patterns for the GaN thin
shown in Fig. 1 for the GaN films deposited or{1dil) sub- films grown at 750 °C and various deposition pressures in the
strates in the range of 600—800 °C and the same depositiamange of 2x 10 °—2x 10 ° Torr. The XRD patterns of the
pressure of X 10 ° Torr. These results suggest the generalfilms that grew at X 10 °Torr [Fig. 2@] and 9
consideration that the crystallinity of the grown films is im- x 10~ ° Torr [Fig. 2(b)] showed that two additional weak
proved as the growth temperature increased. That is, the Gapeaks corresponding to GaN(I@land GaN(101) was ob-
films deposited at 600—700°C were polycrystalline, withserved beside a strong G&002 peak. These results indi-
GaN(10D) and GaN(101) planes at 2=32.4° and 36.5°, cate that thick polycrystalline GaN thin films could be grown
as well as a Gal0002 plane at #=34.4°[see Figs. (a) at higher deposition pressure. In the case of a higher deposi-
and 1b)]. Moreover, as the growth temperature decreasedjon pressure of X 10 ° Torr [Fig. 2&)] and 9x 10 ® Torr
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- . : . Fic. 3. (@) X-ray pole figure for the GaN film grown at 750 °C and 2
20 40 60 80 x 10~ ® Torr. The XP survey spectrufib) and high-resolution spectfa) of

20 (deg.) Ga 3 and N 1s obtained from the same GaN film as (@.

Fic. 2. XRD patterns for the GaN films grown on(&11) at 750 °C and
various deposition pressures. (1:0.92 between Ga and N as well as relatively lower carbon
contents than a GaN film grown with other single molecular
precursot® could be successfully obtained using the single
[Fig. 2(b)], we thus obtained GaN thin films with thicknessesmolecular precursor, EGaN;)HzMe. Figure 8b) shows
of 1000 and 500 nm, respectively, suggesting that the growtthe x-ray photoelectron survey spectrum of a GaN film de-
rate was proportioned to the deposition pressure. As thposited under the deposition condition at 750°C and 2
deposition pressure was decreased below 16 © Torr, % 10" ® Torr. The survey spectrum displays both the photo-
however, the crystallinity of the as-grown films was im- electron and the Auger electron peaks for gallium and nitro-
proved. Figures @) and Zd) show a hint of single crystal- gen. If we use the Mg K beam with the binding energy of
line GaN formation. At 610 © Torr [Fig. 2(c)], the XRD  1253.6 eV as x-ray source, x-ray photoelectron and Auger
pattern shows only the G4B002 peak and Galkd004 electron peaks for carbon were not shown because the peaks
peak without the other peak, suggesting a high quality filmof C 1s overlapped with GAMM Auger electron peaks. In
Moreover, as the deposition pressure was decreased to dder to obtain the accurate composition ratio and to avoid
X 10 ®Torr [Fig. 2d)], the GaN0002 peak was more the overlapping of between Gland GaLMM Auger elec-
sharpened and the thickness of the film decreased to be abdubn peaks, we also used the Al Kay with binding energy
250 nm. This indicates that the crystallinity can be increaseaf 1486.6 eV. Figures(8) and 3d) show the high-resolution
when we take the GaN deposition at very lower pressure. Ag-ray photoelectron spectra of Gd &ind N 1s, respectively.
shown in Figs. 1 and 2, therefore, we obtained GaN filmsAccording to the areal intensities of FiggcBand 3d) with
having a high quality and highlj0002] preferred orientation accounting their atomic sensitivity factors, we could estimate
in the lower pressure below>610 ° Torr and in the higher the ratio of Ga 8:N 1s peaks to be about 1:0.92. We could
temperature over 750 °C. Moreover, the temperature as higalso examine the carbon contents of the deposited film by
as 750°C and the deposition pressure as low as XPS analysis more precisely. The surface of the GaN film
X 10 8 Torr in our experiments were considered as the besivas etched by Af ion sputtering for 20 min and then fol-
conditions of our high vacuum CVD process. lowed by examination of XP$not shown. The C Is peak
From the results of the XR[B-20 scan only, however, we intensity was rapidly decreased and the percentage of carbon
do not explain clearly whether the film is grown epitaxially content was about 2.5%. This indicates that the carbon exist
or not. X-ray pole figure analysis was also performed in or-mostly in the surface region of the film. Thus, the carbon
der to verify that GaN film was grown epitaxially on($11) incorporation into the film from the precursor itself does not
substrate. X-ray pole figure was measured with 5° intervalseem to occur during the chemical vapor deposition process.
of scan step ind and ¢ angles. The range off angle is From the above results, therefore, we can conclude that the
changed from 0° to 360° and that ¢fangle is varied from deposited GaN film has a Ga-rich compositig@a:N
20° to 90°. Figure &) shows the x-ray pole figure for the =1:0.92 with relatively low carbon content&.5% com-
GaN thin film deposited at 750 °C andx2.0 ¢ Torr. It re-  pared with other single molecular precurstts.
veals that six poles are shown symmetrically with 60° inter- Figure 4 shows the variation of the surface morphologies
vals circularly, which indicates that the GaN film with hex- of the as-grown GaN films that examined by field emission
agonal structure was epitaxially grown on(Hi1) surface. SEM. A morphology for the GaN film grown at 600 °C and
XPS analysis was also performed to show whether th&x 10 Torr for 5 h isshown in Fig. 4a). The fim has a
GaN films have stoichiometric composition or not. In thisrough and poor morphology, and the image of the film re-
study, the GaN films with a Ga-rich composition ratio vealed that the film was grown on theg Bi1) substrate three-
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Fic. 4. Surface morphologies of the GaN films grown(@t600 °C and 2 o 0 .
%107 ® Torr, (b) 700 °C ér;d %10 ®Torr, (c) 750 °C and 210" ° Torr, © 500 700 300
and(d) 750 °C and 10" Torr. Deposition Temperature (°C)
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+ 6 {c)
dimensionally. Figure @) shows the surface morphology of £
the GaN film obtained at 700 °C anck2.0™ ® Torr for 5 h. In N
contrast to Fig. @), many hexagonal-like small pyramid 5 2 Ea=-62.7KJmol!
crystals are observed in this filffrig. 4(b)]. Figures 4c) and =
4(d) show the surface morphologies of the films grown at °0_9 1.0 11 1.2
750 °C and in the deposition pressures of 20 ° Torr and 1031 T (11K)

2X 10 °Torr, respectively. As shown in Fig.(&, a GaN , o
film with smoother surface than that of Fi (m was ob- Fic. 5. Growth rates as a function @) deposition pressure arft) growth
9 temperature(c) An Arrhenius type plot obtained frortb).

tained. This suggests that as the growth temperature was in-
creased to 750°C, it is considered that GaN was in part

grown two-dimensionally due to a diffusion controlled pro- 5(b). The positive slope in Fig.(6) in the region between
cess. However, the surface morphology of the film grown a0 and 750 °C suggests that the growth rate is controlled by
2X 10 ° Torr [Fig. 4(d)] shows a rougher surface than that of 3 mass transport of reagents through the boundary layer to
a film deposited at 10 ° Torr. These results indicated that the growth surface. This is termed the region of diffusion
the surface morphology was highly affected by both growthcontrolled growth and is a principal feature of the MOCVD
temperature and deposition pressure. Therefore, when thgocess chemistry, in which flux of reactants to the surface is
growth temperature was increased to be 750 °C and growtfroportional to the concentration of the limiting precursor. At
pressure was decreased ta 20~ ° Torr, the best GaN film  temperatures above 750 °C, however, the growth rate tends
with the most smoothest surface morphology can possibly bgy decrease because of an increased desorption rate of film
grown two-dimensionally. For the more exact determinationprecursors or matrix elements, together with depletion of re-
of the surface roughness, AFM characterizatipat shown  actants on the reactor walls, probably due to parasitic side
was also performed on a& um” area of the film grown at  reactions. Using the Arrhenius equation, the activation en-
750°C. Measured surface roughness of the film was abowrgy was calculated from the slope of the plot of Fi¢c)5

200 A and rms roughness was 67.7 A. The obtained activation energy was abot62.7 KJ/mol,

We examined the relationship between growth rate anghdicating that the deposition was mainly processed by a
deposition pressure. Figure(&® showed a variation of surface diffusion, and that some desorption and/or preadsorp-
growth rate as a function of deposition pressure. In the ranggon also occurred during the deposition of the GaN thin film.
between 2<10° and 2< 10 ° Torr, the growth rate of the Finally, in order to investigate the optical property of the
film increased gradually with increasing deposition pressurefiim, a PL experiment was carried out at room temperature.
This suggests that the amount of flux from the precursor isjgure 6 shows the PL spectrum of a GaN film grown at
one of the main factors to influence the growth rate. In thisz50 °C and 2< 10~ ® Torr. As shown in Fig. 6, a PL spectrum
study, an effect of growth temperature on growth rate wagf as-grown GaN film revealed a near-band-edge emission
also studied. Figure(6) showed the changes of growth rate peak at 3.40 eV, which indicated that the film can emit the
as a function of growth temperature. As the growth temperapjye light. The full width at half-maximuntFWHM) of the

ture was increased from 600 to 800 °C, the growth rate of th@ominant GaN emission peak was measured to be approxi_
film decreased proportionally. Thus, we concluded that thenately 100 meV at room temperature.

growth rate will increase with decreasing growth tempera-
ture, and with increasing deposition pressure. To identify th
film growth mechanism, moreover, we investigated the de!V: CONCLUSIONS

pendency of the film growth rate on the growth temperature. Hexagonal GaN thin films with single crystalline nature
Figure Hc) showed the Arrhenius plot obtained from Fig. were grown on $il11) substrates by high vacuum MOCVD
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at room temperature, furthermore, we investigated that the
as-grown GaN film revealed emission peak at 3.40 eV with a
FWHM of approximately 100 meV.
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