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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 I
nitride compounds such as InN or related materials, which exhibit large thermal decomposition pressures. We introduce the growth of InN b
unique high-pressure chemical vapor deposition (HPCVD) system, demonstrating that HPCVD is a valuable method for achieving stoichiome
single-phase surface compositions at optimal processing temperatures. The development and utilization of real-time optical diagnostics for
monitoring of gas-phase and surface chemistry during the heteroepitaxial nucleation and growth is critical for controlling the chemical var
deposition process. Using real-time optical ultraviolet absorption spectroscopy (UVAS), we have studied the flow and decomposition kinetics
the gas-phase precursors as functions of flow, pressure and temperature. A pulsed-injection technique for the delivery of the chemical precu
is used, enabling the analysis and control of the decomposition kinetics of trimethylindium (TMI) and ammonia as well as the study of the initi
stages of InN nucleation and subsequent overgrowth on sapphire substrates. The nucleation and steady state growth of InN is probed with
monolayer resolution by principal angle reflectance (PAR) spectroscopy. These real-time optical monitoring techniques demonstrateitheir utilit
the optimization and engineering of the growth process, as well as providing crucial insights into gas phase decomposition dynamics and sur
chemistry processes under HPCVD conditions. The resulting InN material exhibits an optical absorption edge that varies from 0.83 to 1.34
strongly dependent upon the precursor flow ratios employed during growth. Structural analysis performed by XRD reveals high quality InN.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cal vapor deposition (OMCVD, also denoted as MOVPE) and
molecular beam epitaxy (MBE]3,4]. However, these low-

The development of integrated ultraviolet (UV) light emit- pressure deposition processes are limited to a temperature range
ting diodes (LEDSs), laser diodes, solar blind detectors, highunder which the partial pressures of the constituents do not
frequency/high-power transistors operating at high temperaturdiffer vastly and decomposition processes can be countered
and room-temperature spintronic devices that are based on grobg off-equilibrium conditions. These off-equilibrium conditions
IlI-nitride compound semiconductors has generated much inteemployed in MBE and organometallic CVD growth of InN
est in recent years. Of particular interest is an improved knowlrequire a relatively low growth temperatures in order to over-
edge of the binary base systems InN, GaN and AIN, and to whichome the thermal decomposition pressures, thus limiting the
extent alloys and heterostructures can be employed in the falguality of InN and related group llI-nitride epilaygis5—7] In
rication of optical electronic device structuifds2]. GaN is the  addition, these low growth temperatures require the application
most studied group IlI-nitride compound, but InN and AIN have of extremely high V-III ratios in order to prevent the forma-
become increasingly significant due to their unique propertietion of metal droplets on the thin film surface. Recent studies
as low band gap and wide band gap materials, respectively. pertaining to the decomposition of InN layd8 have shown

Atpresent, the most commonly utilized growth techniques forthat oxygen is easily incorporated into the InN crystal under
the production of group llI-nitrides are organometallic chemi-thermal treatments, and has been suggested as the source for

the wide discrepancy in reports in the band gap energy of InN.
Controversial reviews of the present status of InN growth and

* Corresponding author. Tel.: +1 404 463 9617; fax: +1 404 651 1427.  Characterization have been provided by Bhuiyan efijland
E-mail address: ndietz@gsu.edu (N. Dietz). Davydov et al[9], implying that different approaches for the
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Fig. 1. Thermal decomposition pressure vs. reciprocal temperature for AIN,
GaN and InN[11].

wth of In-rich l-nitride all dtob | di Fig. 2. Intensities and spectral distribution of a black body emitter such as a hot
gro 0_ n-rich group 1li-nitriae a oys_ needto e_ EXploreain ¢ psirate for different temperatures. In inset depict on a logarithmic scale the
order to improve the structural and optical properties of INN angset the radiation for 200 and 600 K.

related alloys.

Recent studiesin the indium-nitrogen sys{é&ei show much
uncertainty in thep—T—x relations due to missing experimental  Utilizing ultraviolet absorption spectroscopic (UVAS) tech-
validation. However, studies of the nitrogen pressure required toiques as well as UV induced fluorescence spectroscopy to
prevent thermal decomposition of bulk InN, provide a relation-identify the group V and organometallic group IIl precur-

ship given by sors in the gas phase is well established in the literature
[17-20]
PNy = PO EXP [_ AH <1 _ 1)] ’ 1) In the following sections, a brief introduction of the HPCVD
R \T To reactor design is provided along with its real-time optical capa-

_ ) _ o ) bilities in order to characterize flow, gas phase and surface
which results in the—7~* relation shown irFig. 1 [11} This  reactions. This s followed by three sections providing results on
relation indicates that for the pressure rapgg < 10°bar and  the optical characterization of the precursors trimethylindium
substrate temperatures900K, the surface decomposition of (M) and ammonia (NH) and the optical monitoring of
InN can be effectively suppressed. INN nucleation and overgrowth utilizing sequential precursor

The approach presented here explores the growth of indiumpjection.
rich group llI-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 the2. High-pressure reactor system
equilibrium vapor pressure of nitrogen over InN is much higher
compared to AIN and GaljL2]. A high-pressure flow channel The growth of group llI-nitrides at elevated pressures requires
reactor incorporating real-time optical characterization capabila completely redesigned OMCVD reactor system with special
ities [13—16]is utilized to study and optimize InN nucleation consideration directed towards flow kinetics, gas phase reac-
and growth. At above atmospheric pressures, optical diagnosti@ns, boundary layer diffusion and alteration of surface chem-
techniques are uniquely suited to provide real-time informationistry. This HPCVD reactor system utilizes a pulsed precursor
pertaining to gas flow dynamics in laminar and turbulent flowinjection technique, which is essential in order to achieve com-
regimes. Optical diagnostics are also utilized to obtain cruciapression of the precursors to reactor pressure, minimization of
information regarding precursor flow and decomposition kinetgas phase reactions, optimization of nucleation kinetics, and
ics. Several optical techniques have been explored, but only @nalysis of gas phase and surface decomposition dynamics in
few provide the required robustness and sensitivity. For exanreal-time.
ple, the substrate temperature during InN growth under high Asymmetric arrangementof substratesinthe upper and lower
pressure is between 800 and 1000K, resulting in a significarpart of the flow channel is used, in order to prevent preferential
radiation emission, as shownhig. 2. Even if modulation tech- material deposition on the opposite side of the heated substrate.
nigues are applied, the intensity of the emitted radiation from tdAs schematically depicted iRig. 3b, optical access ports are
the substrate heater limits the sensitivity of many optical probéntegrated along the center axis of the substrates, which allows
techniques operating in visible and infra-red (IR) ranges. Aptical characterization of flow kinetics, gas phase reactions and
depicted in the inset dfig. 2, the radiated intensity for a 1000 K the substrate surface through the back side. A more detailed
back body emitter vanishes very quickly below 350 nm, withdescription of the reactor design and the optical characterization
negligible contributions below 300 nm. capabilities is given elsewhef£3,16]
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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 areanfenttreenai
of laminar flow. The sapphire substrate is seen along center axis of flow and is heldarAly®s3 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 tvaodfditfesesicior

provide access to the growth surface.

The flow characteristics of the HPCVD reactor has been anaFhe associated Reynolds number can be calculated via
lyzed using laser light scattering, LLS, in a forward scattering ;
geometry[21]. The onset of increased LLS scattering for pure g, — ﬂ’ 2)

nitrogen gas flow is summarized Ifg. 4a, indicating the flow n
and pressure ranges at which laminar flow can be mamtameg\;herep: 1.12 (kgnT3) is the density of the gasy”* the flow

velocity, ‘I' a flow reactor characteristic length parameter and
n=1.8x10"° (kgm 1s1) the dynamic viscosity. For ideal
gases, a direct proportionality between the density of the gas
} t and the pressure exists, which for a constdrand n leads to

a inverse proportionality between flow velocity and pressure.
The calculated Reynolds numbers are showirimp 4b with

an average around 1480. No significant pressure dependency is
observed.
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Transport of the TMI precursor from the bubbler to the gas
flow control panel is achieved via a nitrogen carrier gas main-
Gas: Ny@RT tained at a temperature of 2CG 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

1600 %
""" * + * ntmi = 8.3216x 1072 x x (mols™1) (3)

Reynold# = 1480 wherex is the % full scale (%FS) setting of the carrier gas mass
1200 flow controller (100% FS =500 sccm).

] Initially, optical characterization of the TMI flux through the
'0004 L e reactor flow channel is achieved under continuous flow con-
(b Pressure (bar) ditions at near-atmospheric pressure, which does not require a
compression stage. This carrier gas containing diluted TMI is

Fig. 4. (a) Transition from laminar to turbulent flow conditions as determlnedcombined with the main reactor nitrogen flow in the gas flow

by LLS intensity measurements. The inset depicts the increase of the LLS with trol | d is directed to th tor fl h L Th
increasing pressure. (b) Calculated ReynoldsnumbersforHPCVDfIOWChanné“IOn rol panef and 1S directed 1o the reactor tlow channel. e

reactor with a cross-section af= 50 mn?. molar TMI:N; flow ratio y through the reactor can be expresses
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=
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Fig. 5. Spectrally resolved absorption on TMI diluted ip ddrrier gas as func- 0 10 20 30 40 50 60
tion of N2-flow through TMI bubbler in %FS. The total flow through the reactor
is maintained at 5 sim at 1630 mbar. (@) N, flow through TMI bubler (%FS)
as
_ntme nTmi TMI absorption:
Ntotal NMain_N; + "bubblerN, + 2TMI _ PR ;I'"""' el
2.237x 107° x x @ 50
7+102x x+2237x10°° x x 1 FWHM =35 * exp(-.22 * x ) +29.2
wherex andz are the percent full scale flow settings of the TMI E 1
carrier gas and main reactor dass flow controller settings, S 60
respectively. S
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 40
is observed at room temperature (RT) with the absorption peak EE "
centered at 210.7 nnfig. 5 shows the spectrally resolved ] * =
absorption structure as a function of TMI carrier gas flow set- o B
tings. For higher carrier gas flow settings, two absorption fea- 0 20 40 60

tures centered at 210.7 and 221 nm can be observed. The center
location of the strongest absorption feature remains constant at
210.7 nmforall TMI concentrations investigated. The maximumrig. 6. (a) Absorption strength at=210.7 nm as function of Ncarrier gas
absorption and full-width-half maximum (FWHM) of this fea- flow through TMI bubbler in %FS. (b) FWHM for the absorption maximum at
ture are shown ifFig. 6as function of the TMI carrier gas mass 213-5nm-

flow controller setting while maintaining a reactor pressure of

1.6 bar and a total flow of 5 slm through the reactor. Analysis ofyhereq’ = %27337 (cm™1) andy is the %FS setting of the

this absorption feature provides a correlation between measuregiain nitrogen reactor flow. This result is used in the following
the absorption maxima and the TMI carrier gas flow settingsection to compute the number of TMI molecules contained in
which can be expressed @g=ors)=1.72x 10° (cm™?). a single pulse during TMI injection.

Further analysis of the influence of the molar TMI flow ragtio

on this peak absorption maximum centered at 210.7 nm revealssl Optical ch .. Ised TMI iniecti
an exponential relationship in the form of 1. Optical characterization of pulse injection,

diluted in N> carrier gas

diluted TMI flow: bubler flow setting (%FS)

X
= —0.37367+ 0.37282x e544x10-4 (cm ™1 5 ,
*0 ( ) ®) In order to grow InN at above atmospheric pressures, a two-

which is depicted irFig. 7. step process is employed for the injection of the precursors in to
The combination of Eqg4) and(5) allow for real-time cal-  the HPCVD reactor flow channel. Initially, a 75 émeservoir at

culation of the flux of TMI molecules per unit time based on theatmospheric pressure is filled with TMI diluted i Barrier gas.

observed ultraviolet absorption based upon In the second step, the reservoir is compressed by high-pressure

8 , 3 nitrogen and injected into the main nitrogen flow. The filling

_ 10"y (In(@) — 2.28 x 10°°) (6)  of the reservoir, subsequent compression and injection in to the

NTm - i .
8.21—-2 In(e) reactor, denoted as ‘cycle sequence’, is continually repeated.
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Fig. 7. Correlation of TMI absorption maximum and molar TMI flow rago

under steady-state flow conditions. Fig. 9. UV absorption due to and concentration of TMI atomg,() per unit
time during pulsed TMI injection.

The cycle repetition rate, duration of the injection, as well as the

temporal position of injection within a given cycle sequence aret. Optical characterization of ammonia (NH3)

process parameters that are used to control gas phase reactipmecursor

and the film growth process itself.

Fig. 8 shows real-time traces of the transmitted intensity Detailed characterization of the NHlow dynamics and
monitored at 210.7 nm during pulsed TMI injection with a 6 sgas phase kinetics of Nf-uinder HPCVD conditions has been
repetition rate for various TMI carrier gas flow rates. The reactoprevious publisheB0]. However, a brief summary of the char-
pressure is maintained at 1.6 bar with a total flow of all gaseg@cterization capabilities and analysis of the kinetics of NH is
(TMI carrier gas and nitrogen main flow) through the reactorpresented here. Similar to Secti@the optical characterization
maintained at 5slm. From the transmitted intensity traces, thef NHz is treated separately for continuous Mftbw and pulsed
associated absorption is computed, which can then be correlat&Hs injection. Under both continuous and pulsed flow condi-
to the molar TMI concentration contained in the each injectedions, the NH vapor is transported from a Nfas cylinder,
pulse. which is regulated to deliver gas at 30 psi. An in-line filter is uti-

Fig. 9 shows a typical trace for the absorption at 210.7 nmlized in order to lower the concentrations of trace contaminants
and the computed number of TMI molecules contained in théuch as oxygen and water. Similar to the TMI flow analysis, the
pulse. Analysis indicates that the sensitivity limit for TMI con- molar flow rate of NH can be expressed as
centrations is on the order of 104] TMI molecules per time 6 1
unit depending on the reactor pressure and total flow rate. ~ ""NMs = 7:4405x 1077 x y (mol s™7). )

wherey is the %FS scale setting of the Nihass flow controller
6.0 TV putse T pulse (100% Fs =1 slm). Under continuous flow conditions, the molar
i l ammonia flow ratigy through the reactor can be expressed as

(8)

_ NINH3 _ NNH3 _ y
Ntotal  “Main_N, +7NH; 950z +y

where y and z are the % full scale settings of the NH
and main nitrogen mass flow controllers, respectively (100%
FSg)=50sIm).

The flow of ammonia through the reactor has been character-
ized by UVAS in the wavelength range of 180-300 nm. Signifi-
cant, concentration dependent absorption features are observed
in the wavelength range of 190-240 nm. These absorption fea-
, tures are shown iRig. 10for various NH mass flow controller
‘ 5 : r : ] I 6 . A settings with a 5 slm nitrogen main reactor flow of and a reactor

time (s) pressure of 1.6 bar. The characteristic absorption features match
Fi L . . _ |previously reported data in literatuf22,23]. The molar ammo-
g. 8. Transmitted intensity trace monitored at 210.7 nm during TMI precursor_.

pulse injection in the reactor at 1.6 bar and a total flow through the reactor op!a flow ratio x rEqUIrEd for the. grO\_Nth of In‘[\l IS sufflc!,ently .
5slm. The TMI flow was varied from 15-150 sccm (3-30% FS). The cyclehigh that several of the absorption lines are “saturated” at their
sequence is 6 s with a 0.2 s TMI pulse width. peak value.

transmission (a.u.)
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The number concentration of NHietermined from Eq10)
(A=221.6nm) is plotted irFig. 170 for NH3z 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

5 ' 205 | 5 2 25 23 :
e A 2 s oA ¥ L varied between 1{19] and 2x 10 [20] NH3 molecules/s.
wavelength (nm)

absorption (cm)

0.0

Fig. 10. Absorption spectra for various ammonia flows in %FS of the NH 4.1. Optical characterization of pulsed ammonia injection
mass flow controller diluted in 5slm nitrogen main flow and a rector pressure

of 1.6 bar. . . .
The flow of ammonia at higher pressures requires a com-

pression and dilution stage in order to enable the injection of
For ammonia flow ratios in the range @=1.0x 102t0  ammonia into the HPCVD reactor flow channel. As in the injec-
1.6x 1071, the absorption feature centered at 221.6 nm is Useflon of the TMI precursor, a 75 chreservoir is filled at slightly
in order to correlate the observed absorption and the i ahove atmospheric pressure with ammonia gas, controlled by
ratio x through the reactor flow channel, as showrFig. 11 3 mass flow controller (MFC) and a computer controlled fill-
Analysis of this absorption feature, reveals the following rela-ing time. In the following step, the reservoir is compressed with
tionship: high-pressure M up to the reactor pressure and injected into
1 the reactor. Cycle repetition rate, duration of injection, and the
@peak2171nm(x) = 0.38 In(x 4 0.011)— 2.0y + 1.73 (cn~) position of injection can the adjusted with an accuracy of 1 ms.
dpeak2216nm(X) = —45+ 45.01 exp(l) x 10~2(cm 1) Depending on the ammonia concentration per pulse injected
18 (9) into the reactor, several absorption features can be utilized to
characterize and analyze the ammonia pul&és. 12 shows
between the UV absorption and ammonia ratio typical absorption traces monitored at 221.6 nm during pulsed
The number concentration of NHnolecules per unit time @mmonia injection with a 6 s total cycle sequence time for vari-
can be computed as a function of the observed absorption. CofLS ammonia mass flow controller settings. The reactor pressure
sidering the absorption feature at 221.6 nm, we find the; NHWas maintained at 1.6 bar with a total gas flow through reactor
number concentration can be expressed as a function of tif 5slm.

160 L D E_\

cm™)

absorption (10 * ecm™)

Absorption peak-maxima (10~

NH, absorption @ 221.6 nm

S L B e e
0 4 8 12

NH, flow ratio (10%)

time (s)

Fig.11. Ammoniaabsorption monitoredat 221.6 nm as function ofammonia Fig. 12. Ammonia absorption traces monitoredt&221.6 nm for 1.0s Ngl
flow ratio x under steady state flow conditions for a reactor pressure of 1.6 bampulses injected 6 s apart.
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6's apart. The reactor main flow and the ammonia flow were kept constant at 1 T T T = T T
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. The relationship bet\{veen the_ absorption strength and amr_n?—'ig. 14. Ammonia absorption spectra taken at different temperatures during
nia number concentration provided by Eq. (10), together withsteady state flow conditions for a reactor pressure of 1.6 bar.
the reservoir compression ratio and volume, the total number of
ammonia molecules per pulse can be calculated. tion peak maxima as a function of temperature as is shown in

The pulsed ammonia injection has been analyzed as functiogig. 153 for a molar ammonia flow ratig of 10-2.
of pulse width, ammonia concentration per pulse, total reactor The absorption peak maxima increase as the temperature
flow and reactor pressurgig. 13shows the monitored absorp- rajses due to the change in the absorption cross-section. Above
tion traces ab =221.6 nm for various reactor pressures, whilegog K, a plateau is observed with a strong fall-off above 1100 K.
maintaining a total gas flow through the reactor at 5slm andrhe decomposition dynamics at higher reactor pressures were
ammonia ﬂOW Of 200scem. It iS important to note that fOI‘ preS'Studied during pulsed ammonia injection as a function Of tem-
sures above 10bar, a carryover of ammonia from one cycle tgerature, as depictedfiig. 15. Starting around 850 K, a fall-off
the next is observed, resulting in an increase in the base ling the peak absorption amplitude can be observed, which is at a
absorption of the overall absorption observed in the reactor ﬂovg"ghﬂy lower temperature as observed at 1 bar reactor pressure
channel. and the same total flow. Since the gas flow velocity in the reactor

Similar to the characterization of pulsed TMI injection, the system decreases inversely with pressure, an additional temper-
pulsed ammonia injection monitored at the substrate centerlingyre effect due to the reduced gas velocity at higher pressures
shows three distinct features. These pressure dependent featurggst be considered.
are (1) a systematic shift in the pulse arrival time, (2) a system- The decomposition dynamics for TMI were studied only for
atic ammonia pulse broadening and (3) a change in the NHpy|sed TMI injection at higher reactor pressures, in order to
absorption cross-section for pressures larger 8 bar. These fegyoid the formation of atomic indium on the windows at higher
tures have been analyzed in detail and are published elsewheggnperaturessig. 16shows the observed changes in the ampli-

[30]. tude of peak maximum absorption at 210.7 nm. The onset of TMI
decomposition in the gas phase occurs around 800 K, which is

5. Decomposition dynamics of TMI and ammonia slightly higher than those reported under low-pressure OMCVD

precursors conditions[18,24] for the growth of group In-V compounds
[25,26]

The decomposition dynamics of ammonia has been ana-
lyzed in the temperature range of 300—1200 K under continué. Real-time optical characterization of InN growth:
ous ammonia flow conditions at a reactor pressure of 1.6 banucleation and overgrowth
Fig. 14shows the temperature dependence of ammonia spectra
recorded between 180 and 230 nm for a molar ammonia flow An understanding of the decomposition kinetics of precur-
ratio x =4 x 10~3. The increase of the nitrogen absorption basesors utilized in OMCVD growth techniques is crucial to precise
line as function of the temperature has been accounted for. Threngineering of both nucleation and subsequent film growth.
spectroscopic scan between 180 and 400 nm revealed no né&@etailed modeling of the expected precursor flow dynamics
absorption feature that could be associated with ammonia fragend chemical kinetics under HPCVD conditions has been previ-
ments at higher temperatures. ously published15]. The decomposition studies for ammonia
Above 990K, a significant reduction in the absorptionin the previous section suggest temperatures above 1000K are
strengthis observed, indicating the onset of the decomposition eéquired for sufficient cracking of the ammonia precursor for
ammonia in the reactor flow channel. The change in the absorphe growth of InN. However, literature data for InN growth
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Fig. 15. (a) Change of the ammonia absorption peak maxima as function of temperature. (b) Decomposition of ammonia during pulsed precursairanjection

reactor pressure of 10 bar.

by OMCVD indicate a growth temperature of 675—75(24], Here, the growth of InN is achieved by exposing the sub-
775K [25] and 810-840K[26]. Under HPCVD conditions, strate surface to pulses of TMI [In(GhE] and ammonia [NH]

we can expect to be able to increase the growth temperatust 800—1050 K. The symmetrically embedded sapphire crystals
about 50-100K higher than possible at low-pressure OMCVDwith a (00 0 1) growttsurface are heated to 1150 K and exposed
conditions. However, this still leaves a temperature mismatcho ammonia for typically 30 min. After the nitrification of the
between optimum ammonia decomposition and optimal InNsapphire surface, the temperature is lowered to the growth tem-
growth temperature, which remains a challenge to be solvegherature, and the InN growth is initiated.

For low-pressure OMCVD growth techniques, TMI:jkatios The growth of InN is initiated by supplying pulses of the

of 1:10 [4] and larger[24,25] are required to counteract precursors that are sequentially separated by pauses as shown
the low ammonia decomposition rate at optimum growthschematically irFig. 17. As discussed in the previous sections,

temperatures.

TMI gas phase absorption peak maxima
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the TMI and NH; 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:NH, 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

A

Pulse
separation

TMI

NH

3

U iz t

Time (sec)

Fig. 16. Decomposition of TMI at 10 bar reactor pressure, monitored during=ig. 17. Schematic representation of a precursor cycle sequence used for the

pulsed TMI injection as function of temperature.

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

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 (PAR3,30]and Prior to growth, the surface is exposed only to pulses of
laser light scattering is applied, employing a p-polarized |ightammonia. The growth of InN is initiated with the first TMI pulse
beam {=63283) and a Glan-Thompson prism. The beamsat 58 s followed by an ammonia pulse 1.4 s |afég. 20clearly
impinge on the substrates at an angle of incidens80° and ~ shows the time delay of the pulses from the injection point until
28 for the upper and lower part, respectively. The reflectedhey reach the centerline of the substrate. About one to two
beams are detected by Si photodiodes. The intensity of theycle sequences elapse before the UV absorption trace of TMI
scattered radiation is monitored simultaneously by a photds clearly observed (see arrows). The PAR signal shows a large
multiplier tube (PMT) located perpendicular to the plane ofiump after the ammonia pulse reaches the substrate, indicating
incidence. PAR is based on the same princip|e as p-po|arize@]€ start of nucleation of InN and the present of TMI fragments
reflectance spectroscog7—29] However, PAR utilizes p- in the surface vicinity. During the first few growth sequence
polarized light impinging the substrate—ambient interface neagycles, the PAR signal shows growth related oscillations that are
the principal anglegp. corresponding to the pseudo-Brewster Not well developed. The growth temperature is 990K, a reactor
anglegg for p-polarized light impinging the ambient—substrate Pressure of 10 bar, a total flow of 5slm, and a molar ratio TMI
interface. Depending on the substrate temperature and lasérammoniaRrmi:nt;0f 1:500.

wavelength, the principal angde. varies from 27.5to 30° for Steady state surface chemistry is reached after 5-20 cyclic
the sapphire—ambient interfafE3]. The angle of total reflec- Precursor injections, depending on substrate temperature, pre-
tion, ¢, is approximately 5 aboveypp. cursor flow ratio, gas phase velocity and reactor pressure. As

Fig. 18 shows the PAR trace recorded for the wavelengtrdepicted irFig. 20 a periodic modulated PAR signal is observed
A =6328A, 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
trace recorded for the wavelengtl 210.8 nm, monitoring the
un-decomposed ammonia and TMI species above the growth
surface. The PAR trace in the upper half of the figure isrecorded £
for the wavelength. = 63284, monitoring with high sensitivity
the changes in the dielectric function of the substrate—ambient
interface. Also indicated are the positions of the pulsed precursor
injection with a total cycle sequence time of 6 s. Note that the | 4 | o
precursorinjection time and the response seenin UVAS and PAR 0 6 12 18 24 30
are temporal shifted according to the average gas velocity in the time (s)
reaCtor, V'\/hIC'h is a result of the tlme lag between the OpenlnQ:ig.ZO. PAR and UV absorption traces during steady-state InN growth at 990 K.
of the injection valve and the arrival of the precursors at therne rector pressure was 10 bar with a total flow of 5sim. The overall decrease
centerline of the substrate in the reactor flow channel. in the PAR signal corresponds to InN growth.

I InN on ¢-ALO (0001)

(a.u.)

Rm—. 632.8 nm) (au')
absorpuonw}_ 210.8 nm)
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under steady-state growth conditions where the signatures found ALO, (006)
in the PAR signal can be directly correlated to the present of L

ammonia an TMI fragments in a surface layer and at the growth 10° N 1y aon A
surface. The overall decrease in the PAR signal intensity corre- | ﬂ (,

lates to the InN growth per cycle sequence as discussed in detail (\/ \\ ;‘\
for p-polarized reflectand@9]. The signatures observed in UV 164 / |\ J|\ o9 I
absorption trace coincide with the PAR response, even though v W% el
the nature of these responses is different. NSRRI S

As the temperature is lowered from 940 to 840 K, the ampli-
tude of the growth related PAR (not shown) signal becomes 10° /\ k
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 10
phase decomposition dynamics of the precursor and the subse- fl
quent diffusion through the surface boundary layer to the growth M

o _‘/ \\/\N.Hw AL / \'1

poperhpdong” Vi

XRD Intensity (arb. u)

o

surface. The establishment of an optical data base as function of 102 j/' \ “
reactor pressure, flow velocity, molar I11:V ratio and growth tem- P Sty #22L I
perature will provide the base for a more detailed understanding E | Tt e et My
on the dissociation of the precursors ammonia and TMI and of 30 1 34 36 28 40 4
reaction rate constants for growth of InN as theoretical predicted 2-theta (°)

by Cardelino et al[15].
y [ ] Fig. 21. Results of XRD measurements of InN on Sappifi@Q1). Precursor

. L. flow ratio, RnHg: i, €mployed during growth of samples #22L, #24L and #25L
6.1. Ex situ InN layer characterization was 8000, 1000 and 200, respectively.

The structural properti f epitaxially grown InN films hav
© structural properties ot epitaxially gro S NAVE, ere grown at a reactor pressure of 15bar, a gas flow veloc-

been investigated using X-ray diffractidfig. 21shows typical .
> ity of 50 cm/s and temperature of 8%0. The precursor flow
XRD spectrarecorded in the-290 mode for samples #22L, #24L ratio R, Was maintained at 3900, 2800, 1000 and 420 for

and#25L. These samples were grown ata temperature 6(B50 samples #31L, #37U, #24L and #30L, respectively. Note that all

with a reactor pressure of 11 bar and average gas flow velocitgam les. reqardless @ exhibit an absorotion feature
of 45 cm/s. The precursors ratifinq, v, for samples #22L, bles, reg NHa: TMI P

centered at 0.63eV. This feature has been attributed to plas-

#24L and #25L was set at 8000, 1000 and 410, reSpeCtiVe'¥hon excitations in the conduction baf88] due to a large free
Sample #22L shows a broad reflection from wurtzite-type InN 9

centered at 31.26with a full-width at half maximum (FWHM)

of 650 arcsec. Thisindicates a structural quality that is equivalent InN on c-sapphire (0001)
to InN thin films grown on GaN/AIN buffer layers, which have 10 3
been produced by MBE growth methd@4]. As the precursor
ratio RnHg:Tmi is lowered from 8000 to 1000 (sample #24L)
the InN (00 2) reflection broadens and shifted lower to 31.2
In addition, the InN (1 0 1) reflection centered at 3lb&comes
more pronounced. FatnH,:Tvi at 200 (sample #25L), both the
InN (002) and InN(101) reflections show double structures,
indicating the existence of additional InN related phases with
FWHM less than 200 arcsec in very close proximity.

Analysis of the spectra for samples #22U and #25L reveal o s
the lattice constants=3.557A and ¢ =5.754A. These values | |——mn
are in close proximity to previous reported lattice constants for I .
high quality InN[32]. It is important to note, however, that the e
asymmetric line suggest the existence of additional phases in — T T T T
close proximity to the main InN reflections, the origin of which a0 2:3 20 L5 1.0
is presently under investigation. Energy (eV)

Fig. 22 shows the optical absorption spectra in the e”er%ig. 22. Absorption spectra for characteristic INN samples grown with different

range from 3 to 0.5 eV for a set of typical InN thin films grown ammonia to TMi ratio. The inset shows the absorption band edge as a function
under HPCVD conditions. For all samples shown, the layersf ammonia to TMI precursor flow ratio.

Absorption Edge (eV)
b o =
. B
P
\
3

1x10° 2x10° 3x10° 4x10®

Rz i

Absorption (arb. u.)
1

—e—#30L




V. Woods, N. Dietz / Materials Science and Engineering B 127 (2006) 239-250 249
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