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CHAPTER |
INTRODUCTION
1.1 Overview

GaN is a wide direct band gap semiconductor which has attracted much attention for
an application in optoelectronic devices technology [1-3]. The substance is very desirable in
the fabrication of blue light emitting diodes (LEDs) and blue ray laser diodes (LDs) [1], used
for high density optical storage. It is also utilized #or.applications under severe conditions
such as an operation with high breakdown field,[2], high-frequency and high temperature [3].
An exploitation of zinc blende-(eubic_phase) GaN (c-GaN), which is a metastable phase of
GaN, benefits the general uses-of wurtzite (hexagonal phase) GaN (h-GaN) in many ways. For
example, c-GaN can be grownon mon<planar (001) cubic substrates such as GaAs (001) [4].
The technology developed for GaAs is therefore applicable.. Additionally, compared to
wurtzite crystals, zinc blende crystals are easier to be cleaved for laser facets, and also easier
doping and contacting in device fabrications [4j.' Also, zinc blende structure has higher
symmetry than hexagonal structure. Thei, superiér properties such as higher drift velocity,
drift mobility and carrier energy of electrens and holeé :are expected [5]. Furthermore, c-GaN
grown along [001] directionyhas no spontaneousrpdlé-rization or piezoelectric field, which
affects an efficiency of h-GalN based LEDs structured along the c-axis [6]. Higher efficiency
is then expected for an application in quantum optoelectronics. Also, c-GaN quantum wells
are predicted to have higher optical gains than these of h-GaN quantum wells over a wide
range of carrier density [7]..These advantages brought much interest to the development and

quality of c-GaN.

Metal organic vapor phase ‘epitaxy (MOVPE) is a growth method widely used in an
industrial production. However, an inclusion of hexagonal phase GaN [8-11], which reduces
the quality of light emitting, is usually observed in c-GaN grown films. To improve the crystal
quality of c-GaN, selective area metalorganic vapor phase epitaxy (SA-MOVPE) becomes a
promising technique. It is known that c-GaN layers grown by SA-MOVPE contain less
density of planar defects [12, 13] compared to the layer grown under conventional MOVPE.

Another interesting property of SA-MOVPE technique is a selectivity of the growth area. This



technique has been widely utilized in the fabrication of nano-structures such as quantum dots
[14, 15] and quantum wires [16]. Moreover, anisotropic growth features were usually
observed with different pattern orientations [17, 18]. The method is then attracted attentions
among the fabrication of quantum wells, which requires the presence of distinct crystal facets
[19]. Besides the observation of anisotropic growth features, the orientations were also found
to have effects on the film growth rates both in lateral and vertical directions [20, 21]. Also,
the growth rate was found to depend strongly on the fill factor — defined as the ratio of the
open width to the pattern period [22, 23]. More .nterestingly, an abnormal growth rate
enhancement was usually found near masks and distinct facets [24]. Therefore, to control the
growth under SA-MOVPE, an understanding ‘ih the effects of different growth condition is

required.

It is known that there.are two main mechanisms governing SA-MOVPE, i.e. vapor
phase diffusion (VPD) and sugface migration (SM). For wide opening width (>10s um), the
VPD effect was found to dominate, and the surfaée migration effect was negligible [25].
Interestingly, it was observed that,in the case of a iayer with (111)B sidewalls, the SM effects
made more contributions with an increasing of the thickness [26]. Also, the SM effect
becomes less dominant when the length-of (111)B facets become larger than a certain value
[27]. The SM effect is therefore time dependent. However;all the results mentioned above
were focused on selective argas with wide open windows. The surface migration effects in
those cases were therefore limited {0 occur only in the region near the edges of an open

window.

In this work, we,foCus 0n a selective area growth with narrow open windows (<10 um)

in order to investigate the effects of \VPD.and SM on the growth features.of c-GaN.
1.2 Objectives and organization of the thesis

This work aims for an understanding of the growth mechanisms of SA growth via
metal organic vapor phase epitaxy. The focus is on the growth features, i.e. morphologies and
growth rate of cubic GaN narrow stripes with a few micron width. Two main growth
mechanisms in SA growth, namely VPD and SM processes, will be investigated. The final

goal is to find the way to control the growth features of c-GaN.



The thesis is organized as follows.

Chapter 2 is a brief review of experimental and theoretical background in SA-MOVPE.
The main contents are the details of selective area MOVPE growth method including

experimental results of SA c-GaN and the review of diffusion models: VPD and SM models.

Chapter 3 gives details about our experiments and modeling. In the part of
experiments, information of the growth system, experimental results and discussion will be
provided. In modeling part, the derivations and our modifications of VPD model and SM

model will be described.

Chapter 4 gives the results'simulated using VVPD model. Aspects of diffusion process
and the physical meaning of parameierswill be drawn and discussed. The morphologies of the
actual films and the simulation results will be compared. The growth condition where the

surface migration process starts'to be noticeable is:also given.

Chapter 5 provides the results simulated using VPD model including SM effects. The
influence of SM on the thickness @and morphologies will be investigated by varying the
parameters in SM model. The physical meaningi(;)f-‘ﬁ-these parameters will be drawn and

interpreted in term of growth conditiofs: -

Finally, Chapter 6 gives the conclusions of the thesis.



CHAPTER II
BACKGROUND

In this chapter, a brief review of experimental and theoretical background pertaining to
SA-MOVPE is provided. In the first two sections, details of SA-MOVPE growth process and
previous experimental results of SA c-GaN films are given. In the last part, a brief review of
diffusion models is described. This part is divided into two subsections, which give details of

VPD models with and without an addition of s.'urir‘gl)gf?m/'gration effects respectively.

2.1 Selective area MOVPE . =

f‘, J
MOVPE is a deposition‘w( videly used for an epitaxial film growth, i.e. growing
a film layer with a single crystal¢struct -t p of a crystalline substrate. This method has
been extensively utilized for ansepitaxia §réw§hﬂof [~V semiconductors, such as gallium

N)..;Its : $dvhntages are, for example, its low growth

arsenide (GaAs) and gallium nittide
rate with good uniformity, high ;hti forjja%ffgrent growth materials and capable of
expanding to commercial production. MOVPE c-é'g,pe also called as metalorganic chemical

A =gt N o e
vapor deposition (MOCVD). Both of thiese names result from their unique characteristics, i.e.

the film constituents, which are me%ai"@ii;ganjc -Téﬁﬁipdﬁnds for group III precursors and

'LJ: ;""-"l

Fig. 2.1 Horizontal reactor of metal organic vapor phase epitaxy system



metalorganic and/or hydride compounds for group V precursors, will be changed into their
gaseous forms before reacting through chemical processes to form compounds. A picture of

an MOVPE reactor is shown in Fig. 2.1.

MOVPE growth method is highly complex in both physical and chemical aspects. In
this chapter, we describe only the details applied in this work. For more details, we refer to the
work of G. B. Stringfellow [28, 29]. During the growth process, precursors will be firstly
changed into vapors in the input zone before carr}ed by a carrier gas through a system of tubes
to the reactor chamber. The precursors will be trapép/@ted via an imposed pressure gradient
controlled by the pressure adjustu}% qmt. Then,Jhose vapors lmll enter the mixing zone where

they will be mixed to form a homegencous fluid. This homegeneous fluid will be forced to

flow above the substrate, whieh'is heated underneath by a suseepter. Due to a concentration

d/the/ region near the substrate surface, the precursor
AN W

Ll

gradient between the fluid layer

molecules will travel toward theé subst surface and break through pyrolysis reactions into

smaller parts at the surface. Beécause the eona\}ntratlon of gaseous precursors above the

&l

substrate was adjusted to be much higher* than 1ts’ e!thbrlum value, thermodynamic driving
force will drive the gaseous precursors to’S‘o‘hdlfy eéihe surface. To make solidification, those

;i f-‘_g»' d
precursors may react chemically in thelr‘gaseous fgjns and adsorbed on the substrate surface
i
to form the film. Altematlve}y, they can also be adsorbed direetly /on the surface in the form of
— o
free adatoms before dlffusglaterally to find a suitable placg__ on the surface to form a

- T

. vapor-phase
> ditfusion

diffusion
adsorption o
l -;.’ desorption
surface diffusion T

.—». — e R

surface layer

.

Fig. 2.2 Processes occurring during the growth under MOVPE process



compound and solidify. Byproducts of those chemical reactions will be pumped out through
the exhaust gases treatment system. A schematic diagram of the processes occurring in the

surface zone is shown in Fig. 2.2.

SA-MOVPE is a growth technique using MOVPE process. The process is capable of
controlling over the area on which the deposition will occur. In this growth technique,
dielectric materials such as SiO, and SiNx will be firstly grown on the substrate as a mask
layer. The area on the mask layer on which the deposition is required will be chemically
etched to make an open window. The difference in the crystal structures between dielectric
materials (amorphous) and the substraic (single crystal).eads the deposition of the precursors

to occur preferably on the exposedsubstiate surface (window areas).

It was also observed that, undet an improper growth condition, polycrystalline can also
occur on the masks. The area selgétivity/in this case is therefore destroyed. Such situation was
observed when the partial préssuse of the precur%ors above the masks became higher than a
certain critical value or when the ggowth temiperature was too low [30]. In such conditions, the
precursors do not have enough €nergy to move -9}1}—010 the mask area. Consequently, they
deposit on the masks. Another situationis‘when thé ;Ifl‘é;Sk area is too large for the precursors
to diffuse out of the mask. Therefore, growth conditions and growth patterns are very

sensitive for SA growth.

SA growth usually has higher growth rate than a conventional MOVPE growth
process, especially adjacent to mask.edges [24, 31]aThis is because, in SA growth, the growth
is preferred on the exposed areas of the substrate surface. Therefore, an accumulation of
precursors occurs above masks. A lateral concentration gradient of the precursors is therefore
formed between the masks and the windows. Such lateral gradient was found to cause a
growth rate enhancement in the region near masks. Therefore, a growth pattern with wider
mask width gives higher growth rate [26]. An extent of the accumulation of precursors was
observed to depend on the precursors’ diffusion mobility, the precursor species and growth
conditions [31 - 33]. In the case of alloys growth, a compositional change was usually found
near masks because of the difference in diffusion abilities of different group III precursors [27,

31, 34-36].



2.2 Selective area growth of cubic GaN

For SA c-GaN films, different growth features were observed with different mask
orientations, different growth temperature, etc. It was found that c-GaN grown on opening
stripes aligned along [110] direction on GaAs (001) substrates exhibited to have (111)B
sidewalls as shown in Fig.2.3 (a) [37], 2.4 (a) [38], 2.5 (b) [17] and 2.6 (a, ¢ and ¢) [39]. On
the other hand, for [1-10] direction, different growth features were observed with different
growth conditions. Wu et al. [37] and Sanorpim et al. [38] demonstrated c-GaN stripes with
(311)A and (111)A sidewalls, as shown in Figs. 2.3(b) and 2.4(b). However, Shen et al. [17]
reported the stripes with less inclined top surfaces instCad-of (311)A facets as illustrated in Fig.
2.5(a). In case of c-GaN stripes.aligned along the [100] direction, however, as shown in Figs.

2.6 (b, d and f) [39], no distinct facets were observed. Table 2.1 summarizes the growth

Table 2.1 Growth conditions.of previgusly réported selective area cubic GaN

o

Growth Conditions Wu et alt [37] .4 f« Sanon_’bim=et al. Shenetal. [17] | Sanorpim et al.
N [39]
Substrate GaAs (100) GaAs(001) GaAs (001) GaAs (100)
Pressure (Torr) 160 160 - 76 160
Source (Ga, N) IMG, DMHy TMG, DMHy TEG, NH; TMG, DMHy
Mask Material/ SiN,/200 Si0,/200 Si0,/70 Si0,/200

Thickness (nm)

Mask Direction(s)

[011], [02-1]

[110]¢[1-10]

[110], [1-10]

[011], [001]

Fill Factor

0.8

0.5

0.3

0.5

Buffer layer(s):
Material/
Temperature (°C)/

Thickness(nm)

c-GaN/ 575/ 20

GaAs/ 700/ 100-150

c-GaN/ 600/ 20

GaN/ 700/ 700

GaAs/ 700/ ~100

c-GaN/ 600/ 20

Temperature (°C) 900 ~900 850 900, 930, 960
V/I111 ratio Not specified Not specified Not specified 25
Time (min) 30 Not specified 60 15




T

Fig. 2.3 Cross-sectional SEM Lm&gf c- GaN@n GaAs (001) for 30 min [37].

Stripe orientations are (a) [1 Wl -1 dlrm

Fig. 2.4 Cross- sectlonal\_w (001) for 15 min [38].
Stripe orientations are (aF[J'jO and (b) 1-10] 7

Fig. 2.5 Cross-sectional SEM images of c-GaN grown on GaAs (001) for 60 min [17].
Stripe orientations are (a) [1-10] and (b) [110] directions.



Fig. 2.6 Cross-sectional SEM images of c-GaN grown on GaAs (001) at growth time of

15 min [39]. (a), (¢) and (e): the stripe orientation is [110] and the temperatures are 900,
930 and 960 °C, respectively. (b), (d) and (f): the stripe orientation is [100] and the
temperatures are 900, 930 and 960 °C, respectively.
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conditions of c-GaN in each research group. The difference in growth features is still under

investigation.

Sanorpim et al. [39] reported the effects of growth temperature on growth features of
SA c-GaN. The c-GaN stripes along the [110] direction exhibited different facets on the top
surfaces at different growth temperatures. The film top surfaces were found to change from
inclined (811)B facets to planar (100) facets when the growth temperature was decreased from
960 °C to 900 °C, as shown in Figs. 2.6 (a, ciand ¢). On the other hand, there is no effect of

growth temperature on the (111)B sidewalls of the ¢-GaN stripes.
2.3 Diffusion models

It is known that fluid*flowsin MOVPE reactors i1s highly complicated due to the
presence of turbulent flow from the mature of viscous fluid and the temperature gradient
forming between the flowing fluidilayer and thé- substrate surface. To understand a growth
process in SA-MOVPE, therefore,some simpliﬁca:-ations have been assumed and various
models have been designed. A model will be appi'i'ca’ible as long as it can describe a growth
aspect of the film within a satisfactory limit: The ﬁ{'dd?,ls we used in this work are also based
on several assumptions. The first assumption is th"at. ,-:in the growing area, i.e. adjacent to
substrate surface, convection,and fluid effects aré ﬂeéiigible. This type of model, which is

known as “a diffusion model”; therefore considers only diffusion processes.

In a diffusion model, the fluid flow adjacent to the substrate surface is usually assumed
laminar and a stagnant layet i§ assumed between theisubstrate, surface and the flowing fluid
layer. Within this layer it is believed that there are two mechanisms taking control over the
lateral movement @fithe precussors, d:e..vapor phase-diffusion (VPD) and surface migration
(SM). For which processes are more or less dominant, it is distingtished by the distance from
masks to the point of nucleation. For the distance larger than 10 um, VPD was found to
dominate [25]. For shorter distance, surface migration process must be taken into account.
However, such a result was obtained from a growth experiment where the exposed area
(window region) on the substrate surface is much larger than the area covered by dielectric
material (mask region). This means that the perturbations from the adjacent patterns can be

ignored.
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To understand the growth mechanism in SA-MOVPE, we are interested to apply the
VPD model [25] and the SM model [40] to study the growth mechanism of SA c-GaN with
narrower stripe patterns. Therefore, the models are used as tools to probe the growth

phenomena.

These two models are reviewed in section 2.3.1 and 2.3.2, respectively.
2.3.1 Vapor phase diffusion model

The vapor phase diffusion (VPD) model 'was cieated by Gibbon et al. [25] with its
benefits in simplicity and versatility. It has been used-extensively in SA growth with wide
opening windows or high fill faetor— defined as “‘a ratio of epening width to pattern period”.
Typically, the window widths"of séveral 10 pm werc normally used, and the adjustable
parameter in VPD model, D/kywasfound to be ab_gut 50 wm or higher. Thus, the perturbation

from the adjacent growth patteins can be neglecte__d.

D = diffusion coefficient

k = rate of adsorption of precursors 125
per unit precursor concentratjop_ ; 4 '
above wafer surface e X
, e,
w .
Vin=0 d
on
Ll 2—" -0
* X
)
an _o
07
/ Semiconductor
———— ————— surface |
Oxide \
Substrate ek
on
D—=kn
Centre of oz

symmetry

Fig. 2.7 Diffusion equation and boundary conditions in vapor phase diffusion model [25]
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A schematic diagram of VPD model is shown in Fig. 2.7. In this model, a
concentration of precursors will be solved from a diffusion model subjected to a set of
boundary conditions. The film thickness profile will be deduced directly from the profile of
the group III precursor’s concentration on the substrate surface. The model is based on several
assumptions both from the characteristics of MOVPE process and from those of selective area
growth. First, a lateral diffusion of group III precursors on the surface is ignored. This
assumption was shown to be applicable for the area of consideration larger than several of 10
pum [25]. Second, no forced convection is presented in the area adjacent to the substrate
surface. Therefore, an existence of a stagnant layer, which is a region between the substrate
surface and the flowing fluid layer;is-assumed: An experimental observation of the formation
of the stagnant layer was confirmedby-Eversteyn ef al [41]. Finally, it is assumed that the
stripes have a very long lengthsand arc alighed periodically. In an actual situation, the
assumption of very long stripes issstill applicable if the length of the stripes is longer than the

lateral distance that the precurSors anmove.

Quantitative descriptions of the model are as follows. According to the concentration
gradient between the fluid layer and the stibstrate Si;rfglce, the precursors will diffuse from the
homogeneous fluid layer through the stagnant layé;i' t.cji':\wrd the substrate surface. To obtain
concentration of precursors on the substrate surfacjze,:_tfl-e coneentration in the entire stagnant
layer must be obtained. Sincé there is no force convection in the sfagnant layer, the diffusion
process obeys the steady state diffusion equation, V*n = 0, where n is a concentration of the
precursors in vapor phase. Theng'a.set of proper boundary conditions must be selected. Since
the upper boundary of the stagnant layer connects to the homogeneous fluid layer, the
concentration there can be assumed constant, i.e. independent of position (x) and time (¢).
Thus, the upper! boundary~condition is n = n,. The left and right boundaries are chosen to
locate at two symmetric points where the lateral flux of the precursors vanishes, i.e.
Don/ox =0or dn/ox =0. In the case of Gibbon et al., such symmetric points were located at
the center of two adjacent opening regions. Bottom boundary is located on the surface where
regions of mask and window are concerned. Using the fact that the precursors adsorbed on the
mask surface will be desorbed back into the vapor, the vertical flux of the precursors onto the
mask vanishes, Ddn/dz =0 or dn/0z=0. On the other hand, the precursors are adsorbed

with a certain probability before solidify on the window region. For simplicity, the growth
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rate is assumed to be linearly dependent on concentration of precursors in vapor phase.
Therefore, the vertical flux on window area is equivalent to the deposition rate, Don/0z = kn,

where D is the diffusion coefficient of the group-III precursors and £ is the rate of adsorption.

However, with several simplifications, some delicate points are not taken into account.
For example, any anisotropic properties of the crystal are assumed irrelevant. Diffusion
coefficient was also assumed constant and position independent. The latter assumption is
equivalent to the assumption of no temperature difference in the stagnant layer. In spite of the
fact that the concentration on top of the stagnantdayer was assumed position and time
independent, the distribution of preeursors on tl}e surface1s expected to be unperturbed if the

height of the stagnant layer is large-enough.

The most important parametesin the vapor phase diffusion model is D/k. It is known
that D/k, which has dimension ofdengthy represents lateral diffusion mobility of the precursors.
Higher D/k gives higher mobility/of precursors t-? diffuse and spread themselves thoroughly
above the substrate surface. Effectiof D/k on thei_ft_lllic;kness reported by Gibbon et al. [25] is

shown in Fig. 2.8. IR

1 _'/ 15 I d =300 pum
- 203 w = 300 z2m
2 |
Normalised '
exXcass s 1ag
thickness
0.1F
Dfk=100pm
Dfk= 30um
L Dik= 20pm
Denotes pasition of mask Ok = 15:“
0.01— ’ L '
0 50 100
Distance from centre (um)

Fig. 2.8 Calculated profiles of normalized excess thickness at different D/k. The profiles
show the thickness versus distance from the center of the opening region between two
adjacent masks. In this calculation, the pattern period and the height of the stagnant layer
were equally set to 300 um. [25]
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Since then, VPD model has been used extensively in the SA growth of many III-V
semiconductors. The values of D/k observed in those cases are ranging from 50 to 100 pum.
However, very recently, Shioda et al. [42] applied the model to the case of GaN and found a
very interesting result that D/k of Ga precursors in the growth of SA GaN was much smaller
than those in other III-V semiconductors. The D/k was found to be smaller than 10 pm.
Therefore, the application of this model to the case of SA growth of c-GaN with narrower

stripes (<10 um) is probable.
2.3.2 Surface migration merI“‘\\\V///

A prediction from VPDWS fotind trmully explain the film thickness

-—ﬁ-‘
profile in the region located fW

frg{p meﬁksﬁl\()]. However, the deviation was
observed adjacent to the mask edge

improve thé"cq_rrelation between experimental

sidegvalls{ v‘gglclg

stripes aligned to [110] on (00 F) subst tcs.;Moﬁt 1%u ration is shown in Fig. 2.9.

-
sted an addition of SM effects of the

precursors from no growth ( S suall? observed in the case of InP

he no growth (111)B facets can either

be desorbed or migrate to (001) top surfa‘c&Ther _ 'n order to calculate the total migration

.rﬂ

rate of precursors from the‘_ﬁlll)B facets théf desorptlon fd adsorption rate must be

S
known before hand. The | of adsorption at o &s obtained by using the
=i -
assumption of Langmuir [43] ;‘j.e. the rate ent to th,gjproduct of a partial pressure
of the precursors above the facets; the number of vacant atomic sites, and the adsorption

constant. Similarly, t lﬂ uoﬂ ’sgr&{(]rﬂ' Whgp%ugj %ﬂlﬁd atomic sites and the

adsorption constant.

Qﬁﬂﬂ\ﬂﬂ‘ﬁm N‘WT’JWH’?@H
L

[ ]
(111 surface

{100 InP subsirate

Fig. 2.9 Diagram of the surface migration model designed by Greenspan et al. [40]
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Therefore, the conservation of mass leads to Eq. (2.1),
k,p,(1-6)-k,6-N_ =0, (2.1)

where k,1s an adsorption constant, p; is a partial pressure of the precursors, 6 is a percentage
of occupied atomic sites, k4 is a desorption constant and Ny, is a surface migration rate.
Moreover, since the concentration of group V precursors in typical growth conditions of III-V
semiconductors will be much higher than that of group III, we can assume the percentage of
occupied atomic sites of group III precursors to be very small, 6y = 0. The migration rate on

(111)B facets is, therefore,

N, =k,p,. 2.2)

so —

Concerning the case where the imclined length of the sidewall does not exceed the surface
migration length of the precursozs on' the facet, the total number of adatoms migrating from
the (111)B facets is the product of the migrati(;fl rate and the area of the facet. Therefore,
considering the cross section of each stripe, the té)tal 1_1umber of the migrating adatoms to the
edges (the point connected the (141)B faéef and thet_;.t(;.}) surface) is n,, = hN,, , where & is the
inclined length of the (111)B sidewall. The value o'f-"-qu.(_';an be calculated from the growth rate
(r¢) which is obtained from simulation using the VPB’_@odel. Therefore, the inclined height 4
is h= rgtsiif1 (55 ° ), where.#18 the growth time, 55° is the inclineti-angle of (111)B facet when
measured from (001) plane. Consequently, the total number of adatoms at the edges is found
to be ny, =r,tk, p; sin -l (55° ) The concentration of migrating adatoms at a position on (001)

surface can then be ealculated, from, time, dependent surface diffusion equation with the

boundary condition of . That'is,

on| 2. Q7%
RV IRy NP 2-3)

where D; is a surface diffusion constant and 7 is a mean lifetime of precursor. In the work of
Greenspan et al. [40], the origin (x = 0) was set at the left boundary between (111)B facet and

(001) surface, as shown in Fig 2.10. The boundary conditions are given by:

n(t,x=0)= rok,p; (sin 55° )_lt = At,
ng (t,x = W) = At,
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Fig. 2.10 The thickness profile as'a funciion of the distance from mask. The solid curve is the
measured value. The broken andfdoited curves are the caleulated profile from vapor phase
diffusion model and surface migrasonimodel, respectively. [40]

and n(t=0,49=0 o™ 2.4)

where W is a width of (001) opening surface. For >>1, the total number of adatoms was

shown to be 2

n(t,0)= At(e_k/f L WAL )’_, & (2.5)

where L’ = D, is the surface diffusion length of the group IIT precursors on (001) surface. The

film thickness is then calculated from

1k
T (e, )=o) (W + <, (.4 ) (2.6)
0T
where, k, is a 'molecularivolume| of InP¢ Fig. 2.10 'shows the results| of 'the SM model

compared to the results obtained from the VPD model. It is clearly seen that correlation

between experimental and simulated results at the edge regions is remarkably improved.

The SM model was also applied in many cases for both compounds and alloys. For
instance, Shioda et al. [27] showed an observation of time dependent surface migration.
However, all the results were obtained from studies of SA growth with wide stripe patterns

(opening width > 50 um width). Therefore, the surface migration contribution does not have
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much effect on the growth rate at the center of the opening window. An observation of the SM
contribution was limited to the region near edges. However, we believed that the effects will
be much stronger for SA growth with narrower stripe patterns. Therefore, this model is a
promising tool to investigate the SA growth of c-GaN with narrow stripe patterns (<10 um).
Investigational results will lead us to find the way to optimize growth conditions in order to

control the growth feature of SA c-GaN.
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CHAPTER I
EXPERIMENT AND MODELING

This chapter is divided into two parts: experiments and modeling. Details of
experimental set up such as growth method and growth conditions are given and followed by
results and discussion. Then, derivations and modifications of VPD model and SM model are
described. Simulation results of these two models will be given and discussed later in chapters

4 and 5.
3.1 Experiment
3.1.1 Growth of SA c-GaN

In order to understand“growth /mechanisms of selective area (SA) growth via MOVPE
for narrow stripe patterns, wesdesigned to use the pattern, which composed of mask stripe
alternating with opening stripe. Width of mask stripe (M) was fixed at 4.2 um in all samples,
while width of opening stripes (W) of each sample Waé varied. Each sample will be labeled by
its fill factor — defined as the ratio of opening width (W) to the pattern period (W+M). The fill
factors used in this work are 0.35, 0.48, 0.58, 0.72 and 1.00. The reference sample is the c-
GaN film with no mask (fill factor of 1.00). All samplre-s were grown under the same growth

conditions. Details of SA-MONPE are described as follows.

All the c-GaN samples were grown on pre-patterned GaAs (001) substrates under low-
pressure (160 Torr) MOVPE system. ‘To make a pattern on the substrate, 200 nm-thick SiNx
layer was firstly deposited on the GaAs substrates by CVD technique. Then, the SiN layer was
etched to make-a periodic/pattern-ef:openingistripes.-Mask width was fixedvat 4.2 um for all
samples. The width of opening stripes was varied to adjust the value of fill factor: 0.35, 0.48,
0.58 and 0.72. After patterning the substrate surface, low-temperature GaAs buffer layer
(~100 nm thickness) and GaN buffer layer (~20 nm thickness) were grown at 700°C and
600°C, respectively. After the growth of the buffer layers, c-GaN layer was grown at 900°C.
Trimethylgallium (TMGa), AsH3 and dimethylhydrazine (DMHy) were used as the source

materials of Ga, As and N, respectively.
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To analyze the pattern effects on the growth feature, scanning electron microscopy
(SEM) measurements were performed. Thickness of each sample was examined from SEM
images to obtain normalized growth rate, which is defined as the ratio of the thickness at a

certain fill factor to the thickness at fill factor 1.00 (no mask condition).
3.1.2 Results and discussion

Figure 3.1 shows cross-sectional SEM images of c-GaN stripes with fill factors of (a)
0.35, (b) 0.48, (c) 0.58 and (d) 0.72. It is clea'lr}y/}en that the selectivity is good for all
samples, as no deposition occur on masks. AII ples show cross-section with a
trapezoidal shape with very flat ’(El_)B sidewalls and rough (001) top surface. The growth
rate enhancement is clearly see‘rLgea(f ‘_ edge orat boundary between (001) top surface and
(111)B sidewalls. '/

L
W
v

i

Fill Factor 0.35

Fill Factor 0.72

Zum D000 Z0 ZB S

Fig. 3.1 Bird eye view SEM images of SA c-GaN on GaAs (001) substrates with stripe pattern
along [110] direction and fill factor of (a) 0.35, (b) 0.48, (c) 0.58 and (d) 0.72.
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Fig. 3.3 (a) Low-magnification and (b) higher magnification transmission electron
microscopy (TEM) images of GaN stripes with fill factor of 0.5 and mask width of 3 um. The
stripe is oriented along the [110] direction. [38]
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/
Fig. 3.4 Bird eye view SEM images of c-GaN 4191'9?@8 on [110]-patterned GaAs (001)
substrates grown at 880 °C with grewth times (31; (@) 25 minrand (b) 20 min.

reported by Sanorpim et al. [38]:"1t was fotind that GaN crystallized in cubic structure only in

!
the region above the openiniye{ of the s}:bstrate. On the other hand, pure hexagonal
structure of GaN was observed'to be laterally overgrown on the mask regions.

Y| pes $ time proceeds

3.1.3 Growth features of c-Ga.

J-ja i

Interestingly, GaN was foun to grpw onLprn the opening region without any lateral
overgrowth until a certain growth™time. Flgure 3¢*$hows SEM images of c-GaN stripes
grown at 880°C for (a) 15 and (b)720 mm orrémed .along the [110] direction. Growth

conditions of these films are identlcal As seen in Fig. 3.4 (a), qégosmon of c-GaN occurred

only above the opening reg‘ld’n On the other hand, lateral over gréwth later occurred for the
film with longer growth time (20 min) as shown in Fig. 3.4 (b).

3.2 Modeling
3.2.1 Vapor phase diffusion. model

Diffusion equation and boundary conditions appearing in the vapor phase diffusion
model being used in our analysis are illustrated in Fig. 3.5. The area above the substrate
surface is assumed stagnant, i.e. forced convection is not concerned. Thus, according to the
conservation of mass, group Il precursor (Ga) concentration (u) in the area of the stagnant
layer satisfies a steady state diffusion equation with no source term, Au=0. Above the
stagnant layer, which is the zone under the influence of fluid flow, the flowing substances are

assumed well mixed and homogeneous. The Ga concentration above the stagnant layer is then
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U = const.

Fig. 3.5 Diffusion equation.and-boundary conditionsin.vapor phase diffusion model

assumed constant, time and position ndent. The left and right boundaries are chosen to

-

be located at the center of two adja
flux of Ga precursors due to their's e»try, aq}gax 0. The bottom boundary is located on
the surface where two different types of. a.rea mu;s; be concerned, i.e. the opening region and
the region covered with mask. e Qpenmg @on the condition of continuous flux is
applied in conjunction with Langrrfmf_lsothéﬁ}j_ﬁ%] and Fick’s law. This results
in Dou/dy =ku , where D_and k are-diffusion {:ﬁ'efﬁtlent and deposition rate constant,
respectively. According to stgfe\mh—resul{s—ﬁe—gfemh—emé#ks is assumed. Therefore,

the condition du/dy = 0 was a‘pplled on the mask area. m

In order to investigate effeCts of VVPD_process on c-GaN narrow stripes, VPD model
was translated into a computationalfprogram using MATLAB. Tao solve the diffusion equation
with the boundary conditions, a finite diffefent method was applied. Thesarea in the stagnant
layer was considered as 'a|rectangular gridsystem. The grid spacing in_the vertical and
horizontal directions was set independently. At all grid points, the diffusion equation was
changed to a finite difference equation. The central difference approximation was applied at
all the points located inside the boundary. At the points on the left, right and bottom
boundaries, the equation was adapted by using a forward or backward difference
approximation in conjunction with the imposed boundary conditions. All the points at the

topmost of the rectangular domain were equally fixed to a certain constant at all time.
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Concerning the nature of diffusion process, the precursor concentration will vary until
the saturation occurs. Therefore, the program was set to cease when the percent of
concentration difference (between the present and the previous round) at the center of the
opening region on the substrate surface is less than a specific value (0.5%). To get rid of an
unnecessary retardation resulted from too many calculations and to avoid an unwanted stop
resulted from a too small variation of the concentration which always happens during the
initial stage of the running, the calculation of the percent of difference was set to execute only
when the program is running through a set of specific round numbers. In this work, the
calculation was set to perform when.the program reaches.a round number which is an integral

multiple of 10,000 i.e. the round number 10,000; 20,000,-30,000, etc.
3.2.2 Surface migration'maecdel

Surface migration process‘was shawn.-to-have noticeable effects in the area within 10
um distance from no growth area [25]. Therefore, in the case where the opening width is
comparable to 10 um, surfacé migration effects _sh_ould be concerned. According to the
experimental results, Figs. 3.3 and 8.4, we believed that the c-GaN stripes possibly grew
under two-step growth process as shown-in-Fig:. 3.6. In‘the first step, c-GaN grows directly on
the opening region of the substrate surface with a trapezoid shape with (111)B sidewalls. In
this stage, the growth rate af {111)B facets was assumed to be negligibly low until the length
of the facet exceeded the surface diffusion length of the Ga precursors [33]. The second step,

namely lateral overgrowth, will begin after the length of the (111)B facets exceeds the

vertical
growth
lateral A lateral
growth growth
mask c-GaN mask
GaAs (001) substrate

Fig. 3.6 Schematic diagram of two-step growth process [38]
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diffusion length of the Ga precursors, resulting in both lateral and vertical growth. Without

disturbance, this stage would continue until coalescence.

The experimental supports of the two-step growth model are as follows. As shown in
Fig. 3.1, (111)B facets appear apparently as sidewalls of the c-GaN stripes. Moreover,
according to TEM results of SA c-GaN films grown at the same growth conditions shown in
Figs. 3.3 (a) and (b), the films have cubic structure only in the trapezoidal region (region I, the
first step growth) above the opening substrate surface, which was bounded by (111)B
sidewalls. For the lateral growth region (region |1, thesSeeond step growth) which started from
(111)B facets, GaN crystallizes in-hexagonal p_hase. This-difference in the crystal structures
suggested two different growth precesses. To analyze the growth features of c-GaN stripes

above the opening regions, we.therefere.ignored the lateral growth.

According to two-step growth/model, during the first step, the surface migration model
of Greenspan et al. [40] can"be applied. The sc—lﬁematiC diagram of the first-step growth is
shown in Fig. 3.7. In this work;"the Origin of X axi“s._qna_(001) plane was located at the center of
the opening region. The reason of changing the pog}_t_idn from the model used in Greenspan et
al.’s work is to enable the upcoming solutien to be ziEﬁried to a more general case, i.e. the case
where the decreasing in the width of the opening-’wfegion is concerned. Consequently, the

surface diffusion equation is

on d°n n
a1 G
N
P
|4. .............................

Fig. 3.7 Schematic diagram of the first-step growth process in which no lateral overgrowth is
involved
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in conjunction with
. -1
n(t,x =+K)=ryk, pi(5|n54.7°) t=At, (3.2)
nlt=0,x)=0, (3.3)

where n is a concentration of group Il precursors on (001) surface, x is a position from the
centre of the open window, t is a growth time, Ds is a surface diffusion constant of group Il
precursors on (001) surface, zis an average lifetime of group 11 precursors on (001) surface,
ry is the growth rate derived from VPD model; ki #1S.@an adsorption constant of group IlI
precursors on (111)B facet, p; is a partial pressure of-group 111 precursors on (111)B facet and
K is a half of the opening width«T0 solve Eq. (3.1) with boundary conditions (3.2)-(3.3), let

us consider a function in a form'of
u(t,x)=e""n(t,x). ' (3.4)

Substituting Eq. (3.4) into Egs. (3.1)<(3.3), we obtain

X _p Y 35)
with

u(t,x = +K)=e""At], (3.6)

ult=0,x)=0. (3.7)
Then, let

v(t,x)=u(t,x)—e""At. (3.8)
Substituting Eq.(3.8) into Egs. (3.5)-(3.7), we obtain

X0, (1edaet, (39)
with

v(t,x=+K)=0, (3.10)

v(t=0,x)=0. (3.11)
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To solve Eqg. (3.9) with boundary conditions (3.10)-(3.11), we note that the solution of these
equations must be symmetric around the origin, i.e. the solution must be an even function.
Therefore, we expect the solution to be expandable by cosine Fourier series. Therefore, we try

the solution in the following form:

v(t,x)= 3C, (t)cos(r,x). (3.12)

n=1

The boundary condition (3.10) suggests

K :g(Zn—l). (3.13)

n

Expand Ae! T(1+£j by
T

Aet/‘(1+ lj = 35, (t)cos(h, ). (3.14)
T n=1 #

The coefficient Sy(t) can be obtained from-the relation,

K
. [ cos(h x)dx
S, (t)= Aet/f(1+—)KK—- 7/
t icosz(knx)dx ik (3.15)

= Ae'" (1 + SEE%}

Substitute Egs. (3.12), (3.14) and (3.15) into Eqg. (3.9). We obtata

riJ: d;n + DOLEC 4 Sn}cos(knx) =) (3.16)

which impliesthatithe coefficients ofcos(ix)vanish forall m

We solved Eq. (8.16) by using the formula:

C. - _( 1 )US“ _ejsznzdt'dt)+Clejsznzdt

ejosxnzdt

_an Dskn2+1'
- —, 24 A je[ Jt(ﬂijdt +oe D
ej-Dskn dt 7\‘nK T

where c; is a constant of integration.

(3.17)




Since

2 1)
DghA =t
(DS)"HZ_"}){ e( stn +‘E
e Yodt=

dt=" 7, (3.18)
DA, +=
T
and
Lite (3.19)
T
Therefore,
C,=
(3.20)
Using Eq. (3.11), we obtain
¢ - (3.21)
Substituting Eq. (3.21) into E£(3 20) we obtain
C, = 2‘(K_7L1)HA g olls 1+__ oDkt Jq _ 1 1
AR SR N A G D
9
A(=1)" —Dsknz‘t1
-2 (le) A L . el Lo ! . >—e( )r 1- ! :
" szn2+7 t (DS}\’nz-l_j'T (sznz'k]"c
T T T
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Using the approximation that t/t >>1, we therefore obtain

2- (1) Aer 1 t 1

C, L
1
KA, DA 2+2 | T (sznz"‘lj'T
T T

I

(3.23)

We define L? = Dyt as the surface migration length of the precursor on the (001) surface.

Therefore,

ATASNARLUA NS Y

= i[ L J -2, (-1 cosh(ak ) (3.26)

Kla?+x,”

Therefore,

cosh(aX)=§i( > L 2J-an(—l)””cosh(aK)cos(xnx). (3.27)
=K\ a +A,
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Integrating Eq. (3.27) twice, we obtain

coshz(ax) +CX+Cy = §i£—l J-an(— )™t cosh(aK)(Cos(k”X)]

a 1K | a2 +7\'n2 n2

a n

(oot § 4 Loty )

(3.28)

where ¢,andc,are constants of integration. Since Gos(# K )=0for all n, we obtainc, =0

and c; = —M. Comparing Eg.(3:28) and Eq. (3.25), we obtain
3 az

n(t,x) = At+ At{COSh(X/L)_ cosh(K/ '-)]

coshi(K/L) (3.29)
At cosh(x/L)

cosh(K/L)

where At = rgt(sin 54.7° lea P =K, pil(lll). Alternggiyély, EQ. (3.29) can be rewritten as

cosh(x/L)

n(t,x)= kapil(lll)m- ,

(3.30)
That is, the diffusion equation (3.1) with boundary conditions (3.2) and (3.3) predicts the
precursor concentration profile on the surface to be a linearly function of growth time.

Eq. (3.29) also leads the thickness to.be composed 6fitwo terms as shown in Eq. (3.31).

T(t,x)= ry(x)t + }kTg ng(x,u)du

) koka Pi(sin54.7° ] cosh(x/L) )
= 1y (Je+| = 21 “cosh(K//L) o (X

(3.31)
ry(x)t +Z—gtn(t,x)t,

where kg is molecular volume of the film. The first term on the right hand side of the thickness
equation (3.31) resulted from VPD process, while the second term represents the surface

contribution. To obtain the growth rate of the film, consider the first derivative of Eq. (3.31).
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This indicates that surface contribution effects lead the growth rate to depend linearly on time

instead of being time independent as observed in the case of VPD model.

It should be note that during the derivation, we have calculated 1(111) using the growth
rate calculated from VPD model, i.e. 1(111) was assumed to grow with time-independent
growth rate. However, Eqg. (3.31) suggested that time dependent aspects exist in this case. To
improve, therefore, 1(111) was modified to be derived from the thickness equation (3.31).

Therefore, Egs. (3.1) to (3.3) will change to be

on_pon_n (3.32)

with

n(t’x = iK): Ka pil(lll)VPD+Surf

—

—k, pi (sif54 7 | 7t~ 0) 4
Kq roky pi(sinsa. 77"

=K, p; (sin 54.7")71 r bt A t? | = At +Bt?,
7‘ (3.33)

n(t=0,x)=0, YT (3.34)
where A=k, p;r, (sin 54.7‘))_1 and B = Koka pi(szi:54.7°)—l A
Using

u(t,x)=e""n(t,x), (3.35)
and substituting'Eqg, (3.35)-into,Egs. (3.32)-(3,34), we obtain

u_p 0 (3.36)

ot OX
with

u(t,x = +K)=e"*(At + Bt?), (3.37)

ult=0,x)=0. (3.38)



Then, let
v(t,x)=u(t,x)—et/T(At+ Btz). (3.39)

Substituting Eq. (3.39) into Egs. (3.36)-(3.38), we obtain
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2
X _p, 8—‘2’ (1+ jAet/’ 2t B Bet/" (3.40)
ot oX T r
with
v(t,x=+K)= (3.41)
v(t=0,x)=0. (3.42)
To solve Eqg. (3.40) with bounda :41) - (3:42),we try the solution in the form,
v(t,x) (3.43)
n:l
which was suggested by the s qu ar e point (x = 0).
The boundary condition (3.41) sug
T
JoK = (20 -1). (3.44)

2
Expand [Zt—t—]Bet/ ® by
T

“{= RN INgINg oo
" QEINIMMAINgNae

q
[ o | (3.46)

2
Q,(t)=Be'f 2t +
T
Substitute Egs. (3.43), (3.14), (3.15), (3.45) and (3.46) into Eq. (3.40). We obtain

Z,[ddct +D,°C, + S, +Qn}cos(x x)=0. (3.47)

n=



Solve for C, by using the formula:

1 24t 1 2400 _ 2
C,= —[ }(I S, -e/Pndt dtj_(emgxnzdt }(I Q, -elPs ™ dt)+C1e JDghn”ct

e [ Dghp2dt

~ 1 2(_ 1)n A Ie(sznZJr:).t (14_ l ]dt
B ef Dsknzdt }\.n K T
—_1)" Dsknz+1 t 2 .
- - 2-1'8 je[ ’j 2t + 1 fot |+ cpe O,
eI Dsin dt 7\4n K ’ T

r the s/eﬁ] on the right hand side.

(3.48)

where c,is a constant of integrati

/

Since

(3.49)

and

Dghy?+= |t
ljtze( j dt — .
T Pyl [ 2 1
(Dskn +j
T
(3.50)

s, AUEANYNTNYING

- SERTRIRI U NN INYA Y

A1\ Rat/t 2
P LI DU S PR SO SN PO SN S RTR
KL, L2A,"+1 T (L2xn2+1)2

Using Eq. (3.42), we found ¢, =0. Therefore,

A1\ al/t
c =2V L || At+2BtesBr- 2B | (3.52)
KA, LA, +1 (szn2+1)2

32
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Consequently,

2-(-1)" 1 ) 2Btr
At + Bt? + At + 2Btt+ Bt + ————— [COS(A . X
( ) nzl K?\ sznz 1 (szn2+1)2 ( n )

cosh(x/L) 2. (-1)" 1 1
~ (At+Bt? )Cosh(K/L)+ZBtrnZ o, |\t l+(|_2x o cos(,x)

B cosh(x/L) cosh(x/L) 2-(-1)" 1
_(At ) (K/L)+ (W 1) +2Btr a < (szn2+1)3 cos(r,x).

(3.53)

The second and third terms on the right hand side of 6. (3:53) are very small compared to the

first term. Therefore,
n(t,x) = (At + Btz)&h(x/ﬁ
cosh(KyL)

cosh(x/L :
= Ko Pil (11 0)ypp., &ﬁ o

(3.54)

Compared with Eq. (3.31), Eq. (3.54) also predicts"the-thickness to be composed of two terms,
i.e. the first term resulting from VED effects and the other term resulting from SM effects.
However, the surface contribution effecis in Eqg. (3 54) led the latter to depend on a square of
growth time instead of being a linearly function as appearmg in Eg. (3.31). This implies that
the power function of time appearing in-the-latter term-was governed by the function of 1(111)
growth rate. Also, it should be noted that Egs. (3.54) and (3.29) suggest that n(t,x) can be
written in the form of Eq. (3.30), i.e.

cosh(x/L)

n(t,x) =k, p; -|(111)-m.

(3.55)
This suggests that the precursors’ concentration-on (001) surface depend-inearly on the length
of 1(111).

However, the solution we have obtained so far results only when we neglect the
decrease of the width of the opening stripes. As we are interested in the case of narrow stripes
(width of the opening region is less than 10 um), the decreasing of the opening width should
be also taken into account. This lead the problem to be a partial differential equation subjected

to time-dependent boundary condition:
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with
n(t,x = +K (t))= k, p; -1(L12), (3.57)
nlt=0,x)=0, (3.58)

where K(t)=K —I(lll)cos(54.7°) is a half of the actual opening region, i.e. a half of the
opening region when the area of (111)B facets is also considered. Time dependent aspect
appearing in Eq. (3.57) leads to a complicated preblem which cannot be solved by using the
same method. However, by using-an-approximation that-the increasing of 1(111) over time is
small, the solution (3.55) can still be-applicable. That is, the solution of Egs. (3.56)-(3.58) can
be approximate in the form of

e, x) = k. p, -1(111)- 2L 7= (359)

coshiK () £ \ 4

To analyze the error of Eg. (3.59), we subé‘-t‘itUte Eq. (3.59) into Egs. (3.56)-(3.58). It

can be seen that the solution satisfigs the boundary":_’_tzbn_;(_jitions (3.57) and (3.58). However, an

error occurs in Eg. (3.56) as

dA  dI(111)
—C
dt dt
_di@) |,
dt

_ A1y, _1+tanh(R/L)- (K — R)}

1011 tanh{ikAE) S

dK 1
dt L
1(L11) tanh(K/L) (54.7")}

L

_ difgaa) N0) (3.60)

while the error of the solution (3.55) is
da d|(111)_
dt dt

_di(111)
== 3(t), (3.61)
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Figs. 3.8 (a) - (e) show the variation of functlon &5(1) appearmg in Eqg. (3.60) as a function of
K of the stripe with fill factor 0.35 (K =513 um) WhICh is the smallest fill factor of the
samples used in our work. The function 8(t) in E:gs "(a) to (e) were simulated at different
values of L: 0.2, 0.4, 0.6, 0.8, 1.0-respectively. Flgure (f) is the function &(t) in Eq. (3.61),
which is constant (equal to one\ independent on.|

where 5(t) in Eq. (3.61) is Qonstant (equal“to one) and timc_a- independent for all L. The
propagations of error in Egs. (3:60).and (3.61) at different value of L are shown in Fig. 3.8.
Under this assumption that Eq; (3.59) is applicable,.the thickness becomes

T ) @SR AL (e

0T

cosh(x/L)

kg t
r (x)t+T-ka p; -gl(lll)-mk—/l_)du (3.62)

It can be seen that surface migration model contains two unknown parameters i.e. the

surface migration length on (001) surface (L=./D,t) and the product of an adsorption
constant (k;), a partial pressure of group Il precursors on (111)B facet (pi), a molecular

volume of the film (kg), and an inverse of average lifetime of group Il precursors on (001)
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surface (1/7), i.e. kgkapi/7. For simplicity, the latter product will be named as the weight of
surface migration contribution. Theoretically, surface migration length on (001) surface
represents the distance that group I11 precursors can migrate from the edge to the inner region
of (001) top surface. The weight of surface migration contribution indicates the extent of

surface migration contribution on the film growth rate and thickness.

To further understand surface migration effects, surface migration model derived in
this chapter will be applied to simulate the growth rate and thickness of c-GaN narrow stripes.
The results and discussion will be shown in chapter 5. The thickness of the film will be
calculated and compared with experimental results.“The-meaning of L and the weight of
surface migration contribution will-be drawn, and the best-fit. values for c-GaN narrow stripes

in the considered growth condiion will be given.



CHAPTER IV

VAPOR PHASE DIFFUSION MODEL.:
RESULTS AND DISCUSSION

The results simulated by using VPD model in conjunction with boundary conditions
illustrated in the chapter 3 will be demonstrated and discussed. The goal of this chapter is to
evaluate the capability of VPD model in SA growth with narrow stripe patterns and to
understand the effects of VPD on growth rate and merphologies. Moreover, to understand the
growth mechanisms in SA growth, physical meaning of the parameter in the model will be

-

drawn and discussed.

4.1 Unknown parameters

To simulate growth rate profiles of SA c=éaN, VPD model was applied with a finite
different method. During this stage, VPD will be ‘taken as the only mechanism governing
lateral movement of the Ga precursors from m'efs__l_,(s;_to the open windows under group-V-
overpressure growth condition. Surface migration éffg_ct was ignored.

_ ety
The concentration at a certain peint.in stag@t layer was calculated via a steady state

el

differential equation in conjunction with proper boundary conditions as described in chapter 3.

2.2F % siies =500 pm ||
A\ === I =750 pum
250k X\ 4 E1,000 pm ||
_é B “@\\ mve= H £2,000 pm
.;"5 16F L i
s "
g 14} = ™ .
o~ D/k =50 pm "Ny,
I ~ |
L2 p=42 pm .
"’ﬁ,
-~
.IO - L L —
0.2 0.4 0.6 0.8 1.0

Fill factor (W/W+M)

Fig. 4.1 Normalized thickness profiles as a function of fill factor with typical values of D/k
and mask width of 50 and 4.2 um, respectively. H value was varied from 500 to 2,000 pm.
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At top boundary of the stagnant layer, the concentration was fixed as a constant with
independent of position and time. However, it is found that the height (H) of the stagnant
layer must be high enough in order to suppress any distribution of the precursors at the

boundary of the stagnant layer on the concentration’s profile at the substrate surface.

We have used the height of the stagnant layer, H = 1,000 um, which is approximately
100 times wider than the period of stripe pattern with highest fill factor of 0.72. To justify its
applicability, the value of H was varied to analyze the upcoming results whether the variation
of H affects the concentration profile. Figure 4.1 shows normalized thickness via VPD model
as a function of fill factor with typieal value of D/k“and-mask width of 50 pm and 4.2 um,
respectively. Value of H was vasied from 500 to 2,000 pm. It is seen that the variation of H
has a small influence on the.thickness profile. An increasc in H results in an increase of
thickness and tends to saturatesat higher values (>1.000 pm). Thus, in order to further reduce

the error, the value of H in all calculations was fixed at 1,000 pm,
4.2 Steady state condition

In this section, we describe influence of it-éi'régilqn on concentration of Ga precursors,
which is very alike to the case of growthi proceed in: a.}eal growth process. Figure 4.2 shows
concentration of Ga precursoss at one position on t’he- _S;Jfface, incfcasing with iteration before
getting saturated. During the first round, concentration of precursors just on the surface is very
low. It is due to a limited number of precursors diffusing from the fluid layer and reaching the
surface. As the iteration proceeds, more precursorsican travel to the surface. This results in an
increase of concentration on the surface. Saturation occurs when the rate of deposition equals
the influx of precursors from the fluid layer. Thus, under, saturation condition, concentration

on the surface becomes satuirate and iteration independent.

Concentration profile of the entire stagnant layer when the saturation occurs is shown
in Fig. 4.3. The simulated concentration profile is of the stripes with fill factor 0.3, mask

width 4.2 pm and D/K of 50 pm.

Deposition rate at a certain position on the open surface, rg(X), can be drawn from the
concentration profile through a linear proportional relation in the boundary condition:

Iy (x) = kug, (x). Note that the deposition rate on masks was set to be zero by the boundary
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T(t,x;FF)=t- rg&x;.l: =t-Kugys (X;FF) , (4.1)

whereFFlsﬁllfactorﬂ uEJ ’g V] Ej‘ﬂ‘j w EJ’] ﬂj
o AR N A T

problem of how! to fit the simulated results with experimental results, we normalized the
simulated concentration for each fill factor by the simulated concentration at fill factor 1.00 or
no-mask condition. Thus, the final concentration, which is plotted in the figure, has no unit.
Substituting this unitless concentration into Eq. (4.1), we obtain a unitless thickness, namely

normalized thickness.

t- kusurf (X; FF) _ Uyt (X FF)
t-kug (FF =1) u,(x;FF=1)

T o (t, X FF)= 4.2)

surf
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Fill factor - defined as a ratio of the opening width to the pattern period - was observed
to have profoundly effects on the growth rate of selective area c-GaN narrow stripes. As
shown in chapter 3, a decrease in fill factor significantly raised the growth rate of the stripes.
This is because the decrease in fill factor is the increase of the area covered with dielectric

masks and therefore leads to higher accumulation of the precursors above the masks, on which
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Fig. 4.4 Normalized thickness profiles of measured (stars) and simulated (lines) results of c-

GaN stripes along the [110] direction as a functron of fill factor.
J

no deposition can occur. Higher concer{trétion gf';fclliénts occur between masks and opening
regions in between, on which the concentratron Qf the precursors depletes due to the

deposition of the gaseous precursors 1nt0 solrd ompound These higher concentration

gradients lead to stronger lateral flux of precursors from above the masks to the opening

regions and subsequently result in an enhancement of the growth}ate on the opening regions.

To quantitatively analﬁe the effect of fill factor on growth rate enhancement, VPD
model was applied to simulate the normalized thickness profile at different growth condition,
i.e. at different D/K. The simulated results are shown compared to experimental data in Fig.
4.4. The measured:values wete<labeled by blackistars withietror barsy and the simulated
normalized thickness profiles from VPD model were labeled by lines. Those normalized
thicknesses were calculated by using Eq. (4.2), where the initial thickness was calculated from
the concentration on the surface at the center of the opening region. As the normalized
thickness has the same meaning as a multiple of growth rate enhancement, from now on we

will call it shortly as growth rate enhancement (GRE).

In Fig. 4.4, it can be seen that GRE of small fill factor increases strongly with the

decreasing of fill factor. When comparing the experimental results to the simulated ones, we
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observed that the correlation between the GRE and the fill factor divided itself into two
regions: the region of fill factors higher and smaller than 0.5 (0.5 is a roughly approximated
value). In region I (fill factor greater than 0.5), the GRE of selective area c-GaN is found to
agree very well with the simulated results from VPD model for D/k = 15 pm. In region II (fill
factor smaller than 0.5), on the other hand, the experimental GREs are considerably higher
than those predicted by VPD model with D/k = 15 um. The deviation suggests a reduction of a
proper D/K to be only a few micrometers. However, we have tried to improve the correlation
by decreasing D/k below 1 um but nevertheless we found that the profile of normalized
thickness cannot be raised higher than the profile simulated with D/k = 1 um, since the profile
saturated. This deviation, therefore; indicates the limit-of-an application of VPD model for

selective area growth of narrow stripes.

Concerning a possible.source of this deviation, we believed that the neglect of surface
migration process had caused this effeet. That is, the trend of GRE in the region I (fill factor
smaller than 0.5) cannot be explained by consideriné only the effects of vapor phase diffusion
process. The deviation suggests non-negligible effects of surface migration process. Therefore,
the difference between the simulated results With‘?D‘/k = 15 um and the experimental data
indicates the extent of the contribution of the surf;wél’:migration process. These results also
suggest that fill factor can be used as a tool to disfiﬁgﬁish the starting point at which surface

migration process significantly takes effect.
4.4 D/k dependent growth profiles

We have found that.D/K has.influences both on the surface profile i.e. curvature of the
film surface and on the¢ growth rate enhancement of the film. To understand the physical
meaning of D/ on/the filin surface, cross-sectional normalized thickness profiles of c-GaN
stripes with fill factor 0.58 at different D/k are shown in Fig. 4.5. It can be observed that the
simulated film with D/K higher than 50 um has a rather planar surface, while curved surface
profiles was obtained for D/k smaller than 50 pum. Moreover, as increasing fill factor, the film
surface tends to be more curved as shown in Fig. 4.6 (a), which demonstrates the comparison
between the simulated normalized thicknesses at the center and edges of the opening region as
a function of fill factors. The percent of difference between those two regions was also

calculated and shown in Fig. 4.6 (b). It should be noted that the normalized thickness used in
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Fig. 4.6 (a) The difference in normalized thickness at the center and edge of the opening
region and (b) A percent of difference in the thickness at center and edge of the opening
region as a function of fill factors at D/k: 1, 50 and 100 pm

Figs 4.6 (a) and (b) was defined differently from the normalized thickness defined in Eq. (4.2).
For ease of demonstration, the normalized thickness at a certain fill factor in these two figures
is defined as a ratio of the thickness at that fill factor to the thickness at fill factor 0.2, the

smallest fill factor used in this case.
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Figs. 4.5, 4.6 (a) and (b) andicate tﬁat the c:iifference in GRE between the edges and the
center lessens as the D/K increasgs. This imiplies that the precursors can diffuse with longer
J _.! F.

distance when D/K increases. The parameter D/k, véh‘lch has a unit of length, can therefore be
'y - i Ad

interpreted as an effective diffusion len;gth of the Ga precursors. Note that, however, the effect

of D/Kk on the surface profile'is too small to take account of the actual surface profile observed

in experimental c-GaN stripes/in which the appearing of edges is Very distinctive.

To examine the effects of D/k on the growth rate enhancement of selective area growth,
the normalized thickness profileat conistant fill factorias arfunction of . D/k was observed. The
results are shown in Figy14.5. In this simulation, the values of D/K were varied from 100 um to
approach zero,The fill factors were fixed-at0:25,0:050,75 and 1.00;-and,the mask width was
fixed at 4.2 um.

As shown in Fig. 4.5, at constant fill factor, the increase in D/K leads to a decrease of
normalized thickness or GRE. This phenomena results from the fact that increasing D/k
reduces the influence of the presence of masks on the opening regions, as the increasing of
D/k gives the precursors higher mobility to diffuse from mask to opening regions. The

increasing of D/k then lessens the accumulation of the precursors on masks and subsequently
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reduces GRE. However, as can be observed from Fig. 4.7, the increasing of D/K was found to

have smaller effects on selective area growth with higher fill factor.

To link the actual growth condition to the parameter D/k, we need to know how D and
k relate to the growth parameters such as total pressure, temperature, type of precursors.

According to kinetic theory, D relates to the growth parameters via

12
5 _E(nkBT m1+m2j keT 43)

8l 2 mm, oP

where kg is Boltzmann’s constant, Tis the temperature of the surroundings, m; and m; are the
masses of the two type of precursorsy is the collision cross section and P is the total pressure
[44]. The relation between keand thc actual growth parameters is however much more
complex. The constant involyes many ¥arious c‘_he_mical reactions, which is still under study.
In our case, the effect of D/k omactual'growth cénlditions can not be study much further than

this, as we lack experimental data of the growth at different growth conditions.

4.5 Summary ) T N

[
S _J.

Vapor phase diffusion model was applied._ftoz.,;the case of selective area growth of
narrow stripes (mask widthywas fixed at 4.2 },Lm)tz) émalyze the effects of vapor phase
diffusion process. Even though the model is based on steady Steitc equations, time dependent
aspect still appeared through the results at different rounds of iteration. Despite of being
applied on a narrow stripe case,he.model was found to agree very well for the film with fill
factor higher than 0.5 where the best-fit D7k was found to' be 15 um. For smaller fill factor,
surface migration process was found to have non-negligible effects and therefore must be
concerned. Fombetter understanding, the effects of the only parameter inthe model, D/k, were
studied. The parameter was found to indicate the precursor mobility and consequently
interpreted as an effective diffusion length of group III precursors. However, the effect of D/k
was found to be too small to explain the morphology on the film surface. Surface migration is
therefore required for the study of the surface morphology for narrow stripe selective area

growth.



CHAPTER V

SURFACE MIGRATION EFFECTS:
RESULTS AND DISCUSSION

In this chapter, the results simulated using VPD model with an addition of SM effects
are discussed. The influence of surface migration process on the thickness of SA GaN narrow
stripes along [110] direction was analyzed by varying the parameters in SM model, namely
the surface migration length (L) and the weight of surface migration contribution, which is
defined as the product of an adsorption constant (ks),@ partial pressure of group 111 precursors
on (111)B facet (p;), a molecularvolume of the film (k) and an inverse of average lifetime of
group 11 precursors on (001) surfage(1/7), 1.e. kgkapi/z. Physical meaning of these parameters

is drawn and interpreted.
5.1 Calculation procedtregs in surface migration model

Surface migration model is a model which concerns both time dependent and time
independent aspects of SA-MOVPE process. To obtain the film thickness and growth rate,
VPD model must be applied first and thern #ts results are then used in the SM model. The film

thickness for each fill factor was calculated via,

T(tx)=r, (x)t+}k—gns(x,u)du
ot (3.62)

cosh(x/L)

k t
= 2k, pr-fl(111)- = :
XX+ ;e g( ) coshiK/Li .

where 1(111) is an inclined length of (111) facets and K is a half of (001) top surface length as
shown in Fig. 3.7. FFor simplicity, from now on the product Kgkapi/z, which Was named as the
weight of surface migration contribution, will be symbolized shortly by weight. Consequently,

Eq. (3.62) can be rewritten as

T(tx) = ry(x)+ }k—gns(x,u)du
cosh(x/L) G4

t
= ight - [1(111)- = ,
ry (X)t + weig (j) (112) coshlR L u

where it should be noted that the parameters 1(111) and K depend linearly on the thickness as
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following,

1(112) = T (t,x = 0)/sin(54.7°), (5.2)

and

K(t)= K —1(111)cos(54.7°)

—K =T{t,x=0)cot(54.7°) (53)

Therefore, to obtain the thickness in Eq. (5.1), the thickness at the center of an open window
i.e. at x = 0 must be known before hand. Te .obtain. the thickness at the center, we
differentiated Eq. (5.1) once and obtained

aT(t) 1

7 = rg‘xzo +We|ght|(1ll)m, (54)

where T(t) is thickness at the génter of an open 'window (x'= 0) at time t. Then, by using
Fourth-order Runge-Kutta Methed, /the thicknessés at.the center of an open window as a
function of time and fill factor were obtained. During each round of numerical calculations,
the value of K was computed, as the thickhess must‘be calculated only from a non-zero K.
This is because, when K becomes less-than or edua{i to zero, lateral overgrowth, i.e. the
second growth process in-the two-step grovvth'mbdél described in chapter 3, must be
concerned. To calculate surface profile of SA ¢c-GaN stripes, the thickness obtained from Eq.
(5.4), namely the thickness at x = 0 as a function of time and fill factor, was substituted into
Eq. (5.1). Equation (5.1) was then.solved via Newtan-Cotes integration formula with N = 6

[45].
5.2 Addition of surface migration effects

The thickness profile as a function of fill factor at growth time of 15 minutes
calculated from VPD model with D/k = 15 um was shown in Fig. 5.1 (solid line). Those
simulated thicknesses were the thickness at the center of an open window. The thickness
profile was observed to divide itself into two regions as appearing in chapter 3. The simulated
result fits very well to the experimental data (green circles with error bars) for fill factor
higher than 0.5 (rough approximated value), but deviated from the experiments in the region

of smaller fill factors. As discussed in chapter 3, we believed that the deviation results from
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Fig. 5.1 Simulated thickness profiles at,the center of window region for growth time of 15
minutes from VPD model (D/k = 45 um) and VPD model (D/k = 15 um) including SM
model (L = 0.8 um, weight = 0.03'min™") in compared with experimental data.

lack of surface migration effects: Tao prove that lack of surface migration effects is the factor
that takes responsible for the deviationi the result from VPD model with D/k = 15 pm was
applied into Eq. (5.4), and the film thicknesses resu‘l_tirjg from VPD and SM effects from the

appearing of (111)B facets for all fill factors were calculated.

As can be observed in Egs. (5.1) and (5.4), there are two unknown parameters getting
involved in the calculation, namelysthe surface migration length on (001) surface (L) and the
weight of surface migration.contribution (weight). By varying these two parameters, we found
that the thickness profile agreed well with the experimental data when,L = 0.8 um and

weight = 0.03min " were Used as shown.in Fig. 5.1 (dash-tot line).

Note that surface migration contribution significantly raises the thickness profile
calculated from VPD model and improves the agreement between the simulated and
experimental results. The effects of surface migration in the region of small fill factors are
therefore non-negligible as we had expected. Moreover, it should be noted that at the growth
condition in use the contribution of surface migration effects starts to be noticeable at fill

factor higher than we had roughly approximated. That is, the effects of contribution start to be
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Fig. 5.2 (a) Simulated thlckness profiles at the center of window region as a function of fill
factor and (b) cross section of the film at fill factor 0.45 derived from VPD model and VPD
model including SM model inccompared withcexperimental data«<In these figures, D/k and L

were fixed at 15 and 0.8'umy respectively. The weight, on'the other hand, was varied at 0.01,
0.03 and 0.05 min™.

noticeable at fill facior ~ 0:63. Moreover, the results also suggested that, at'the growth time

being used (15 min), (111)B sidewall facets starts to merge at fill factor ~ 0.40.

5.2.1 Effects of weight of contribution on thickness and surface
profiles

To further analyze the effects of surface migration process, we varied the value of
weight while fixed the value of L at 0.8 um (the best-fit value). The simulated thicknesses at

the center of an open window for all fill factors were taken. The consequent thickness profiles
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over fill factor are shown in Fig. 5.2 (a). The increase of weight was observed to have an
effect in raising the thickness profile at fill factors smaller than 0.63, while for higher fill
factors the thicknesses remain at the same value. The increasing of thickness also leads the

sidewall merging to occur up into higher fill factors.

To understand the effects of the weight on the film surface profiles, we considered the
simulated cross section as L was fixed and the weight was varied. The results are shown in Fig.
5.2 (b). In this figure, the fill factor of the film is 0.45, the mask width is 4.2 um and L was
fixed at 0.8 um (the best-fit value). As shown in Fig: 512 (b), the increase of weight leads to an
increasing of thickness everywhere-above the open windew:. The increasing of thickness at all
position above the opening windew is_therefore a probable cause that leads the merging of
(111)B sidewalls to occur at.highegfill factor, Also, the increasing of weight leads to the

occurrence of growth rate enhanCementat edges.

These results suggest that'the weight governs the extent of contribution but do not
have any influence on the ability of the precursors to. move along the surface. The latter
conclusion came from the results'shown in-Fig. 5.2 (b). As the weight increases but L is fixed,
the surface profile will become more cukves. This suggests that more precursors migrating to

the top surface but can not move far enough. Therefore, they accumulate near the edges.
5.2.2 Effects of surface migration length

To study the effect of L, the weight of contribution was fixed at 0.03 min™ (the best-fit
value), while L was varied. Thelsimulated thicknesses /at the center of an open window were
taken, and the results arg;shown in Fig. 5.3 (a). As shown In Fig. 5.3 (a), the increase of L also
leads to an increasesin.thickness.-Fherefore; the,oceurrence 0fy(111)B, sidewalls merging was
observed at higher fill factor. Interestingly, the point where the'surface migration contribution

starts to be noticeable is also affected by varying L.

Figure 5.3 (b) shows the simulated film cross section when the weight was fixed at
0.03 min™ (the best-fit value) and L was varied. In this figure, the fill factor is 0.45, mask
width is 4.2 um as in Figure 5.3 (a) and weight is at 0.03 min™. It can be seen that the
increasing of L causes higher thickness everywhere on the open window. Moreover, the

surface becomes more planar with increasing of L.
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Fig. 5.3 (a) Simulated thickness profile at the center, of window regiomand (b) cross section at
fill factor 0.45 from VRD model (D/k = 15 um) and VPD model (D/k = 15 um) including SM
model in compared with experimental data. In these=figures, the weight was fixed at
0.03min™*, while L/was variet. at0.4, 0.8 and 1.2 pm.

The results suggest that L influences strongly on precursors’ mobility in the way that
increasing L gives the precursors higher mobility. This higher mobility therefore results in an
increasing of thickness everywhere on the surface because more precursors can move from
(111)B sidewalls onto the top surface. Moreover, this higher mobility also flattens the top

surface as the precursors have enough mobility to move away from the edges.
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Fig. 5.4 Simulated thickness profiles at the center.’lpf window region with various growth time
of 5, 10, 11.5 and 15 minutes from VPD model (B/k'= 15 pm) including SM model with L
and weight of 0.8 um and 0.03 min* in compared with experiments
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5.3 Growth time andrthickir—lé'ss prOfi'|’ég*"‘

To study the effect of growth time on the thickness profilés, we simulated the film at
all fill factors at different growth times: 5, 10 and 15 minutes. The thickness at the center of
an open window was taken and the profiles of thickness at different growth time are shown in
Fig. 5.4. The film at higher fill factor (fill factor closer to 1.00) was observed to have lower
time dependence on:the, growth «atezandyit can beiseenthat at fillfactor .00, the film has
completely constant growth rate. At lower fill factor, the merging of (111)B was observed. At
growth time of 5, 10 and 15 minutes, it can be seen that the (111)B sidewalls merging occurs
for all of the film with fill factor lower than 0.30, 0.33 and 0.40, respectively. The thicknesses
at the fill factor lower than such values are therefore influenced by lateral overgrowth process,
the second growth process in our two-step growth model. In our c-GaN film with lowest fill

factor (0.35), we also found that the merging starts to occur at growth time of 11.5 minutes.
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ELO GaN

5.4 Effects of surfac
shape of upside down

From literature review, wi

different growth condition can also have—anothe@@e of cross sectional shape. Figure 5.5

¥ l

shows a picture of c-GaN strlge cross section taken from an articl f of Fu et al. [46]. The strips

oriented along [1-10] dlrectlgm which is 90 degrees different 'rromJour growth conditions. As
can be observed in Fig. 5.5, t Je film has a rather planar (OOQ top surface. To examine if
surface migration process cansexplain such a profile and also to find out the growth
parameters of such surface,.we tried the simulation/with vatious values of L and weight. The

results are shown in Figs. 5.6 (a) and (b).

Figures 5.6°(a) and"(b) show the simulated filmcross'sectional shape“when the weight
and L were fixed at 0.015 min™ and 0.8 um in compared with the shape calculated by using
only VPD model. In this figure, the fill factor was 0.45, the mask width was 4.2 um and D/k
was 15 um. The simulated film with a rather planar top surface is obtained with small value of
weight in conjunction with high value of L. This suggests that surface migration process has
very small effects on such a shape. However, since there are many different growth

parameters between our case and Fu et al.’s case, we can not conclude what the most probable
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Fig. 5.6 (a) and (b) cross section from VPD model“EBjk 15 um) and VPD model (D/k = 15
um) including SM model. In flgure (a) Eiwas flxedéf 0.8 um, whlle weight was varied at
0.005 and 0.015 min™. In flgure (b), weight was fn(ed at 0.015 mln , While L was varied at
0.8and 1.6 um.

-

cause of this phenomenon is—In order to understand further, we need to know the relation
between L and other growth parameters. However, the dependence of the surface migration
length L which was definedas L:\/D_sr and .actual; growth «sparameters such as growth
temperature, total pressure, type of the sources of precursors is still unknown. Lebedev et al.
reported that the diffusion dength.on Ga-face GaN, that-an-atom travels within the coalescence

time can be obtained via'[47]

kgT
-

where kg is Boltzmann’s constant, T is the temperature, R is the domain radius ~ 250 nm, y is
the surface energy, C is a numerical constant ~ 25, and a is the atomic dimension ~ 0.3 nm.

However, the information about cubic phase GaN is still lacked. The relation between those
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parameters in Eq. (5.5) and temperature is therefore still unknown for our case and more study

about the growth of cubic GaN is needed.
5.5 Summary

In this chapter, we applied surface migration model to the results of vapor phase
diffusion model in chapter 4. The addition of surface migration effects with weight and L of
0.03 min™* and 0.8 um was found to improve the correlation between experimental data and
simulation. Surface migration was shown to be non-negligible for the film with small fill
factor. The parameters of the model: surface migratien length, L, and weight of contribution,
weight, were also interpreted. Surface migration length was found to govern the precursors’
mobility to move on the top surface«n such a way that an increase of surface migration length
leads to higher mobility. The weight.of contribution has influences on the extent of surface
migration contribution. The incréasing of weight results in higher contribution of surface
migration effects. Surface migration efiects are x?lso dependent on time. The occurrence of
(111)B sidewalls merging in our ¢-GaN film Wit_h_ §ma|lest fill factor (0.35) was found to
occur prior to 15 minutes. To calculate the thickng_s_srof the film, lateral overgrowth process
must be concerned. The film with upside down t@pezoidal cross sectional shape was also
considered. The profiles suggest that.in-such a case surface migration length was high, while
the weight of contribution was small. These condition leads to a rather planar top surface as

appearing in the actual film.



CHAPTER VI
CONCLUSION

Growth mechanism of selective area metalorganic vapor phase epitaxy (SA-MOVPE)
and its effect on the thickness and morphologies of SA c-GaN narrow stripes were analyzed
by using diffusion models, namely vapor phase diffusion (VPD) and surface migration (SM)
models. The physical meaning of parameters used in these models was drawn and interpreted.
Subsequently, a way to reduce the hexagonal inclusion in c-GaN, which was usually observed
in SA c-GaN films, was also suggested. A brief restlissand discussion of the study are as

follows.

Firstly, VPD model was applied to the case of selective area growth with narrow
stripes (mask width of 4.2 wm). The simulated results were found to agree very well for the
film with fill factor higher than/0.5,@and the enly-parameter in the model, namely D/k which is
the ratio of the diffusion coefficient o the depositioﬁ rate constant, was found to be best fitted
at the value of 15 um. For smallegfill factor, the déviation petween the experimental data and
the simulation results was found. Therefore, surface migration effects were found to be non-
negligible in that range of fill factors: The parameter D/k was observed to affect the
precursors’ mobility. The parameter was interpreted asrt-he effective diffusion length of group
I11 precursors in gas phase. However, the effects of D/k were found to be too small to explain
the morphology of the film surface as observed in the experiments. Surface migration was

believed to be cause of the inconsistencies found indhe study.

With the addition of surface migration effects, an improvement of the correlation
between experimental data-and-simulation,was observed. The, lack ef-surfacesmigration effects
was therefore proved to be the cause of the deviation between the simulation results from
VPD model and the experiments in the range of small fill factors, and surface migration
process was therefore non-negligible in the case of fill factor smaller than 0.5. The best-fit
value of the SM model’s parameters, namely the weight of contribution (weight) and the
surface migration length (L), were found to be 0.03 min™ and 0.8 um respectively. Also, the
surface migration effects were observed to be high enough to govern the feature observed in

the experimental surface morphologies of c-GaN. The physical meaning of the parameters in
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the model was also interpreted. L was found to have effects on the precursors’ mobility to
move on the top surface in such a way that an increase of L gave the precursors’ higher
mobility to move on the surface. Therefore, the surface profile with higher value of L was
observed to be more planar and the thickness was observed to increase with the increase in L.
The weight, on the other hand, had influences on the extent of surface migration contribution
such that the increasing of weight resulted in higher contribution of surface migration effects,
and therefore led to higher thickness everywhere on the top surface. Also, surface migration

effects were observed to be time dependent.

Besides its dependence on-fill factor, weight-and-i; the growth rate of the film was
found to be varied with time..Our Calculation suggested. that the occurrence of (111)B
sidewalls merging of our c-GaN film with fill factor 0.35 oeccur prior to 15 minutes. To
calculate the thickness of thefilm in this case, lateral overgrowth process must therefore be
concerned. Our calculation was further extended-to the case of c-GaN stripes with upside
down trapezoidal cross section. As gbserved experi?hentally, the stripes had rather planar top
surfaces. To explain such feature, our €alculation suggested that In such a case L must be high,
while the weight must be small. Also, c=GaN wi'tf:r! high purity was predicted at the growth

condition with higher L. —

According to our ‘simulation, mechanism of cubic-to-hexagonal structural phase

transition is suggested as an incentive of the surface concentration profiles.
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Growth features of c-GaN stripes grown by selective area
metalorganic vapour phase epitaxy (SA-MOVPE) o
GaAs (001) substrates with stripe patterns aligned along
[110] direction were analyzed by vapour phase diffusion
(VPD) model including surface migration effects from

i
md_ﬂ}é growth rate of the ¢-GaN stripes were also ana-
15{2&'51_. An increase of L was found to strongly enhance
. I;he_’g&qvf[h rate at the center of c-GaN stripes, while in-
creasing the weight of contribution leads to the growth
rate enhancement af thg edges of the stripes. Our simula-

(111) facets. An addition of surface migration effects was
found to improve the correlation Detiween the simulation
and experiment for the fill factors smaller than 0.5. The
effects of the surface migration length.(f) and the weight
of surface migration contribution on the surface profile

1 Introduction GaN and related alloys are receiving
considerable attentionsnet enly.for thew-applicatiens; i
blue-UV optoelectronic devices but also for their potential
for electronic devices operating under extreme*conditions
[1]. When crystallizing in cubic structure, the crystal is
predicted to have superior electrical properties, such as
lower resistivity, lower electron effective mass and higher
doping efficiency [2. 3]. However, to acquire such assets,
the crystal quality is mandatory. We demonstrated that se-
lective area metalorganic vapour phase epitaxy (SA-
MOVPE) can lessen the planar defect density in cubic GaN
(c-GaN) [4. 5]. which resulted from a large lattice mis-
match (~20%) between ¢-GaN and GaAs substrate. How-
ever, in this method structural phase transition of the crys-
tal from cubic to hexagonal was found with the presence of
(111)B facets [6]. Moreover, the growth features also de-
pend on mask stripe alignment [6, 7], and fill factor — the
ratio of opening width to the pattern period [8]. Therefore,
to control the growth feature and quality of SA ¢-GaN

fion demonstrated that the most probable values of L and
the weight of contiibtition were 0.8 um and 0.13, respec-
tively. According to our simulation, mechanism of cubic-
to-hexagonal structural phase transition is suggested as
an incentive of the surface concentration profiles.

Copyright line will be provided by the publisher

films, an insight understanding.of selective area growth
mechanisieis required,

In our previous work [9]./we showed that the vapour
phase diffusion (VPD) model“with-2/%. an effective gas
phase diffusion length. of 15 pm could analyze the growth
rate of narrow stripe SA c-GaN for fill factor higher than
0.5, but underestimate the result for lower fill factors. To
improve, in this work, surface migration effects from the
appearance of no-growth (111) facets were added into the
previous results. The newly resulted growth rate profiles
were analyzed as a function of fill factor and compared
with the results from the VPD model.

2 Experiment SA c-GaN films were grown on GaAs
(001) substrates, which were patterned by stripes of dielec-
tric mask aligned in the [110] direction with 4.2 um fixed
mask width. The opening areas were varied to control fill
factors. which ranged from 0.35 to 1.0 (no mask). All sam-
ples were grown by MOVPE with trimethylgallium
(TMGa) and dimethylhydrazine (DMHy) as the precursors

Copyright line will be provided by the publisher
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of Ga and N, respectively. After growing 100 nm-thick
GaAs and 20 nm-thick c-GaN buffer layers at 700°C and

600°C, ¢-GaN layer was grown at 900°C for 15 miin.
Growth features of c-GaN stripes with fill factor 0.35. 0.48.

and 0.58 are shown in Figs. 1(a)-1(c). More details of
preparation and growth were reported elsewhere [3].

3 Modelling The growth mechanism of SA c-GaN
stripes might be explained by two-step.growth shovwa in

the opening region of the substrate s
step, its shape was believed to be a trape

was assumed to be very low until the
exceeded the surface diffusion lengt
[10]. The second step. namely lateral gro
when the length of the (111)B facets
sion length of Ga precursor on the (111)B
resulted in both lateral growth and vertics
out disturbance, this stage would continte
cence. e

The probability of the two-step growth Was ﬁ@pbi:teid
by our previous experimental results [5, 6, 9]. Futtly as
shown in Figs. 1(a)-1(c) [9]. the (111)B facets cai_l_,b{;'&_;é_exl

apparently as sidewalls of the c-GaN stripes. Secondly,

transmission electron microscopy (TEM) analysis of SA c-

=
_—
=
=
-
-

¥

FF = 0.58

GaAs (001) substrate

.-f'gure. 1 Bird's eye view scanning electron microscopy
'[ﬁﬁf/l)*ﬁlag'es of e-GaN films on GaAs (001) substrate
- L

L(j i"]&,\. To sunplify. since we interest in the growth rate of
th@i_ﬁj__!.gi?ﬁen 1o lateral growth occurs, the length of (111)
facef assumed to be less than the value of L(111).
whﬁfmea_ ns that no accumulation of the precursors could
existanywhere on the (111) facets.

The length of (l.lyf Tacets used in our work was com-
onted frony ThP“ﬁﬁﬂ;ngs;ﬁt the centre of the (001) top sur-

GaN films grown at the same growth conditions [5. 6]
showed that the films possessed cubi structure only in the
trapezoidal region (region I, the first step growth) above
the opening substrate surface whiehs was bounded by
(111)B sidewalls. For the lateral growth region (region II.
the second step growth). which started “fronisthe (111)B
facets. the crystal structurd yvas shown td be lexagonal
phase. This difference in crystal structure snggested two
different growth processes. T@ analysis the growth features
of c-GalN stripes just only on the opening regions. e
therefore ignored the lateral growihy,

During the fifst| step, crowtll\the, Ga precursors ad-
sorbed on the (111)B stable facet'can either migrate furtier
to the (001) top surface or desorb away. This model gives
many unknown parameters i.e. firstly the surface migration
length on (001) facet. L. which represents the distance that
Ga precursors can migrate from the edge to the inner re-
gion of (001) top surface. secondly the probability constant
that a Ga precursor would be adsorbed on the (111) facets
and lastly the partial pressure of the Ga precursors above
the facets. which was assumed constant and position inde-
pendent. To simplify, the two latter parameters were com-
bimned and interpreted as the weight of surface migration
contribution, called shortly as the weight of contribution.

According to the model, an extent of surface migration
contribution was found to depend on the length of (111)
facets for the case that the length of (111) facets did not
exceed the surface migration length of the Ga precursor on
the (111) facet, defined as L(111). Otherwise. the extent of
surface migration contribution would depend instead on

Copyright line will be provided by the publisher

face. Firstly, we stanqgl_Jo contribute the effect of surface
migration from the thickness calculated using VPD model
with D/k value of 15 um [9]. From these initial values. the
growth profile as a fifiction of fill factors from VPD model
including surface migration was simulated and from this
growth profile the new.value of the height was calculated.
The hew hﬁig'htawoqld be used via an iteration technique
for the caleulation of the grawth rate profile. The iteration
was continued until the growth profile saturated.

4 Results and distussidli Figufe 2 shows the nor-
malized thickuess profiles obtained from VPD model with
and without contribution of surface migration effects. For
comparison, the normalized thickness profiles measured
from the grown samples is also illustrated. The contribu-
tion of surface migration effect can improve the growth
rate for small fill factors (<0.5), in which the results from
the VPD model deviates from the experiment (see blue
solid line). By adjusting the values of surface migration
length on the (001) surface. L. and the weight of contribu-
tion. the most probable values of L and weight of contribu-
tion were found to be 0.8 wm and 0.13. respectively, as il-
lustrated in Fig. 2 (see black solid line).

In order to understand the effect of surface migration
on the VPD model. the surface diffusion length L and the
weight of contribution were analyzed as a function of fill
factor. The simulated results were shown in Fig. 2. In Fig.
2(a), value of L was varied from 0.5 to 2.0 pm, while the
weight of contribution was maintained at 0.13. On the



24

wh

| SO SO P S PO §

O o0~ Oy

pss-Header will be provided by the publisher

66

30 a T T T T T T
i === =05 pm

2.5 — = 0.8 pm
—_ smenn =15 pm
£ L ——— =20 pm
= & VP D model
g 5 « Experiments
b 1.
c
S0 - :
= ' 0.4 05 0.6 0.7 0.8 O 10
5
5 30 — =
© .
]
]
£
=
Q
z

0e 07 i
Fill factor

-
Figure 2 Growth rate profiles from VPD nig d'Withe
out surface migration: (a) varying L and fix i t0.13 and
(b) varying weight and fixed L at 0.8 um.
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points where the two sidewall facets merged. This pheno-
menon results from the fact that greater L gives the precur-
rs higher mobility to diffuse along the (001) growing
;{j ce. A trapezoid shape with (001) planar top surface,
18 a proper shape for the formation of cubic structure.
iore expected with increasing of L.
t of the weight of contribution on the growth rate
Jeuilancem:mgngﬁles is shown in Figs. 2(b) and 3(b). In-
| creasingweight of contribution leads to higher growth rate
enhancement for SA c-GaN with small fill factors. The in-
creasing also leads fo a greater amount of Ga precursors
acenmulating at the edges of the (001) top surface. Such
surface coneenfration profile is believed to induce the
structural phase transition of GaN from cubic to hexagonal
-phase. observed inregion II (Fig. 1(d)).

B

18,4 1

5 Conclusion We have analyzed the growth rate of
c-GaN films on GaAs (001) substrates through VPD
ddel including surface migration effects from the pres-
eﬂcw‘oﬂthe stable (111) sidewalls. An introduction of sur-
fg‘{e nigration was found to improve the simulated results
e VPD model of SA c-GaN films for small fill fac-
@h ﬁ}stly deviated from experiments. Two new
pamét’f (i.e. the surface diffusion length on (001) plane
a Tjﬁa Wemht of contribution) resulted from the addition
Py fice Tnigration l{ffect were found to be essential for
the structural phase c ,}..0] of c-GaN selective area growth.
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Figure 3 surface’profiles at'fill facior, 0.55 fromi ¥ PD: model

with and without surface migratian:| (a)yvatyiug F and Ifixed|

weight at 0.13 and (b)warying V\elﬁht and fixed L at 0.8 [m.

other hand. in Fig. 2(b), the value of L was kept at 0.8 pum,
while the weight of contribution was varied from 0.05 to
0.20. It should be noted that all growth rate profiles com-
puted from VPD model with surface migration effects
terminates at some small values of fill factor. Such termi-
nated points are at the fill factor where the two sidewall
facets merge together and thus only lateral growth will be
permitted thereatter.

As shown in Figs. 2(a) and 3(a). an increase of L leads
to a greater amount of Ga precursors reaching the center of
the opening area and in turn increases the growth rate eve-
rywhere on the (001) top surface. Considering at one fill
factor, the increasing of L also leads to a higher growth
rate enhancement at the center of the opening area. How-
ever. no influence of L was observed on the terminated
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growth of cubic G |

n a narrow [011

to analyze the selective area (SA)

—stripe—patterned GaAs strate via metalorganic vapor phase

epitaxy (MOVPE). Snaulatlon results were cowred with the growth results obtained from ecross—
sectional ubic GalN was parameterized
by the vﬂ nﬂﬂ ﬂﬁllﬁtgtﬁmﬁilmh to the pattern period).
D/k due to ving a dimension of len%h can thus be interpreted as the effective diffusion length of Ga-
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lo er fill factors, the surface migration effects are needed.
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Introduction
Cubic GaN, c-GaN, when compared with hexagonal GaN, h-GaN, exhibits several of attractive

advantages, such as higher electron and hole mobilities, easier p—type doping, easier cleaving and easier

substrate, but strictly prohibited else &, the seleetiverarea (SA) technique is usually applied in
combination with MC will be covered with thin layer of
dielectric material, u ' 0 il hen “using. this technique with proper growth
condition, nucleation w il i osed s { ace, usually called “window”, where

the basis atoms a

In order to pre - and | ] > prowing films, a model for computer

simulation is needed. | nsporfation mechanisms are believed to involve: vapor
b - N
phase diffusion and s 1on. ﬂ' S nsywe f ich mechanism dominates depends on
- r 1
the SA pattern dimension ( des pattern, in which the stripe width is greater that 10
"illi"i ¥ L1
wm, Gibbon et al. [2] hat M@E Se usion dominated and also suggested the neglect of

surface migration. From t 15COVE ' v de: e well-known vapor phase diffusion model to

predict the thickness of the growi

“-:P
using vapor phase, diffusic del T3 VET, case of narrow SA patterns, in which the

stripe case has been widely studied also by others

stripe width is of ~, the vapor phase diffusion rlg gl seemed to have failed if surface

o N

migration etfects h ‘
In our work, considered the : phase di on model for both wide and narrow

stripe patterns. These calculatlon results were compared and discussed in details. Finally, the calculation

=Sk 0
W’%ﬁﬁmmmﬁﬂmé‘ ¢)

The c-GaN films were selectively grown by MOVPE on a stripe-patterned GaAs (100)

substrate which was partially covered by dielectric stripes aligned periodically along the [011] direction
of the substrate surface. The films were grown under low pressure of 160 Torr. DMHy and TMG were
used as the sources of N and Ga precursors, respectively. The flow rate of TMG, carrier gas, growth
temperature and V/III ratio were 8 scom, H,, 900°C and 25, respectively. The mask material being
used here was SiIN_ with the width fixed at 4.2 [lm. The stripes were aligned periodically with different
pattern periods labeled by fill factors, W/(W+M), where W and M were window width and mask width,
respectively. The SA-grown films were found to have good selectivity; no deposition on mask was

observed. The SEM i1mages of the films at till factors 0.35, 0.48 and 0.58 were shown in Fig. 1.
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respectively.

II. Simulation: Vapor phase diff] | ”5__}' -

i-
Gibbon et al. [2] had des:if_jm:ﬂle v
that the film thiC_ElleSS profi['é"eﬁi'i‘id“}be ded e profile of group III concentration on the

substrate surface, h},thls model, the group IIT ¢ i ulated from a steady state diffusion

equation in a sta@nah

simplifications had ;ijm made. A schematic illustration of ther rapor phase diffusion model for the
arowth of SA c-GalN is shown in Fig. 2. The area above substrate surface in the figure is assumed to be

stagnant, i.e, no forced {oﬁction. Thus, the grotp III (Ga) concentration ( ) satisfies the steady state

diffusion ﬁat%’&}o%n%%%}.ﬁe W‘“EJ‘@ bﬂd%l‘mes are at the center of the
two adjacelq]nask stripes and imposed the condition of no lateral flux of the Ga concentration due to
, - ¢ o o/

U = coMst.

I 1

1 I

1 Sy CI 1

A E

1 I

H : Au =0 |

1 1

| B _ *_

:a),‘o D%:m QV—D:

4 ! ! |
T — S ——
———— - —

Fig. 2 Boundary conditions used in the vapor phase diffusion model



: K P:.IU"II'N B
TUMWLES baals

o

The 14" National Graduate Research Conference
King Mongkut's University of Technology North Bangkok.

70

WiosausSdndnges to September 10-11, 2009
LN =y il
() Lo : w T T (b) 1.1 " .
g 8iModel: D/k=1 2 um Model: D/k=1
-5
E =iModel: D/k=50 E = Model: D/k=50
2 =
£ Lo e e e = Model: D/k=100] £ O e m e ==Model: D/k=100
! L)
-§ o '...._ ¥ = '..' ’...'
it Seang,, R——— L, ) e, "
= o099t sescese sl = ogf s, et 1
g BT T e L L
3
0.98— ; ‘ g " e | : i i
25 3 35 4 §  C— 15 20 25 30
Distance from the ¢ 'micn*ier) “ Distance from the center of mask ( micrometer )
(c)
= = D/k=1
g
= =T /k=15
e
= =s D/k=50
=
-E = D/k=100
E ",""_ ghrry * Expeniment]
=
(=}
7
0. 6 07 08 09 1.0

Fill factor

Fig. 3 (a) Varied D/K wi ion at fill factor 0.5 and mask width 4.2 um, (b)

Varied D/k on film thickue 5 and mask width 20 um, (c) Calculation result
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)
] J of continuous flux is applied in
s in Déufay

symmertry, Ou/®

according to Langmuir isothe his re =ku where D and k are

diffusion coefficient and rate constant, respectively. On the surface of the masks, since no growth is

L AUy

high enou that it does not affect The concentration trend on substrate surface. In our calculation, the

ST A Ingna e

#suits and discussion

sor concentration is assumed

where the value of H must be

The vapor phase diffusion model described in the previous section was applied to simulate the
thickness profile of SA c—GaN on [011] stripe patterned GaAs (100) substrates. Firstly, the calculation
is performed under the conditions of no mask on the substrate surface (mask width was zero). The
height of stagnant layer ( H ) was set to 1000 pm. The constant concentration of the precursor above
the stagnant layer was 5 and the value of Dﬂ' was varied as 1, 50 and 100 pm.

The simulated film surface was found to have a smooth and positioning-independent-thickness as
it is expected. Variation of D/ fr was found to have profound effects on the simulated film thickness in
such a way that increasing D/ k results in higher film thickness. Since an increase 'mD/ & while i was
kept constant indicates the enhancement of diffusion constant D, this suggests that the higher thickness

results from greater amount of precursors reaching the substrate surface. Figures 3 (a) and 3 (b) show
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the effect ofD/k oMer the sufface pro SAG e¢-GaN films with 4.2 and 20 micrometer mask

*

] gused "‘\’i is the same as no mask condition described

. o, ¥

width, respectively. ThefSimulation i

e [l
above. In these figures, the'mormalized thicknessiyas "l' as the thickness at one position divided by
the thickness at the edges 0#" & ijgk._. [ he: jres show that an increase inD/k results in less
thickness variation on the film that an enhancement of D/ results in an increase
of the precursoi, mobi fie” s ' "he easing D/k gives smoother film surface.
D/k ratio, duesic . of | h, can_thus beontespieted as the effective diffusion length

N

of the Ga prect 3 B z onstant, [, depends more strongly

on growth temper%e than the

growth temperature.

ace of narrow stripe pattern is
very s 'gv hi n:m ﬂ.ﬁ roughhess can be ignored. However,

for wide pe the amount of th1ckﬂess variation is quite large compared with overall film thickness.

TR am mﬁ;‘w Jla¥at] o

ough for the precursors to move on the surface, so they can spread themselves more smoothly.

smoother ﬁurface can then be obtained at higher

Figure 3 (c) shows the effect of D/k and fill factors on the normalized thickness at the center of
the window of wide and narrow stripe patterns. In this figure, the normalized thickness was the thickness
at the center of the window at one fill factor normalized by the thickness at the center of the window of
fill factor 0.95. It can be seen that varying D/k has more effect on narrow stripe pattern, while the
variation of fill factors has more effect on wide stripe pattern.

Figure 3 (d) shows the calculation results compared with experiments where the mask width was
4.2 um. It can be seen that the vapor phase diffusion model with D/k =15 m can describe narrow
stripe with good accuracy for the fill factor greater than 0.5. For lower fill factors, however, it predicts

lower amount than the experimental results. This suggests that surface migration etfect contribution is
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needed in this range of fill factors. By considering the entire experimental results it is possible for

another trend as shown in Fig. 4.

Conclusions
The vapor phase diffusion model was g analyze the growth rate of SA c-GaN layers
grown on [011] stripe pattern GaA ia MOVPE. The results were found to be

parameterized by D/k™ T TreTor. qss thickness variation on the surface of
the film was observed. fogests tha g : D/k increases the distance that Ga
precursor moving has a dimension of length, can be
interpreted as the e e demonstrated that the vapor phase
model with D/k =15

fill factors higher th

ts for the SA c-GaN layers with the

vration effect should be added.
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