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A series of experiments have been conducted to systematically study the effects of growth
conditions (NH flow rate, growth temperature, chamber pressure, and growth logaticihe size

(nano, meso, or micjoand the shapdone, two, or three dimensionabf GaN single crystal
products grown by a direct reaction of Ga with BNlHA growth map with a wider range of
experimental parameters was developed; it has three distinct zones. The size and shape of the
products in every zone were found to depend on both temperature apdidNHrate with other
growth conditions fixed. Areffective surface diffusion lengttonsisting of the Ga atomic surface
diffusion length and the GaN molecular surface diffusion length, andatfisotropyof the Ga
surface diffusion length and the GaN growth rate in different growth directions were introduced into
the growth model, in such a way that it allowed successful explanation of all observed results. The
optimal growth parameters could thus be determined, which conclusively demonstrated that
nanowires with uniform diameter, clear crystal structure, length larger than 1 mm, uniform location
distribution, and high yield can be obtained. Such a growth map based on in-depth understanding of
the growth mechanism provides a clear direction for growing various materials with desired size and
shape. ©2003 American Institute of Physic§DOI: 10.1063/1.1622992

I. INTRODUCTION by employing several different approaches, including arc dis-

charge, laser-assisted catalytic growth, direct reaction of the
Nanowires are very promising as elemental buildingmixture, hot filament chemical vapor depositibatc.

blocks for nanotechnology applicatiohs. Among them,

GaN nanowires exhibit large energy band gaps and structural

confinement, which are useful for realizing nanosize ultra-

violet or blue emitters, detectors, high-speed field-effect trany | GHLIGHTS OF THE PRESENT APPROACH

sistors, and high-temperature microelectronic devices.

However, these electronic and optical properties strongly de®- Background

pend on size and geometry. Surface effects also become im- The growth and characteristics of GaN single crystal

portant in thinner nanowires. GaN nanowires synthesized spanowires by our growth method, and the mechanism of

far have Iengths ranging from several micrometers and diarn:heir growth, were reported in the preceding papers of this

eters ranging from 10 to 100 nm. GaN nanowires can proseries'®~*2|n this investigation our goal is to systematically

vide the opportunity also to study quantum effects in onestudy the growth method, including the effects of growth

dimension theoretically, and to verify them experiment%lly. conditions (NH flow rate, growth temperature, chamber

During recent years, GaN nanowires have been synthesizgstessure, and growth locatipon the size(nano, meso, or

micro) and the shapéone, two, or three dimensionalfor

dAuthor to whom correspondence should be addressed; electronic maig"aN singlg CrY§ta| products grown by direct reaCt_ion of Ga
snmohammad2002@yahoo.com with NHs, in trying to extend the size of the nanowires from
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the nano- to the microrange, and in modifying the dimension Products on Matrix
from one (1D; wire or rod to two (2D; platelet, but not Quirtz Liner / Quay—tz Tube
films), to three(3D; grain. X l

There are two reasons for our interest. First, as indicated NH,—| fpres——— N e
earlier, free-standing materials with different sizésg., 2 : ;
nano-, meso-, and microsizesnd shapeg¢e.g., 1D, 2D, and Ups/ﬁeam BN Boat Dow\13tream

3D shapegshave various applications in electronic and opto- o _ _
electronic deviceés. For example, W wires and carbon tubes FIG. 1. _Schematu_: dlagram_of the exp(_enmental setup for GaN nanowire
selnthess by the direct reaction of Ga with NH

can be used as scanning tunneling microscope or atomi
force microscope tip¥! gold wires can be used as connect-

ing wires in single electron devices, and microrods can be A series of experiments were performed to change the
used as parts of nano- and microrobtdhere are other three controllable parameters of the experiment:;Nidw

special properties and applications of nano- and microparr—ate growth temperature, and chamber pressure. These were
ticles because of their size effeéfs” Single crystal grains ' '

. manipulated by changing one parameter while keeping the
can be used as seeds for growing bulk crystals. Second, %Yther two parameters constant. The \Nftéw rate was varied

growth method, which involves the direct reaction of Gafrom 20 to 150 SCCMSCCM denotes cubic centimeters per
with NH; without use of any templatéor catalyst? is dis- minute at ST, the growth temperature was increased from
tinctly different from previous approaches. It is a vapor 0800 to 1100 O’C and the chamber pressure was increased
solid (V-S) process’ ™t has the ability to grow various ma- from 2 to 100 T'orr. GaN nano- and microproducts, formed
terials, includ_ing elements, compounds, and alloys of desireén the BN boat and on the inner wall of the liner, ar'e shown
shape and size. as the dotted line in Fig. 1. Samples were collected for mea-
surements. The composition, structure, size, and shape of the
B. Noteworthy features samples were studied using optical microscopy, scanning

Primary investigations reveal that a systematic and de€lectron microscopfSEM), energy dispersion x-ray spec-
tailed study of our growth method under various conditionstroscopy, and transmission electron microscopy.
is very important for the following reasons. First, for GaN
nanowires, the optimal growth conditions can be found for, resuLTs
certain given shapes and sizes. These optimal conditions are
indeed exciting: the growth of nanowires of uniform size andA- Local distribution of growth products
single crystal structure and of length longer than 1 mm carf'ong the quartz liner
easily be accomplished. Second, the study provides us with  Analyzing the products grown on the inside surface of
significant knowledge of the details of the growth method.the liner at 900°C, 100 SCCM, and 15 Torr showed that
For example, it suggests to what degree the size, shape, cofifrere was a distribution of two distinct and easily separable
position, and structure of materials can be controlled USing)roducts, viz., single crystal nano- and mesowires and single
this growth method, and how to grow various materials.crystal hexagonal microplatelets. The distribution exhibited
Third, because this growth method uses no template or catassentially the same characteristics even when thg fiohs
lyst, it has the potential to be extended to growing otherate differed(60-150 SCCN Near the edge of the liner,
kinds of materials, such as group Ill-V binaridgeAs and  where NH, was introduced “upstream,” there was a high
InN nanowires have already been grown in our laboratory density of wires, but no platelets at all. Moving further down

group II-VI binaries(Zn0O), and element$Cu,Si,Al, etc. the stream, it was found that the density of the wires began to
diminish, and the platelets tended, in particular, to emerge as
IIl. EXPERIMENTAL METHOD the prominent product. Figurg@ shows the high density of

The details of th wih techni loved t h nanowires obtained near the upstream side of the liner where
€ details ot the gro echnique employed o syn e'NH3 just entered the liner. Figure(l® shows the partial

size the GaN nano- and microstructures can be found i% - -
) mergence of hexagonal platelets coexisting with the nanow-
Refs. 10 and 11. About 3 g of pure Ga metal was put in a BN 9 9 P g

boat (about 40<12x6 mnT) placed in a quartz linefabout
150 mm in length and 20 mm in outer diamet€eFhis, in %
turn, was put in another larger quartz tube, called the proces:«:;' ,
chamber, having 25 mm outer diameter. The liner, as showr == 4
schematically in Fig. 1, served two purposes: First, it pro- "\ /
tected the process chamber from being contaminated by =&
products, and second, it provided the surface upon which th(ﬁ.‘,v
GaN nano- and microproducts could be formed. The proces;
chamber was mechanically pumped down to a pressure of 3( (a) at the upstream side ~ (b) At the middie part  (c) At the downstream side
mTorr. At the beginning of the growth process, pure ;NH
was passed into the system via a mass-flow controller. Th IG. 2. SEM images of GaN samples taken from different locations of liner:
. ’ a) high density of GaN nano- and mesowires at upstream dide;
process Chambe_r was heated_usmg a three-zone furnace fop @ owires-platelets at middle part of linefr) GaN hexagonal microplate-
period d 3 h during the experiment. lets at downstream side.
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Fig. 2(c).

B. Effect of chamber pressure on growth products

ey o %
(a) 20 sccm

Varying the chamber pressure between 2 and 100 Torr"
and keeping the Ngflow rate at 100 SCCM and the growth
temperature at 900 °C, had a dramatic effect on the finalfi %
results of the experiment. The products corresponding to 2 {& ‘\

of the liner, could be divided into five distinct categories. At -
a pressure of 2 Torr, the observed GaN nanowires had high——gliiis s -5
density and were observed mainly near the upstream side ¢ (d) 40 sccm
the liner. The denSity of the nanowires Qecrease(_j graduaIIXIG 3. SEM images of GaN products at different ammonia flow rd&s:
as On? moved t_OW&l_I’d the downstream side. In this area, t@%in.y éa at 20 SCCM(b) polycrystalline GaN platelets at 20—30 SCCM;
material was primarily polycrystalline GaN platelets formed (c) hexagonal GaN crystal platelets at 30—35 SCGM: GaN nano- and
on the wall of the liner; only polycrystalline GaN platelets microwires at 40 SCCM(e) GaN nano- and microwires at 100 SCCH
were observed on the right hand end of the BN boat. At gaN nano- and microwires at 150 SCCM.

pressure of 5 Torr, GaN nanowires formed on the walls of the

liner, as well as on the BN boat, with quite high density. TheEssentiaIIy the same growth pattern of GaN platelets was
nanowire density along the liner was quite uniform, and veryspseryed for lower flow rate, with the exception that one had
few GaN platelets were observed on the right of the GaNg gecrease the flow rate much lower than 30 SCCM to ob-
boat. _ tain the GaN platelets. When we resorted to higher flow rate
The products formed on the wall of the liner at pressuregyrowth, microrods were the dominant products at a tempera-
of 15 and 2 Torr had some interesting features. At upstreaf;re of about 1000 °C, and micrograins were the dominant
side wires were formed at both pressures. One notable dibroducts at a temperature of about 1100°C. These results

ference between the two was, however, that the GaN platgz;| pe elucidated in the growth map presented in Sec. IVE.
lets formed at a pressure of 15 Torr were single crystals,

while those formed at a pressure of 2 Torr at downstreanty Effect of temperature on growth products

side were polycrystalline. The distribution of products ob- ) ) )

served on the BN boat at 15 Torr was the same as that on the A Series of experiments were also carried out to study
wall of the liner. At 50 Torr, only partial wetting of the Ga the effect of varying the temperature on the. shapes and sizes
metal placed on the BN boat took place. At 100 Torr, noOf the GaN products. These shapes and sizes of the growth

wetting at all was observed. Thus, no crystal products could@roducts were found to change considerably on varying the

SN kel

(e) 100 sccm (f) 150 sccm

be found either on the BN boat or on the liner wall. temperature between 875 and 1100 °C, but keeping thg NH
flow rate constant at 100 SCCM and the chamber pressure at
C. Effect of NH 5 flow rate on growth products 15 Torr. GaN wires were grown between 825 and 875°C

A series of experiments were conducted to study the ef\-N!th d!ameters of 20-130 nm, and between 875 ‘f.jmd 950°C
fect of varying the NH flow rate on the shape, size, and with diameters of 80—300 nm. Nano- and mesowires grown

density of the nanowires. Keeping the chamber pressure cor"ilt 875 and 900°C are shown in Figsakand 4b), respec-

stant at 15 Torr and the temperature at 900 °C, the Hib tively. As the tem.perat.ure was increased, the size increased,
rate was varied between 20 and 150 SCCM. At a flow rate o gd 1n(;gcrorods with ddlamdeters of 2—~im and Ien%tqsooog oc
20 SCCM, only shiny Ga metal was detecfede Fig. 8)]. —100um were produced at a temperature aroun o
As the ammonia flow rate was increased to 30 SCCM, somghIS Is evident from Fig. ). As Ehe temperature was in-
polycrystalline platelets were also produced. These ar%reaseq fu:thgr to gbout 1100 C’. the grovr\:th pf three-
shown in Fig. 8b). As evident from Fig. &), single crystal r:menspna m|.crogra|nsbset |[rs(;ae Fg. 4d)]. The size of
platelets with diameters of 20—4@m began to appear at a these micrograins was about 50-100.
flow rate of 30—40 SCCM. This was clear evidence of the
preferential formation of big platelets at lower BHlow
rates. GaN nanowires started growing only when the flow The NH; flow rate and temperature were selected as the
rate reached about 40 SCCM. Figuregd)33(f) show two independent parameters for drawing the growth map.
the SEM images of these nanowires grown in the flow rateThe reason for this will be discussed in Sec. V C. Growth
range of 40 to 150 SCCM. The wires had lengths up toexperiments at 900, 1000, and 1100 °C, respectively, and the
several hundred micrometers and diameters in the range &fH; flow rate in the range of 20—-150 SCCM were carried
80-300 nm. out. With the addition of previous dataobtained for the

As noted from Figs. @)—3(f), there was no obvious temperature range of 800—875 °C, a growth map was made
increase in the product size for Niow rates higher than 80 as shown in Fig. 5. All the samples were taken from the
SCCM. The same series of experiments were conducted hypstream side of the liner. When the BlHow rate was
setting the temperature to 1000 and 1100 °C, respectivelppeyond about 50 SCCM, nanowires grown from platelet

E. Unified growth map
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Amorphous or -
polycrystal GaN [0001]

Ga NHa
H:
a 9 T Big Platelet
Ga, N,
LS Lo | S
e d GaN \]\ K
T

3|
Wy
Nanowires

[0110]

Micro Rod or Grain

{2110)

Effective diffusion Length L o, =L ,+L ;
L : GaDiffusion Length L , : GaN Diffusion Length

FIG. 6. An improved model for explaining the growth map.

V. DISCUSSION

(c) 1000°C (d) 1100°C The results presented in the previous section can be bet-

FIG. 4. SEM images of GaN products grown at different temperatuags: ter eXplamed by mFrOducmg an .effectlve dlffu.S|0n Iength
nanowires aff =875 °C; (b) nano- and mesowires dt=900 °C; (c) mi- Lerr, @s shown in Fig. 6. Employing a shadowing method,
crorods afl = 1000 °C; (d) micrograins aff = 1100 °C. Nagata and Tanakafound a Ga surface diffusion length of

190 nm obtained under Ga-stable conditions. This value is

much higher than 20 nm obtained by Neaateal?! under

As-stable conditions. Horikostgt al?? attributed this large
edges at a temperature range of 825-875°C, mesowiralifference to Ga migration on the growing surface in atomic
grown at temperatures between 875 and 950 °C, microrod®rm when in an As-free atmosphef@a-stable conditions
grown at a temperature range of 950-1025 °C, and microand in molecular form when in As-stable conditions. Suppos-
grains grown at a temperature range of 1025-1100 °C weredly, for growth of GaN nano- and microstructures, Ga at-
obtained. With an NKl flow rate between 25 and 50 SCCM, oms, impinging on the growth surface, migrate first in atomic
crystalline platelets with much larger diameter and thicknes$orm with a diffusion lengthL; then they meet and react
were grown. For flow rates below 25 SCCM, only shiny Gawith NH; producing GaN. The GaN migrates in molecular
metal could be seen. Although this map presents only &rm with a diffusion length_,. Thus,an effective diffusion
rough description of the experimental results, gratifyingly, itlength L.y is introduced:
lays down an important relationship between the experimen- Lo—L.tL )
tal conditions and the shape and size of the products. In this T ~1" =2
way it gives us a clear direction for growing desired prod-wherelL; andL, are given by

ucts. Notably, the growth time for all experiments was al- E
ways kept at 3 h. It is likely that a different growth time L1~t}’2ex;{ - 2k1T)’ )
would have a different growth map, which will be discussed B
in some detail in a subsequent report. E,
L,~t32exg — . 3
2kgT
t, andt, are the diffusion times of Ga and GaN, respectively,
" : on the growth surface, and; is the Boltzmann constanit;
"1} grown from Mesowres | WicroRods | yicro Grains andt, are functions of the ratio of group-V to group-Iil
“| | plateletedges | platelet eddes LP;:;Z,O"";m D: 50-100 pm atoms. More specifically, they are related to the ratio of the
@ g 20%0nm  80300nm N c surface concentration of NHnolecules and the surface con-
0 . . .
T, § 3 (Ly<<L,) centration of Ga atoms, V|zr)NH3/nGa, which depend on
~§m = : NH; flow rate, Ga surface situation, pressure, geometric
S w 5 form of the chamber, etc. A lower V/IlI ratio gives a longer
é : L >orB= or<L t, and a shortet,; a higher V/llI ratio gives a shortey and
£ ¥ ik £ L5 % a longert,. E; andE, are the activation energies for surface
50T = ——— . . .
Iy S— : diffusion of Ga and GaN, respectively. They are related to
o|  &shortwires (. Q“"‘ -------- N the GaN crystal structure and the growth temperaiure
A it \Platelats D~30 um & few thin Wires === _
& (L>>Ly) Shiny Ga metal A. Effect of NH 5 flow rate on growth products

800 825 850 875 %00 925 950 975 1000 1025 1050 075 100

For the sake of convenience, let us first explain the effect
Temperature (°C) of the NH; flow rate on the growth products. As indicated

FIG. 5. Growth map showing the effects of the growth temperature and th&arlier, at a temperature of 900 °C and an ammonia flow rate

NH, flow rate on the size and shape of products grown for 3 h. of 20 SCCM, only shiny Ga metal was found. In this growth
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{0001] [0110], [1100], and[1010], have two bonds connecting
N-Face ‘ with two N atoms; the other half of the Ga atoms, in the
directions[0110], [1100], and[ 1010], have one bond con-
m necting with one N atom. Therefore, on average, every Ga
atom has one and one-half bonds connecting with N atoms.

this would result inanisotropy of Iy and the growth rate R

P1
P2 This means thaE;(000]) should be less thai;(0110) and
'\G all otherE; values of the lateral face. According to E®),
T a

Ga-Face N L,(0001) on the (000} face would be longer thaln, (0110)
[0oo01] on the (01D) face; and the growth rat® 0001 in the
(a) [000]1] direction would be slower than the growth rate

R[0110] in the [0110] direction. Consequently, the basal
face (000} of the platelets would be larger than the lateral
face (01D) of the platelets, as shown in Fig(c® The di-
=7 i ameter of the large platelets shown in this figure is 20—40
pm and the thickness is-1 um. In model Fig. 6, the path-
way a-c-i finally gives rise to large platelets. When the am-
monia flow rate is decreased further to 20—30 SCCM, a poly-
teodol crystal was formed, but still rough large platelets appeared,
as shown in Fig. ®). As to the Ga fac€0001) growth, when
Ga atoms arrive at growth fade2, every Ga atom has three

FIG. 7. (@) The cross-sectional view of hexagonally close packed WurtzitebondS connecting with three N atoms. as shown in Fﬁgl 7
crystal structure of GaN(b) The planview of a bilayer of hcp GaN. There — ' :

are two types of growth directions expressed as A and B. Therefor_e, E1(0001)> El(OOO]) and also E_1(0001)
>E;(0110), resulting in L;(0001)<L,(0001) and
L;(0001)<L1(0110) and growth ratesk[ 0001]>R[0001]
and R[0001]>R[0110]. But, unfortunately, the higher

condition, the formation of GaN nanowires was very un-

likely, because the amount of NHvas too little to initiate rowth rateR[ 0001] of Ga-face growth could not be realized
the nitridation reaction. After arriving at the growth surfaceJ c9g
because of very low ammonia flow rate. There are two pos-

Ga atoms migrated but did not undergo the nitridation reac-., .. . i .
. . N sibilities where products could form: amorphous GaN mixed
tion, following the pathwaya-e shown in Fig. 6. In the

above Eq.(3) t,=0, L,=0, and in Eq.(1) Lyy=L,: so Ga with polycrystalline GaN indicated by arroavas shown in
. 27 Yy L2, . eff— -1,

was observed in its metallic state deposited on the walls o'f:_'g' 3_(0); gnc_i a few thin wires with possibi@001] grow'_[h

the quartz liner and on the BN boat. At the upstream side o wecnqn mphcated by arrowb, as shown at the lower right
the liner, small patches of polycrystals with amorphous Gal\f:C)rnl\(lar n F'%} . h i the si f the GaN .
were now formed suggesting that the nitridation was very 0 significant changes in the size of the GaN nanowires

weak, as shown by the pathwayb. As the ammonia flow were observed as the ammonia flow rate was increased
rate was increased slightly, but not sufficiently to form Mgher than 40 SCCM up to a value of 150 SCCM. However,

nanowires, i.e., whety>t,, andL,>L,, the Ga atoms still there was a considerable increase in the density of the wires
had a long time to migrate relatively easily. Thus, the diffu-2long the quartz liner. One_ can see from E(qssand_(3) that,_
sion length of Ga was still long enough to permit the growth@S the NH flow rate was increased, the VIl ratio also in-
of larger GaN platelets. This is depicted in FigcB An  Ccreased. This led t~t,, implying thatt, was longer than
important question that arises at this point is why the said®’ €qual to or shorter thaty, but the two were not very

growth condition allows preferentially large GaN platelets. different. The diameter of the platelets was aboytrt, the
To answer this question the dependenc&pbn the crystal  thickness was 20 nm to several hundreds of nanometers, and

consideration. diameter and thickness were much smaller than those of

Figure 7a) shows a cross-sectional view of the hexago-Platelets grown with a Ngiflow rate lower than 40 SCCM.
nally close packedhcp) wurtzite crystal structure of a GaN Considering the anisotropy df; during t;, this result is
crystal? There are two growth faces in the basal layer: the Nreasonable. Limited b, the platele® in the model could
face (000) and the Ga fac€0001). In addition, the growth not continue growth for an infinite period of time in single
rateR[ 0001] of the Ga facé0001) is fastef® than that of the ~ Crystal form. The pathway wes-c-d. NanowiresW, in the
N face (000}. Considering that N-face growth takes place 9rowth direction[0110] and nanowiresV, in the growth
first, when Ga atoms arrive at the growth surfé&k, every  direction[2110] grew from the edges of the platele®sas
Ga atom(solid circle$ has only one chemical bond connect- shown in the growth map Fig. 5 at temperature from 825 to
ing with one N atom(open circles But if Ga atoms arrive at 875 °C, and will be discussed in Sec. VD. The diameter of
the (01D) face, which corresponds to the lateral face, base#ie nanowires depended on the thickness of the platelets. The
on the planview of a bilayer of a hcp crystdbee Fig. f)],  thickness of the platelets also depended.gpof the (01D)
one-half of the number of the Ga atoms, in the directionsor (0110) face. Both the diameter of the wires and the thick-
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ness of the platelets were, therefore, functions of the growtlvas optimal, which gave rise to a uniform distribution of
temperaturel and the rationNHslnGa (the flow rate in this  NHj; molecules along the liner. At a lower chamber pressure

experiment NanowiresWs in the growth directio{0001] of 2 Torr the flow of NH was turbulent, and the high veloc-
grew from the(0001) face because of the higher growth rate ity of NH3 molecules resulted in scattering off the linear wall
and shorter diffusion length in th@001] direction as dis- and the boat, thus reducing the chances of adsorption gf NH
cussed above. Further increase of the;Mldw rate led only ~ molecules on the surface of Ga. Based on@y.if the NH;
to an increase in the density of the nanowires. arrival rate was low(i.e., a lower ratiny, /ng,), Ga atoms
The same results, but with different produ@tsicrorods  would have a longer diffusion length. For the same reason, as
and micrograinswere obtained at higher temperatures withwe saw in Sec. IV A, a largdr, resulted in the formation of
the exception that one had to decrease the flow rate mudhexagonal platelets. At a higher chamber pressure of 15 Torr,
lower than 30 SCCM to obtain the GaN platelets. This isthe velocity of NH molecules was very low. So, following
because, as the temperature was increased, the ammonia dlse reaction Eq(4), H, molecules could not be pumped out
sociation became easier and fafe¥’ Also there was no rapidly. Thus H accumulated on the Ga surface, thus hin-
significant change in the size as the ammonia flow rate wadering NH; arrival. Therefore, some platelets were formed,

increased for most wires. especially downstream. As the pressure became higher than
50 Torr, the Ga metal could no longer be wetted. It is note-

B. Local distribution of growth products worthy that the optimum pressure is different in different

along the quartz liner experimental conditions; therefore, the optimum pressure

. ._should be determined by experiment.
The results presented in Sec. IV B provoked the question Summarizing the results of Secs. IV A to IV C, it is quite

of whether nanowires and hexagonal microplatelets are "®vident that growth parameters such as sNHow rate,

lated to the location at a pressure of 15 Torr. In the reaction .
. . %rowth location, and chamber pressure all have a profound
area on or above the surface of the matrix, the concentratio

. . o effect on the size, shape, and density of the products. How-
of Ga atoms was uniform in the entire liner; but after the . ; .
reaction ever, the primary influence comes from the Natrival rate

and the consequent Nhsurface concentrationy,. This
2Gat2NH;—2GaN+ 3H,, (49 implies that we can express the effects of the above growth

NH; in the central axial area of the liner diffused onto the Parameters, i.e., NHflow rate, location and geometric pa-
liner wall to continue nitridation. The jthus released from rameters of the growth chamber, and chamber pressure, on
the reaction4) diffused into the volume of the liner. It was Product morphology in terms of the Ntarrival rate, which
then exhausted out. However, if some experimental conditioflictates the ratioy,, /ng,. If the location of taking samples,
(for example, higher pressyreould cause the diffusion the geometric parameters of the growth chamber, and the
speed to be too low, at locations toward the downstream sidghamber pressure are kept fixed, and the density of the Ga
the NH; concentration on or above the surface of the matrixvapor depends only on temperature and location, then the
would decrease, and in contrast the ¢bncentration would NHs flow rate acts as the sole parameter controlfigg,. In
increase. On the downstream side the decrease of the NHhis way, the ammonia flow rate and temperature determine
concentration decreased the NHrrival rate; and the in- the effects on the shape and size of the products. This is the
crease of the klconcentration decreased the speed of reacreason why, in Sec. IV E, the NHlow rate and temperature
tion (4). An inspection of Eq(3) suggests that a lower NH alone appeared to be sufficient as the two independent pa-
arrival rate (lower ratio nNHs/nGa) gives a longert; and  rameters to allow the drawing of the growth map.

shortert,, which causes the Ga diffusion length to be longer
at the upstream than at the downstream side. For the sane Growth map and effect of temperature
reason(as described in Sec. V)AGaN hexagonal micro- on growth products

platelets were formed at the downstream side of the liner,
while GaN nanowires grew at the upstream side. Note thaéﬁe

(@) for this reason the higher the growth temperature, thetogether. In accordance with the observed results and our

more obvious this uniformity of the_d|str|but|or@b) varia- growth model, the growth map can be divided into three
tion of the growth chamber geometric parameters also influz

the local distributi f h duct in thi zones by drawing two dashed lines, as shown in Fig. 5. In
ences the local distribution of growth products, So I tiS,qne A the flow rate was lower than 50 SCCM. From Egs.
experiment all chamber geometric parameters were the samg;

. . SO . m&) and (3) we note that_;>L,—0. Ga atomic surface dif-
((2 the' umfr(?rmrﬁ/ of the dIStrIbutI.Ol’thO]:,Hd be |mpr?ved byffusion played the main role. Between 25 and 50 SCCM,
changing the ¢ gmber pressure; the fundamental cause Bl cause E,(000D<E,(0110), we have L,(000])
this is explained in Sec. V C. = — —

>L,(0110) and the growth rat&® 0001]<R[0110]. After
arrival at the growth surface Ga atoms migrated a very long
distancel 1, then reacted with Nkl and finally migrated a

The best results obtained from our experiments werevery short distance, to form large, but thin, platelets. These

those for the chamber pressure 5 Torr at 875°C and 108re shown in the model of Fig. 6 as pathwayc—i—big
SCCM. This can be explained by noting that, at this pressurglatelets. The diameter of the platelets increased as the tem-
the NH; flow was laminar and the velocity of NHnolecules — perature was raised. The dashed line goes down at higher

For the sake of convenience, the growth map and the
ct of temperature on the growth products are discussed

C. Effect of chamber pressure on growth products
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temperaturel, because there is a higher dissociation rate of
NH; at higher temperature. When the flow rate was lower
than about 25 SCCM, the product was nearly all shiny Ga
metal along the pathwag-e or a GaN polycrystah-b. In
zone B the flow rate is higher than that in zone A, resulting
inL;~L,. So the Ga diffusion length and the GaN diffusion
length play the same role. However, during the Ga diffusion
period, the conditionE{(000)<E,(0110) still favored
platelet growth. With the temperature between 800 and
820°C, bothL, and L, were very short, and GaN was
formed only as small polycrystals mixed together with an
amorphous matrix along the pathwayb of Fig. 6. As the
temperatureT was mcr_e,ased from 820 to 950°C, de- FIG. 8. A typical SEM image of nanowires synthesized under optimal
creased, and the conditidn >L, changed to the new con- growth conditions. For this, the growth temperature was 875 °C, thg NH
dition L,=L, or L;<L,. SoE;(0000) <E,(0110) still fa-  flow rate was 100 SCCM, the chamber pressure was 5 Torr, the Ga amount
vored platelet growth during the Ga diffusion period. After /as 6 9. and the growth duration was 6 h.

nitridation, the GaN molecule diffused along the pathway

a-c-d and formed platelet® with diameter of~1-2 um VI. CONCLUSION

and thickness ranging from 20 nm to several hundreds of . .
ging A series of experiments have been performed for a sys-

nanometers. The platel could not continue growing as a .
. P . o . . 9 9 tematic study of the effects of growth parameters on the
single crystal for an indefinite period of time because of the

limit on L. If the platelets” continue growing, their crystal shape and size of crystal products. A growth map with a

truct t be sinal tal O inal i ider range of experimental parameters can thus be pro-
structure may not be single crystal. nce a single cryslay qoq the map has three distinct zones. The shape and the
nanowire formed, its structure is stable because the ener

. . . ze of the products in every zone depend on the growth
state of a single crystal nanowire structure is lower th_ar}emperature and the NHilow rate. If an effective surface
those of polycrystal or amorphous structures. So nanowiregigsion length, which comprises the anisotropy of the Ga
W, along the directior] 0110] or nanowiresW, along the  gyrface diffusion length, and the anisotropy of the growth
direction[2110] grew from the platelet edges, as shown inrate are introduced into the growth model, it is striking that
Fig. 6 (pathwaya-c-d-P-W, or W,). The diameter of these all the observed results can be successfully explained. This is
nanowires depended on the thickness of the platelets, anddeed a very important observation. The optimal growth
hence it increased with increasing temperaflird=or tem-  parameters were determined for 875 °C and 100 SCCM. One
peratures between 950 and 1000 °C, the tendency of growttemarkable observation is the formation of nanowires with
was the same as below 950 °C, except that, for the latter, theniform diameter, clear crystal structure, and length larger
flow rate should be lower than about 80 SCCM, allowingthan 1 mm; the location distribution is also uniform and the
microrods to be formed from the thick platelet edges. Theyield is quite high. All these results are evident from Fig. 8.
highest flow rate was for zone C, which corresponds to temThe growth map gives a clear direction of how to success-
peratures higher than 1000°C and flow rates higher thafully obtain nano-, meso-, and microproducts in 1D, 2D, and
~30 SCCM. At temperatures higher than 1000 °C, the disso3D. It is indeed exciting.

ciation rate of NH was very fast and the Ga vapor pressure
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