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Real-time optical growth characterization
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Abstract

Growth techniques that utilize elevated reactor pressures offer a pathway to overcome limitations in the epitaxy of high quality group III-
nitride compounds such as InN or related materials, which exhibit large thermal decomposition pressures. We introduce the growth of InN by a
unique high-pressure chemical vapor deposition (HPCVD) system, demonstrating that HPCVD is a valuable method for achieving stoichiometric
single-phase surface compositions at optimal processing temperatures. The development and utilization of real-time optical diagnostics for the
monitoring of gas-phase and surface chemistry during the heteroepitaxial nucleation and growth is critical for controlling the chemical vapor
deposition process. Using real-time optical ultraviolet absorption spectroscopy (UVAS), we have studied the flow and decomposition kinetics of
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he gas-phase precursors as functions of flow, pressure and temperature. A pulsed-injection technique for the delivery of the chemica
s used, enabling the analysis and control of the decomposition kinetics of trimethylindium (TMI) and ammonia as well as the study of
tages of InN nucleation and subsequent overgrowth on sapphire substrates. The nucleation and steady state growth of InN is prob
onolayer resolution by principal angle reflectance (PAR) spectroscopy. These real-time optical monitoring techniques demonstrate thin

he optimization and engineering of the growth process, as well as providing crucial insights into gas phase decomposition dynamics
hemistry processes under HPCVD conditions. The resulting InN material exhibits an optical absorption edge that varies from 0.83
trongly dependent upon the precursor flow ratios employed during growth. Structural analysis performed by XRD reveals high quality
2005 Elsevier B.V. All rights reserved.
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. Introduction

The development of integrated ultraviolet (UV) light emit-
ing diodes (LEDs), laser diodes, solar blind detectors, high-
requency/high-power transistors operating at high temperature
nd room-temperature spintronic devices that are based on group

II-nitride compound semiconductors has generated much inter-
st in recent years. Of particular interest is an improved knowl-
dge of the binary base systems InN, GaN and AlN, and to which
xtent alloys and heterostructures can be employed in the fab-
ication of optical electronic device structures[1,2]. GaN is the
ost studied group III-nitride compound, but InN and AlN have
ecome increasingly significant due to their unique properties
s low band gap and wide band gap materials, respectively.

At present, the most commonly utilized growth techniques for
he production of group III-nitrides are organometallic chemi-

∗ Corresponding author. Tel.: +1 404 463 9617; fax: +1 404 651 1427.
E-mail address: ndietz@gsu.edu (N. Dietz).

cal vapor deposition (OMCVD, also denoted as MOVPE)
molecular beam epitaxy (MBE)[3,4]. However, these low
pressure deposition processes are limited to a temperature
under which the partial pressures of the constituents do
differ vastly and decomposition processes can be coun
by off-equilibrium conditions. These off-equilibrium conditio
employed in MBE and organometallic CVD growth of In
require a relatively low growth temperatures in order to o
come the thermal decomposition pressures, thus limiting
quality of InN and related group III-nitride epilayers[1,5–7]. In
addition, these low growth temperatures require the applic
of extremely high V–III ratios in order to prevent the form
tion of metal droplets on the thin film surface. Recent stu
pertaining to the decomposition of InN layers[8] have shown
that oxygen is easily incorporated into the InN crystal un
thermal treatments, and has been suggested as the sou
the wide discrepancy in reports in the band gap energy of
Controversial reviews of the present status of InN growth
characterization have been provided by Bhuiyan et al.[1] and
Davydov et al.[9], implying that different approaches for t
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Fig. 1. Thermal decomposition pressure vs. reciprocal temperature for AlN,
GaN and InN[11].

growth of In-rich group III-nitride alloys need to be explored in
order to improve the structural and optical properties of InN and
related alloys.

Recent studies in the indium-nitrogen system[10] show much
uncertainty in thep–T–x relations due to missing experimental
validation. However, studies of the nitrogen pressure required to
prevent thermal decomposition of bulk InN, provide a relation-
ship given by

pN2 → p0 exp

[
−�Hr

R

(
1

T
− 1

T0

)]
, (1)

which results in thep–T−1 relation shown inFig. 1 [11]. This
relation indicates that for the pressure rangepN2 ≤ 102 bar and
substrate temperatures≤ 900 K, the surface decomposition of
InN can be effectively suppressed.

The approach presented here explores the growth of indium-
rich group III-nitrides at elevated pressures using InN as a model
system in order to demonstrate the capabilities of high-pressure
CVD. InN is the most challenging material system, since the
equilibrium vapor pressure of nitrogen over InN is much higher
compared to AlN and GaN[12]. A high-pressure flow channel
reactor incorporating real-time optical characterization capabil-
ities [13–16] is utilized to study and optimize InN nucleation
and growth. At above atmospheric pressures, optical diagnostic
techniques are uniquely suited to provide real-time information
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Fig. 2. Intensities and spectral distribution of a black body emitter such as a hot
substrate for different temperatures. In inset depict on a logarithmic scale the
onset the radiation for 100 and 600 K.

Utilizing ultraviolet absorption spectroscopic (UVAS) tech-
niques as well as UV induced fluorescence spectroscopy to
identify the group V and organometallic group III precur-
sors in the gas phase is well established in the literature
[17–20].

In the following sections, a brief introduction of the HPCVD
reactor design is provided along with its real-time optical capa-
bilities in order to characterize flow, gas phase and surface
reactions. This is followed by three sections providing results on
the optical characterization of the precursors trimethylindium
(TMI) and ammonia (NH3) and the optical monitoring of
InN nucleation and overgrowth utilizing sequential precursor
injection.

2. High-pressure reactor system

The growth of group III-nitrides at elevated pressures requires
a completely redesigned OMCVD reactor system with special
consideration directed towards flow kinetics, gas phase reac-
tions, boundary layer diffusion and alteration of surface chem-
istry. This HPCVD reactor system utilizes a pulsed precursor
injection technique, which is essential in order to achieve com-
pression of the precursors to reactor pressure, minimization of
gas phase reactions, optimization of nucleation kinetics, and
analysis of gas phase and surface decomposition dynamics in
r
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A re
i llows
o s and
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d ation
c

ertaining to gas flow dynamics in laminar and turbulent
egimes. Optical diagnostics are also utilized to obtain cr
nformation regarding precursor flow and decomposition k
cs. Several optical techniques have been explored, but o
ew provide the required robustness and sensitivity. For e
le, the substrate temperature during InN growth under
ressure is between 800 and 1000 K, resulting in a signifi
adiation emission, as shown inFig. 2. Even if modulation tech
iques are applied, the intensity of the emitted radiation fro

he substrate heater limits the sensitivity of many optical p
echniques operating in visible and infra-red (IR) ranges
epicted in the inset ofFig. 2, the radiated intensity for a 1000
ack body emitter vanishes very quickly below 350 nm, w
egligible contributions below 300 nm.
-

t

eal-time.
A symmetric arrangement of substrates in the upper and

art of the flow channel is used, in order to prevent prefere
aterial deposition on the opposite side of the heated subs
s schematically depicted inFig. 3b, optical access ports a

ntegrated along the center axis of the substrates, which a
ptical characterization of flow kinetics, gas phase reaction

he substrate surface through the back side. A more de
escription of the reactor design and the optical characteriz
apabilities is given elsewhere[13,16].
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Fig. 3. (a) Half of the reactor flow channel assembly showing flow direction. The flow channel is designed with a constant cross-sectional area for the maintenance
of laminar flow. The sapphire substrate is seen along center axis of flow and is held in two�-Al2O3 plates. (b) Schematic cross-section of the reactor containing the
optical access ports and the center of the substrates. Two optical ports provide access to the flow channel and three ports in each of the two half sections of the reactor
provide access to the growth surface.

The flow characteristics of the HPCVD reactor has been ana-
lyzed using laser light scattering, LLS, in a forward scattering
geometry[21]. The onset of increased LLS scattering for pure
nitrogen gas flow is summarized inFig. 4a, indicating the flow
and pressure ranges at which laminar flow can be maintained.

F
b
i
r

The associated Reynolds number can be calculated via

Re = ρul

η
, (2)

whereρ = 1.12 (kg m−3) is the density of the gas, ‘u’ the flow
velocity, ‘l’ a flow reactor characteristic length parameter and
η = 1.8× 10−5 (kg m−1 s−1) the dynamic viscosity. For ideal
gases, a direct proportionality between the density of the gas
and the pressure exists, which for a constant ‘l’ and η leads to
a inverse proportionality between flow velocity and pressure.
The calculated Reynolds numbers are shown inFig. 4b with
an average around 1480. No significant pressure dependency is
observed.

3. Optical characterization of precursors and reactor
flow characteristics

Transport of the TMI precursor from the bubbler to the gas
flow control panel is achieved via a nitrogen carrier gas main-
tained at a temperature of 20◦C and pressure of 760 Torr. The
actual molar flow rate of TMI is calculated from standard par-
tial pressure curves (provided by the manufacturer) and nitrogen
carrier gas flow rates and can be expressed as

nTMI = 8.3216× 10−9 × x (mol s−1) (3)

w ass
fl

he
r con-
d uire a
ig. 4. (a) Transition from laminar to turbulent flow conditions as determined
y LLS intensity measurements. The inset depicts the increase of the LLS with

ncreasing pressure. (b) Calculated Reynolds numbers for HPCVD flow channe
eactor with a cross-section ofA = 50 mm2.
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herex is the % full scale (%FS) setting of the carrier gas m
ow controller (100% FS = 500 sccm).

Initially, optical characterization of the TMI flux through t
eactor flow channel is achieved under continuous flow
itions at near-atmospheric pressure, which does not req
ompression stage. This carrier gas containing diluted TM
ombined with the main reactor nitrogen flow in the gas
ontrol panel and is directed to the reactor flow channel.
olar TMI:N2 flow ratioχ through the reactor can be expres
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Fig. 5. Spectrally resolved absorption on TMI diluted in N2 carrier gas as func-
tion of N2-flow through TMI bubbler in %FS. The total flow through the reactor
is maintained at 5 slm at 1630 mbar.

as

χ = nTMI

ntotal
= nTMI

nMain N2 + nbubbler N2 + nTMI

= 2.237× 10−5 × x

z + 10−2 × x + 2.237× 10−5 × x
(4)

wherex andz are the percent full scale flow settings of the TMI
carrier gas and main reactor N2 mass flow controller settings,
respectively.

The absorption of ultraviolet light as a function of TMI con-
centration has been characterized between 190 and 500 nm. A
broad absorption feature in the wavelength range of 190–250 nm
is observed at room temperature (RT) with the absorption peak
centered at 210.7 nm.Fig. 5 shows the spectrally resolved
absorption structure as a function of TMI carrier gas flow set-
tings. For higher carrier gas flow settings, two absorption fea-
tures centered at 210.7 and 221 nm can be observed. The center
location of the strongest absorption feature remains constant at
210.7 nm for all TMI concentrations investigated. The maximum
absorption and full-width-half maximum (FWHM) of this fea-
ture are shown inFig. 6as function of the TMI carrier gas mass
flow controller setting while maintaining a reactor pressure of
1.6 bar and a total flow of 5 slm through the reactor. Analysis of
this absorption feature provides a correlation between measured
the absorption maxima and the TMI carrier gas flow setting,
w 3 −1
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Fig. 6. (a) Absorption strength atλ = 210.7 nm as function of N2 carrier gas
flow through TMI bubbler in %FS. (b) FWHM for the absorption maximum at
213.5 nm.

whereα′ = α+0.37367
0.37282 (cm−1) and y is the %FS setting of the

main nitrogen reactor flow. This result is used in the following
section to compute the number of TMI molecules contained in
a single pulse during TMI injection.

3.1. Optical characterization of pulsed TMI injection,
diluted in N2 carrier gas

In order to grow InN at above atmospheric pressures, a two-
step process is employed for the injection of the precursors in to
the HPCVD reactor flow channel. Initially, a 75 cm3 reservoir at
atmospheric pressure is filled with TMI diluted in N2 carrier gas.
In the second step, the reservoir is compressed by high-pressure
nitrogen and injected into the main nitrogen flow. The filling
of the reservoir, subsequent compression and injection in to the
reactor, denoted as ‘cycle sequence’, is continually repeated.
hich can be expressed asα(x=%FS)= 1.72× 10 (cm ).
Further analysis of the influence of the molar TMI flow ratiχ

n this peak absorption maximum centered at 210.7 nm re
n exponential relationship in the form of

(χ) = −0.37367+ 0.37282× e
χ

5.44×10−4 (cm−1) (5)

hich is depicted inFig. 7.
The combination of Eqs.(4) and(5) allow for real-time cal

ulation of the flux of TMI molecules per unit time based on
bserved ultraviolet absorption based upon

TMI = 1018y (ln(α′) − 2.28× 10−3)

8.21− 2 ln(α′)
(6)
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Fig. 7. Correlation of TMI absorption maximum and molar TMI flow ratioχ

under steady-state flow conditions.

The cycle repetition rate, duration of the injection, as well as the
temporal position of injection within a given cycle sequence are
process parameters that are used to control gas phase reactions
and the film growth process itself.

Fig. 8 shows real-time traces of the transmitted intensity
monitored at 210.7 nm during pulsed TMI injection with a 6 s
repetition rate for various TMI carrier gas flow rates. The reactor
pressure is maintained at 1.6 bar with a total flow of all gases
(TMI carrier gas and nitrogen main flow) through the reactor
maintained at 5 slm. From the transmitted intensity traces, the
associated absorption is computed, which can then be correlated
to the molar TMI concentration contained in the each injected
pulse.

Fig. 9 shows a typical trace for the absorption at 210.7 nm
and the computed number of TMI molecules contained in the
pulse. Analysis indicates that the sensitivity limit for TMI con-
centrations is on the order of 10[14] TMI molecules per time
unit depending on the reactor pressure and total flow rate.

F ursor
p tor o
5 ycle
s

Fig. 9. UV absorption due to and concentration of TMI atoms (nTMI ) per unit
time during pulsed TMI injection.

4. Optical characterization of ammonia (NH3)
precursor

Detailed characterization of the NH3 flow dynamics and
gas phase kinetics of NH3 under HPCVD conditions has been
previous published[30]. However, a brief summary of the char-
acterization capabilities and analysis of the kinetics of NH is
presented here. Similar to Section3, the optical characterization
of NH3 is treated separately for continuous NH3 flow and pulsed
NH3 injection. Under both continuous and pulsed flow condi-
tions, the NH3 vapor is transported from a NH3 gas cylinder,
which is regulated to deliver gas at 30 psi. An in-line filter is uti-
lized in order to lower the concentrations of trace contaminants
such as oxygen and water. Similar to the TMI flow analysis, the
molar flow rate of NH3 can be expressed as

nNH3 = 7.4405× 10−6 × y (mol s−1). (7)

wherey is the %FS scale setting of the NH3 mass flow controller
(100% FS = 1 slm). Under continuous flow conditions, the molar
ammonia flow ratioχ through the reactor can be expressed as

χ = nNH3

ntotal
= nNH3

nMain N2 + nNH3

= y

50z + y
(8)

where y and z are the % full scale settings of the NH3
and main nitrogen mass flow controllers, respectively (100%
F
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ig. 8. Transmitted intensity trace monitored at 210.7 nm during TMI prec
ulse injection in the reactor at 1.6 bar and a total flow through the reac
slm. The TMI flow was varied from 15–150 sccm (3–30% FS). The c
equence is 6 s with a 0.2 s TMI pulse width.
f

S(z) = 50 slm).
The flow of ammonia through the reactor has been chara

zed by UVAS in the wavelength range of 180–300 nm. Sig
ant, concentration dependent absorption features are ob
n the wavelength range of 190–240 nm. These absorption
ures are shown inFig. 10for various NH3 mass flow controlle
ettings with a 5 slm nitrogen main reactor flow of and a rea
ressure of 1.6 bar. The characteristic absorption features
reviously reported data in literature[22,23]. The molar ammo
ia flow ratioχ required for the growth of InN is sufficient
igh that several of the absorption lines are “saturated” at
eak value.
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Fig. 10. Absorption spectra for various ammonia flows in %FS of the NH3

mass flow controller diluted in 5 slm nitrogen main flow and a rector pressure
of 1.6 bar.

For ammonia flow ratios in the range ofχ = 1.0× 10−2 to
1.6× 10−1, the absorption feature centered at 221.6 nm is used
in order to correlate the observed absorption and the NH3 flow
ratio χ through the reactor flow channel, as shown inFig. 11.
Analysis of this absorption feature, reveals the following rela-
tionship:

αpeak 217.1 nm(χ) = 0.38 ln(χ + 0.011)− 2.0χ + 1.73 (cm−1)

αpeak 221.6 nm(χ) = −45+ 45.01 exp
( χ

18

)
× 10−2(cm−1)

(9)

between the UV absorption and ammonia ratioχ.
The number concentration of NH3 molecules per unit time

can be computed as a function of the observed absorption. Con
sidering the absorption feature at 221.6 nm, we find the NH3
number concentration can be expressed as a function of th

F ia
fl 6 bar

absorptionα by

NNH3(λ=221.6 nm) = 7.17× 1021 × z ln(α′)
1 − 32 ln(α′)

(s−1)

with α′ = α221.6 nm − 80

80.01
. (10)

The number concentration of NH3 determined from Eq.(10)
(λ = 221.6 nm) is plotted inFig. 17b for NH3 mass flow con-
troller settings between 1 and 50% FS while maintaining a main
reactor flow rate of 5 slm and a reactor pressure of 1.6 bar. Under
continuous flow conditions, the ammonia concentration can be
varied between 10[19] and 2× 10 [20] NH3 molecules/s.

4.1. Optical characterization of pulsed ammonia injection

The flow of ammonia at higher pressures requires a com-
pression and dilution stage in order to enable the injection of
ammonia into the HPCVD reactor flow channel. As in the injec-
tion of the TMI precursor, a 75 cm3 reservoir is filled at slightly
above atmospheric pressure with ammonia gas, controlled by
a mass flow controller (MFC) and a computer controlled fill-
ing time. In the following step, the reservoir is compressed with
high-pressure N2 up to the reactor pressure and injected into
the reactor. Cycle repetition rate, duration of injection, and the
p ms.

cted
i ed to
c
t lsed
a vari-
o ssure
w ctor
a

F
p

ig. 11. Ammonia absorption monitored atλ = 221.6 nm as function of ammon
ow ratioχ under steady state flow conditions for a reactor pressure of 1.
-

e

.

osition of injection can the adjusted with an accuracy of 1
Depending on the ammonia concentration per pulse inje

nto the reactor, several absorption features can be utiliz
haracterize and analyze the ammonia pulses.Fig. 12 shows
ypical absorption traces monitored at 221.6 nm during pu
mmonia injection with a 6 s total cycle sequence time for
us ammonia mass flow controller settings. The reactor pre
as maintained at 1.6 bar with a total gas flow through rea
t 5 slm.

ig. 12. Ammonia absorption traces monitored atλ = 221.6 nm for 1.0 s NH3
ulses injected 6 s apart.
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Fig. 13. Absorption traces monitored atλ = 221.6 nm for 1 s NH3 pulses injected
6 s apart. The reactor main flow and the ammonia flow were kept constant at
5 slm nitrogen and 200 sccm, respectively.

The relationship between the absorption strength and ammo-
nia number concentration provided by Eq. (10), together with
the reservoir compression ratio and volume, the total number of
ammonia molecules per pulse can be calculated.

The pulsed ammonia injection has been analyzed as function
of pulse width, ammonia concentration per pulse, total reactor
flow and reactor pressure.Fig. 13shows the monitored absorp-
tion traces atλ = 221.6 nm for various reactor pressures, while
maintaining a total gas flow through the reactor at 5 slm and
ammonia flow of 200 sccm. It is important to note that for pres-
sures above 10 bar, a carryover of ammonia from one cycle to
the next is observed, resulting in an increase in the base line
absorption of the overall absorption observed in the reactor flow
channel.

Similar to the characterization of pulsed TMI injection, the
pulsed ammonia injection monitored at the substrate centerline
shows three distinct features. These pressure dependent features
are (1) a systematic shift in the pulse arrival time, (2) a system-
atic ammonia pulse broadening and (3) a change in the NH3
absorption cross-section for pressures larger 8 bar. These fea-
tures have been analyzed in detail and are published elsewhere
[30].

5. Decomposition dynamics of TMI and ammonia
precursors

ana-
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Fig. 14. Ammonia absorption spectra taken at different temperatures during
steady state flow conditions for a reactor pressure of 1.6 bar.

tion peak maxima as a function of temperature as is shown in
Fig. 15a for a molar ammonia flow ratioχ of 10−2.

The absorption peak maxima increase as the temperature
raises due to the change in the absorption cross-section. Above
900 K, a plateau is observed with a strong fall-off above 1100 K.
The decomposition dynamics at higher reactor pressures were
studied during pulsed ammonia injection as a function of tem-
perature, as depicted inFig. 15b. Starting around 850 K, a fall-off
in the peak absorption amplitude can be observed, which is at a
slightly lower temperature as observed at 1 bar reactor pressure
and the same total flow. Since the gas flow velocity in the reactor
system decreases inversely with pressure, an additional temper-
ature effect due to the reduced gas velocity at higher pressures
must be considered.

The decomposition dynamics for TMI were studied only for
pulsed TMI injection at higher reactor pressures, in order to
avoid the formation of atomic indium on the windows at higher
temperatures.Fig. 16shows the observed changes in the ampli-
tude of peak maximum absorption at 210.7 nm. The onset of TMI
decomposition in the gas phase occurs around 800 K, which is
slightly higher than those reported under low-pressure OMCVD
conditions[18,24] for the growth of group In–V compounds
[25,26].

6. Real-time optical characterization of InN growth:
nucleation and overgrowth

cur-
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The decomposition dynamics of ammonia has been
yzed in the temperature range of 300–1200 K under con
us ammonia flow conditions at a reactor pressure of 1.6
ig. 14shows the temperature dependence of ammonia sp
ecorded between 180 and 230 nm for a molar ammonia
atioχ = 4× 10−3. The increase of the nitrogen absorption b
ine as function of the temperature has been accounted fo
pectroscopic scan between 180 and 400 nm revealed n
bsorption feature that could be associated with ammonia
ents at higher temperatures.
Above 990 K, a significant reduction in the absorp

trength is observed, indicating the onset of the decomposit
mmonia in the reactor flow channel. The change in the ab
ra

e
w
-

f
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An understanding of the decomposition kinetics of pre
ors utilized in OMCVD growth techniques is crucial to prec
ngineering of both nucleation and subsequent film gro
etailed modeling of the expected precursor flow dynam
nd chemical kinetics under HPCVD conditions has been p
usly published[15]. The decomposition studies for ammo

n the previous section suggest temperatures above 1000
equired for sufficient cracking of the ammonia precursor
he growth of InN. However, literature data for InN grow



246 V. Woods, N. Dietz / Materials Science and Engineering B 127 (2006) 239–250

Fig. 15. (a) Change of the ammonia absorption peak maxima as function of temperature. (b) Decomposition of ammonia during pulsed precursor injectionat a
reactor pressure of 10 bar.

by OMCVD indicate a growth temperature of 675–750 K[24],
775 K [25] and 810–840 K[26]. Under HPCVD conditions,
we can expect to be able to increase the growth temperature
about 50–100 K higher than possible at low-pressure OMCVD
conditions. However, this still leaves a temperature mismatch
between optimum ammonia decomposition and optimal InN
growth temperature, which remains a challenge to be solved.
For low-pressure OMCVD growth techniques, TMI:NH3 ratios
of 1:10 [4] and larger [24,25] are required to counteract
the low ammonia decomposition rate at optimum growth
temperatures.

F uring
p

Here, the growth of InN is achieved by exposing the sub-
strate surface to pulses of TMI [In(CH3)3] and ammonia [NH3]
at 800–1050 K. The symmetrically embedded sapphire crystals
with a (0 0 0 1) growthsurface are heated to 1150 K and exposed
to ammonia for typically 30 min. After the nitrification of the
sapphire surface, the temperature is lowered to the growth tem-
perature, and the InN growth is initiated.

The growth of InN is initiated by supplying pulses of the
precursors that are sequentially separated by pauses as shown
schematically inFig. 17. As discussed in the previous sections,
the TMI and NH3 pulses are temporally controlled and embed-
ded in a nitrogen gas main flow through the reactor. The total
flow through the reactor as well as the reactor pressure are kept
constant.

This growth at elevated-pressures has an extended growth
parameter space as compared to low-pressure organometallic
chemical vapor deposition. Growth parameters that need to be
evaluated are reactor pressure, average gas velocity, TMI and
ammonia pulse separation and reaction time, the molar TMI to
ammonia,RTMI:NH3 and growth temperature.

This large parameter space requires the application of real-
time optical monitoring techniques in order to access the nucle-
ation and growth conditions and in order to optimize the growth

F for the
g

ig. 16. Decomposition of TMI at 10 bar reactor pressure, monitored d
ulsed TMI injection as function of temperature.
ig. 17. Schematic representation of a precursor cycle sequence used
rowth of InN via the precursors TMI and ammonia.
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Fig. 18. Monitoring of InN growth by PAR for 2.5 interference fringes.

parameters. For monitoring InN nucleation and growth, sin-
gle wavelength principal angle reflectance (PAR)[13,30] and
laser light scattering is applied, employing a p-polarized light
beam (λ = 6328Å) and a Glan-Thompson prism. The beams
impinge on the substrates at an angle of incidenceϕ = 30◦ and
28◦ for the upper and lower part, respectively. The reflected
beams are detected by Si photodiodes. The intensity of the
scattered radiation is monitored simultaneously by a photo
multiplier tube (PMT) located perpendicular to the plane of
incidence. PAR is based on the same principle as p-polarized
reflectance spectroscopy[27–29]. However, PAR utilizes p-
polarized light impinging the substrate–ambient interface near
the principal angleϕP. corresponding to the pseudo-Brewster
angleϕB for p-polarized light impinging the ambient–substrate
interface. Depending on the substrate temperature and laser
wavelength, the principal angleϕP. varies from 27.5◦ to 30◦ for
the sapphire–ambient interface[13]. The angle of total reflec-
tion, ϕT, is approximately 5◦ aboveϕP.

Fig. 18 shows the PAR trace recorded for the wavelength
λ = 6328Å, during InN growth. Superimposed on the interfer-
ence oscillations of the reflected intensity is a fine structure that
is strongly correlated to the time sequence of the supply of pre-
cursors employed. Each peak in the fine structure corresponds
to a complete precursor cycle sequence.

Fig. 19shows typical observed PARS and UVAS monitored
during nucleation on InN. The lower trace shows the UVAS
t e
u rowt
s rded
f y
t bien
i urso
i t the
p PAR
a in th
r ning
o the
c

Fig. 19. Monitoring of InN nucleation by PAR and UV absorption. A precursor
cycle sequence of 6 s with 0.4 s TMI and 1.4 s ammonia pulses, separated by
1.4 s were used.

Prior to growth, the surface is exposed only to pulses of
ammonia. The growth of InN is initiated with the first TMI pulse
at 58 s followed by an ammonia pulse 1.4 s later.Fig. 20clearly
shows the time delay of the pulses from the injection point until
they reach the centerline of the substrate. About one to two
cycle sequences elapse before the UV absorption trace of TMI
is clearly observed (see arrows). The PAR signal shows a large
jump after the ammonia pulse reaches the substrate, indicating
the start of nucleation of InN and the present of TMI fragments
in the surface vicinity. During the first few growth sequence
cycles, the PAR signal shows growth related oscillations that are
not well developed. The growth temperature is 990 K, a reactor
pressure of 10 bar, a total flow of 5 slm, and a molar ratio TMI
to ammonia,RTMI:NH3of 1:500.

Steady state surface chemistry is reached after 5–20 cyclic
precursor injections, depending on substrate temperature, pre-
cursor flow ratio, gas phase velocity and reactor pressure. As
depicted inFig. 20, a periodic modulated PAR signal is observed

F 90 K.
T rease
i

race recorded for the wavelengthλ = 210.8 nm, monitoring th
n-decomposed ammonia and TMI species above the g
urface. The PAR trace in the upper half of the figure is reco
or the wavelengthλ = 6328Å, monitoring with high sensitivit
he changes in the dielectric function of the substrate–am
nterface. Also indicated are the positions of the pulsed prec
njection with a total cycle sequence time of 6 s. Note tha
recursor injection time and the response seen in UVAS and
re temporal shifted according to the average gas velocity
eactor which is a result of the time lag between the ope
f the injection valve and the arrival of the precursors at
enterline of the substrate in the reactor flow channel.
h

t
r

e

ig. 20. PAR and UV absorption traces during steady-state InN growth at 9
he rector pressure was 10 bar with a total flow of 5 slm. The overall dec

n the PAR signal corresponds to InN growth.
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under steady-state growth conditions where the signatures found
in the PAR signal can be directly correlated to the present of
ammonia an TMI fragments in a surface layer and at the growth
surface. The overall decrease in the PAR signal intensity corre-
lates to the InN growth per cycle sequence as discussed in detail
for p-polarized reflectance[29]. The signatures observed in UV
absorption trace coincide with the PAR response, even though
the nature of these responses is different.

As the temperature is lowered from 940 to 840 K, the ampli-
tude of the growth related PAR (not shown) signal becomes
smaller and less pronounced. At 840 K, the growth related fea-
tures indicate no growth due to inefficient decomposition of
ammonia and TMI in the gas phase and surface reaction layer.
This result agrees with the decomposition dynamics shown in
Fig. 15for ammonia.

Monitoring the PAR, LLS and UVAS responses during var-
ious growth conditions provides crucial information on the gas
phase decomposition dynamics of the precursor and the subse-
quent diffusion through the surface boundary layer to the growth
surface. The establishment of an optical data base as function of
reactor pressure, flow velocity, molar III:V ratio and growth tem-
perature will provide the base for a more detailed understanding
on the dissociation of the precursors ammonia and TMI and of
reaction rate constants for growth of InN as theoretical predicted
by Cardelino et al.[15].
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Fig. 21. Results of XRD measurements of InN on Sapphire (0 0 0 1). Precursor
flow ratio,RNH3:TMI , employed during growth of samples #22L, #24L and #25L
was 8000, 1000 and 200, respectively.

were grown at a reactor pressure of 15 bar, a gas flow veloc-
ity of 50 cm/s and temperature of 850◦C. The precursor flow
ratioRNH3:TMI was maintained at 3900, 2800, 1000 and 420 for
samples #31L, #37U, #24L and #30L, respectively. Note that all
samples, regardless ofRNH3:TMI exhibit an absorption feature
centered at 0.63 eV. This feature has been attributed to plas-
mon excitations in the conduction band[33] due to a large free

F erent
a nction
o

.1. Ex situ InN layer characterization

The structural properties of epitaxially grown InN films h
een investigated using X-ray diffraction.Fig. 21shows typica
RD spectra recorded in theω–2θ mode for samples #22L, #24
nd #25L. These samples were grown at a temperature of 8◦C
ith a reactor pressure of 11 bar and average gas flow ve
f 45 cm/s. The precursors ratio,RNH3:TMI , for samples #22L
24L and #25L was set at 8000, 1000 and 410, respect
ample #22L shows a broad reflection from wurtzite-type
entered at 31.26◦ with a full-width at half maximum (FWHM
f 650 arcsec. This indicates a structural quality that is equiv

o InN thin films grown on GaN/AlN buffer layers, which ha
een produced by MBE growth methods[31]. As the precurso
atio RNH3:TMI is lowered from 8000 to 1000 (sample #24
he InN (0 0 2) reflection broadens and shifted lower to 31◦.
n addition, the InN (1 0 1) reflection centered at 31.1◦ become
ore pronounced. ForRNH3:TMI at 200 (sample #25L), both t

nN (0 0 2) and InN(1 0 1) reflections show double structu
ndicating the existence of additional InN related phases
WHM less than 200 arcsec in very close proximity.

Analysis of the spectra for samples #22U and #25L re
he lattice constantsa = 3.557Å and c = 5.754Å. These value
re in close proximity to previous reported lattice constant
igh quality InN[32]. It is important to note, however, that t
symmetric line suggest the existence of additional phas
lose proximity to the main InN reflections, the origin of wh

s presently under investigation.
Fig. 22 shows the optical absorption spectra in the en

ange from 3 to 0.5 eV for a set of typical InN thin films gro
nder HPCVD conditions. For all samples shown, the la
ig. 22. Absorption spectra for characteristic InN samples grown with diff
mmonia to TMI ratio. The inset shows the absorption band edge as a fu
f ammonia to TMI precursor flow ratio.
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carrier concentration. Since this feature remains unchanged in
position and strength, our data suggest that the absorption edge
shift towards lower energies is not directly related to the free
carrier concentration, but rather to stoichiometry variations in
InN.

The large variation in the absorption structures exhibited
by these samples suggest that the observed absorption shift
from approximately 1.3 to 0.83 eV are governed by a series of
absorption structures centered at 0.87, 1.1 and 1.3 eV. Numerical
analysis of these features has been used to examine the domi-
nant absorption band edge beginning at 2.5 eV as a function of
the RNH3:TMI , the results of which are shown in the inset of
Fig. 22. The correlation between optical absorption edge shift
and the precursor flow ratioRNH3:TMI indicated a close correla-
tion between the precursor flow ratio and film stoichiometry.

7. Conclusion

The growth of epitaxial InN layers by high-pressure chemical
vapor deposition has been explored in the laminar flow regime,
evaluating the growth parameter for reactor pressures in range of
10–15 bars, gas flow velocities from 20 to 50 cm s−1, and molar
ammonia to TMI ratios between 400 and 8000. The flow and
decomposition kinetics of the precursors ammonia and TMI have
been studied by ultraviolet absorption spectroscopy under pulsed
precursor injection. UVAS, principal angle reflectance and laser
l itax
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