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An Elucidation of Solid Incorporation of InGaN Grown
by Metalorganic Vapor Phase Epitaxy
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We carried out a systematic study on the solid incorporation of InGaN under various growth conditions using metalorganic
vapor phase epitaxy (MOVPE). The solid distribution of InGaN was found to be very sensitive to the growth temperature,
and the TMGa and TMIn flow rates. Experimental results indicated that at low Ga flow rates InGaN growth is essentially
governed by thermodynamic factors, whereas at high growth rate the InGaN solid concentration is determined merely by the
vapor composition in the gas phase. In regard to the effect of TMIn flow rates on InGaN growth, it was found that once In
droplets form on the surface, the In growth efficiency correspondingly decreases significantly, accounting for the low In solid
concentration in InGaN at high TMIn flow rates.

KEYWORDS: InGaN, MOVPE, growth efficiency

Recently, group Il nitrides have received much attentiorinP material systems. Since the solid concentration in type
The wurtzite polytypes of AIN, GaN and InN, capable ofA,B;_,C is related to the mixing of group Il components
forming a continuous alloy system with a direct band gap ain the cation sublattice, the variation of In concentration in
1.9 eV for InN, 3.4 eV for GaN and 6.2 eV for AIN, are im- solid InGaN may be caused by a change in solid incorpora-
portant materials for application to light-emitting devices option efficiency of either In or Ga during the deposition. In or-
erating in the red to ultraviolet wavelength ranig&urther- der to obtain a better understanding of the factors involved in
more, their excellent physical and chemical properties, suéthGaN MOVPE growth, we introduced the concept of growth
as high thermal conductivity, high radiation hardness conefficiency for reagent Ga and In in this paper to investigate
pared to GaAs and Si, chemical inertness to hostile envirotheir individual incorporation behaviors in relation to various
ment and superior stability have also made them potentialfrowth parameters. Finally, an explanation of the variation of
useful for high-temperature, high power devices, as well alid incorporation in relation to the various growth parame-
space application. ters is also included.

Over the past several years, most studies on nitrides havdnGaN films were grown on (0001) sapphire substrates us-
been directed toward the growth of high-quality GaN filmsng an atmospheric pressure-metalorganic vapor phase epi-
and on the study of nitride-based optoelectronic devices, ataky system equipped with a horizontal quartz reactor and
relatively few reports have been published on the subject af RF heater. Electronic-grade trimethylgallium (TMGa,
InGaN bulk material growth. The synthesis of InGaN over the-20°C), trimethylindium (TMIn, 10C) and high-purity am-
entire composition range has already been accomplished fmpnia (NH;) were used as the source precursors for Ga, In
Osamureet al. in the early of 1970’s using the electron bearmand N, respectively. Resin-purified nitrogen, instead of hy-
plasma techniqu&.However, high-quality InGaN films were drogen, was used as the main carrier gas. Immediately fol-
not obtained until Yoshimoto, in 199 who utilized the met- lowing chemical cleaning, the substrate was loaded into the
alorganic vapor phase epitaxial growth technique (MOVPE)hamber. Thereafter, it was thermal-cleaned at 2Cdor 10
and reported for the first time, the photoluminescence spectran, nitridated for 5 min in ammonia ambient, and a A00
of InGaN films. It appears from their experimental data thahick GaN buffer layer deposition was allowed to proceed at
it is difficult to obtain high-quality InGaN films, unless the 520°C, before commencement of the InGaN epilayer growth.
growth is carried out at a high temperature such as80@ The thickness of resultant InGaN film was typically in the
more significant improvement was later achieved by Nakaange of 0.2 to 0.4m. After the growth, the sample was char-
mura and Muka?) who employed the so-called “two-flow acterized by scanning electron microscopy (SEM) in regard
growth method” for their sample preparation and obtained ta the surface morphology and the film thickness. A six-ring
device-quality InGaN epilayer, making InGaN potential madouble crystal X-ray diffractometer was used to analyze the
terial for optoelectronic device applicatiofrs) lattice constant and solid In concentration in the InGaN epi-

Despite the significant progress being made in this fieldayer, assuming that the lattice constant varied linearly with
the growth of high-quality InGaN remains a challenge. Bethe In solid concentration.
cause of the high volatility of In atoms, growth of InGaN In an attempt to understand the solid distribution behavior
must be carried out at temperatures below g% On the of InGaN in relation to various growth parameters, we grew
other hand, when InGaN is grown at low temperatures, Iseveral series of InGaN samples. The first series as grown
droplets form densely on the surface, severely degrading taetemperatures between 600 and 8D@vith the flow rates
quality of the deposited fili>-11) Besides, it has been notedof TMGa, TMIn and NH maintained at 1.4mol/min, 0.44
that during epitaxial growth, the In incorporation efficiencyumol/min and 0.96 slpm, respectively. The high V/IlI ratio,
depends not only on the TMIn flow rate, but also stronglyf 23000, intentionally used in this series was to prevent the
on the growth temperatufet>14the TMGa flow raté? the ~ formation of any metal droplets, particularly In, at low growth
growth raté® and the V/III ratio'> 1®)This unusual manner temperatures. To investigate the dependence of InGaN solid
of growth of InGaN is rarely seen in conventional GaAs andomposition on TMGa and TMIn molar flow rates, we car-
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ried out an additional two sets of experiments at a growthonents, whether Al, Ga or In, that reach the growing inter-
temperature of 70 with the NH; flow rate kept at 0.96 face, are incorporated. Thus, their solid composition is di-
slpm. The resultant In solid concentratiok{) as a function rectly proportional to the vapor composition in the reaction
of growth temperature, TMGa and TMIn flow rates are illusehamber. On the other hand, a different growth mechanism
trated in Figs. 1(a), 1(b) and 1(c), respectively. As can be seeninvolved in InGaN MOVPE growth. For InGaN, the solid
in Fig. 1(a), the InGaN solid composition depends strongln concentration was found to increase initially, and subse-
on the growth temperature. A decrease of In concentratigquently decrease with increasing group Il source flow rate,
(X)), from 0.31 to 0.04, is noted as the growth temperatumegardless of TMGa or TMin flow rates. Since the compo-
increases from 600 to 80C. More complex and interesting sition in InGaN layer is interrelated to solid incorporation of
growth behaviors were observed at different TMGa and TMIboth In and Ga atoms, the increase X, may be simply
flow rates, as shown in Figs. 1(b) and 1(c). The correspondue to the increase of In solid incorporation or due to the de-
ing In solid concentration was found to increase abruptly witbrease of Ga solid incorporation. In order to study the ef-
increase in the TMGa flow rate initially, but then it droppedect of each reactant on growth behavior during the deposi-
slowly for TMGa flow rates above 1.4mol/min. This re- tion, we introduce the so-called concept of growth efficiency
sult is not entirely consistent with the observations of othepm/mol) in our study, which is defined as the ratio of growth
groups. Most of them have observed a slow increase of fate wm/min) to the input molar flow rate of individual group
solid concentration with increasing TMGa flow rate over thdll elements (mol/min). Hence, thesany andyinn employed
range studied® For the dependence of InGaN growth orhere denote the growth efficiencies of GaN and InN in In-
TMIn flow rates, a similarX$ trend was observed. The In GaN, respectively, assuming that the overall growth rate of
solid concentration increased with increasing TMin flow raté1GaN is a linear combination of GaN and InN growth rates.
up to 1.1umol/min, and subsequently, with further increasét is obvious that the growth efficiency presented here resem-
in TMIn flow rate, it decreased. bles to a certain extent the possibility that a reactant can enter
Based on the above observations, it is apparent that ttie solid phase. Indeed, the examination of growth efficien-
solid incorporation for nitride ternaries is not as straightforcies of Ga and In atoms gives a much clearer picture of the
ward as for conventional GaAs and InP material syst&mg.  solid distribution in InGaN. The corresponding GaN and InN
In the conventional cases, essentially all of the group Il congrowth efficiencies as functions of reciprocal growth temper-
ature, TMGa and TMIn flow rates are shown in Figs. 2(a),
2(b) and 2(c), respectively.
It is commonly known that MOVPE growth is, in general,
! subdivided into low-temperature kinetically-limited, mid-

I ! I !
03 @ 7 0'3563 temperature mass-transport-controlled and high-temperature
i o 1 §. growth regimes. As can be seen from Fig. 2(a), the growths
QXE 021 ° 702 8 of GaN and InN in InGaN from 600 to 80C are proceed-
I i :2 ing under different regimes. While the growth of GaN is
01 01 3 mass-transport-controlled, InN growth is already in the high-
i 1 = temperature region. Since the effect of Ga incorporation ef-
0.0 680 ' 7(')0 ' 850 0.0 ficiency on growth temperature remains nearly unchanged
Growth temperature (°C) here, the decrease of In concentration in the solid is appar-
03 — — T 14 ently_the result qf a decrease inthe InN growth effi(_:iency, due
| ® 412 © possibly to the increasing In desorption rate at high growth
= 410 g temperature®. An Arrhenius fit gives an activation energy of
0T — los S ~20.7 kcal/mol for the declining In growth efficiency. More-
%< - Jos = over, it can be noticed that the presence of TMIn flow has a
01 o | 0'4 :;; dramatic effect on the incorporation of Ga. Without TMIn
i _ 0'2 Ej flow, the Ga growth efficiency in the GaN .binary growth is
00 . , . , . . 0'0 roughlnggooum/mol; as thg In. _reactant is added, the Ga
"0 2 4 6 8 10 12 14 growth efficiency decreases significantly to a value-@D00
TMGa molar flow rate (umol/min) wm/mol, regardless of the growth temperature being used.
0.3 — T 0.6 In regard to the dependence of In solid concentration on
i © dos g) TMGa_row rate, as mentiongd earlier, a very interestifjy
02 b= s (see Fig. 1(b)) curve feature is presented. Based on the obser-
LS —04 = vations of the growth of GaAs and InP materials, one would
< T dos & expect a linear decrease &f, with an increase in TMGa flow
0.1 -O/O/Q\O\O ) rate for InGaN under a fixed TMIn flux growth condition.
B s 02 3 However, this was not the case. From the limited informa-
0.0 P R R 01 tion provided in Fig. 1(b), it seems difficult to have a simple
0 1 2 3 4 explanation for describing such an anomalous In solid incor-
TMin molar flow rate (umol/min) poration behavior in relation to TMGa flow. In contrast, using

Fig. 1. The In solid concentratiotk) and the growth rate of InGaN epi- the concept Ofyea'_\‘ andyin in this _St“‘?'y' more plau5|b_le re-
layers as functions of (a) growth temperature, (b) TMGa flow rate and (§ults can be obtained. As shown in Fig. 2(b), a large increase
TMIn flow rate, respectively. in vinn, together with a sharp decreaseyiguy, is observed at
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800 750 700 650 600 (°C) other likely expla_nation is that since the g_rowth rate _is S0
T T T T T low (<0.18 um/h) in the low Ga flow rate region, we believe
g 8000 F  , (inGaN) (@) A1 that the surface coverage of its species during the deposition
S - p - DO may also have strong influences on the Ga solid incorpora-
O 2 2000 F _ i tion, similar to the manner of growth during atomic layer epi-
E £ Ysan (in InGaN) 19,20) .
@ E 1000 - taxy><% That is, when the average alkyl surface coverage
= is low, nearly all the group Ill atoms impinging on the sur-
3 500 | in InGaN) . 4 ) )
5 5 %N (in InGa face can be incorporated into the surface; as the growth rate
200 | | \ ] is increased, the corresponding surface coverage is increased
0'9 ' 10 ' o : 12 or even saturated and the solid incorporation efficiency re-
1000/T (1/K) ' duces accordingly. This coulq at least p_artially account for
the decrease of Ga growth efficiency at higher Ga flow rates,
4000 ! ! ' ! ' ' observed in our InGaN stud
~ i i Y.
> ®) There is no doubt that the above-mentioned phenomena
2 3000 |- - . "
8 = | .y | could also have a similar effect on the deposition of In atoms.
e g 2000 - GaN | However, we believe that the change of In desorption rate
2 g | ] plays a more important role in determining the In incorpo-
% 1000 | | ration efficiency. Note that the solid incorporation is directly
1G] | inN | related to the desorption rate of reactants, the less the desorp-
0 \ | | \ | | tion rate the higher the incorporation efficiency that can be
0 2 4 6 8 10 12 14 obtained during the deposition. Because of the high desorp-
TMGa molar flow rate (umol/min) tion rate of In, it is known that In growth efficiency is rel-
4000 , T , T , T , atively low in the very low growth rate region, and as the
i i © 1 growth rate increases the desorption rate of In adsorbate is
& 3000 - significantly reduced due to faster coverage of the next layer,
L3 L,./.L . and consequently a higher In incorporation efficiency can be
b5 é 2000 |- - obtained*¥
-,g 2 L . On the other hand, when more than sufficient TMGa was
3 1000 | - introduced, resulting in a high growth rate, the Ga and In
o 5 YN - atoms randomly arriving do not have the time to redistribute
0 s 1 L 1 L L themselves; they react chemically with the N atom bonds
0 1 2 s 4 dangling nearby on the surface before being covered by the
TMin molar flow rate (umol/min) next layer. The unreacted physisorbed surface species, will

Fig. 2. The individual growth efficiencies of Gai{ay) and InNgy) ~ 9€Nerally be rejected from the surface under the arranged
in ternary InGaN as functions of (a) reciprocal growth temperature, (toichiometry growth condition. Consequently, in the high
TMGa flow rate and (c) TMIn flow rate, respectively. For comparison, thgyrowth rate region, both the group Ill components, either Ga
growth efficiency of binary GaN is also included. or In atoms, exhibit nearly identical incorporation probability

and approximately the same saturation value in growth effi-

ciency results. For growth under this condition, the InGaN
low TMGa fluxes. Both theygany andyinn tend to saturate at solid composition is determined virtually by the vapor com-
about the same value at high growth rates. The variations frosition in the reactor.

~vean @andyny in this figure clearly show that the increase of As far as the effects of the TMIn flow rate on InGaN solid

In solid concentration at low Ga flow rates is not due to theomposition are concerned, despite a similar growth influence

increase of In growth efficiency alone, but largely from then X} being observed, of both TMGa and TMin flow rates

sharp decrease of Ga growth efficiency in InGaN growth. (Figs. 1(b) and 1(c)), their growth efficiencies are different.
At very low TMGa flow rates, the thermodynamics is beAs can be seen from Fig. 2(c), unlike an exponential-like

lieved to predominate the InGaN growth. From the thermadecrease ofycay ON Ga flow rate, the Ga growth efficiency

dynamic point of view, the GaN binary is more stable than thim this case decreases suddenly when TMIn reactant is added

InN binary. The corresponding desorption rate for Ga atonthe reactor; thereafter, it returns gradually and reaches a con-

on the surface is much lower than that for In atdfisThus,  stant of~2300um/mol at high flow rates. The sharp decrease

the Ga atom has a high probability of being incorporated intof Ga growth efficiency with the addition of TMIn was also
the growing interface. This explains why Ga growth effi-observed previously in our studies on InGaN growth under
ciency is much higher than In growth efficiency at low TMGadifferent growth temperatures (Fig. 2(a)). This phenomenon
flow rates. may be related to the high-temperature parasitic reaction be-

As the TMGa flow rate is further increased, the thermotween TMGa and TMIn. However, the reason for the satura-
dynamic factor becomes less important and can be taken legs of Ga growth efficiency at high TMIn flow rates is still
advantage by the Ga species. In this situation, a steric hionclear, and further investigations are needed.

drance effect starts to influence the Ga solid incorporation. Concerning the In growth efficiency in noted Fig. 2(c), a

The bonded species inhibit further adsorption of Ga speciéggh yinn, 0of ~1200pm/mol, can be maintained at low TMiIn

on those sites, which cause a decrease of Ga growth efficierfyw rates. This value is reduced to 200-3@®/mol when

in InGaN growth. Aside from the steric hindrance effect, thehe TMIn flow rate is>2.2 umol/min. Since in this region,
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(a) (b) (c) (d) (e)
Fig. 3. The surface morphologies of InGaN films grown at the TMIn flow rates of (a) 0.22, (b) 0.44, (c) 1.1, (d) 2.2 ang:(edBn3in,
respectively.

the total growth rate of InGaN (Fig. 1(c)) is nearly constantTherefore, to obtain InGaN layers with a high In solid con-
it is certain that the growth rate effect, as mentioned above, ¢éentration, one must pay special attention during the deposi-
not the major factor responsible for the decrease of In growtion to avoid the formation of In droplets on the surface.
efficiency at high TMIn flow rates. If this were the case, we
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