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Chemistry and kinetics of the GaN formation by plasma nitridation of GaAs:
An in situ real-time ellipsometric study
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~Received 30 March 1998; revised manuscript received 18 May 1998!

The chemistry and kinetics of the nitridation of GaAs~100! surfaces by N2, N2-H2, and N2-NH3 radio-
frequency plasmas, in a remote configuration, are investigatedin situ and in real time using spectroscopic
ellipsometry. The effects of the surface temperature in the range 70–700 °C and of the gas-phase chemistry on
both the nitridation kinetics and the composition of the resulting GaN layer are highlighted. Pure N2 plasmas
yield stoichiometric and smooth GaN layers with As segregation at the GaN/GaAs interface. The As segrega-
tion inhibits GaAs nitridation, because the N atoms scavenge the free As, and thereby limits the GaN thickness
to a few angstroms. Thicker GaN layers~.100 Å! are obtained by N2-H2 and N2-NH3 plasmas, since hydrogen
reduces the As segregation by the formation and desorption of AsHx species. For the three plasma mixtures, the
self-limiting nature of the GaAs nitridation process is revealed and explained using simple kinetic and chemical
models based on the fact that the GaAs nitridation can be considered to be atopochemicalreaction. Also
demonstrated is the ineffectiveness of the nitridation atT>600 °C, which is accompanied by the GaAs
substrate decomposition and yields both a rough and Ga-rich GaN layer.@S0163-1829~98!01247-8#
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I. INTRODUCTION

The renaissance in the III-V semiconductor field in t
last few years is in large part due to the reports of the fi
blue light-emitting diodes LED’s from Nakamura an
co-workers.1,2 However, despite this technological succe
that has led to the manufacture of blue lasers based on G3

relatively little is known about the underlying mechanis
chemistry of the processes involved in the epitaxial grow
of GaN films, especially in the initial growth stage. Th
situation can be summarized by a statement attributed
Pearton and Kuo:4 ‘‘devices appeared and now people a
trying to understand why they actually work.’’ It is to thi
latter objective that the present study of the growth of G
films is aimed.

One main difficulty encountered in growing GaN-bas
structures on GaAs substrates is the control of the struct
and chemical quality of the epitaxial GaN/GaAs substr
interface, because of the large lattice mismatch of 20%
tween GaN and GaAs. Surface nitridation of the Ga
substrate5–9 prior to epitaxial growth has been found to ha
a crucial influence on the crystalline quality of the final Ga
epilayers.10–13 With respect to this, a variety of results hav
been reported on the effectiveness of the GaAs substrat
tridation pretreatment for the subsequent GaN epigrowth.
an example, GaAs nitridation can result in layers of cu
GaN ~b-GaN!, hexagonal GaN~a-GaN! or a mixture of both
phases depending on the nitridation process~thermal or
plasma-activated!,9,11,12,14on the nitrogen source (N2, NH3,
hydrazine, and dimethylhydrazine!,10,11,15 on the nitridation
time,11 and also on the presence of an arsenic stabiliz
flux.16 Moreover, Brandt and co-workers17,18 reported that
the surface stoichiometry can be a crucial parameter con
ling the phase purity and, hence, the GaN growth kine
PRB 580163-1829/98/58~23!/15878~11!/$15.00
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and morphology. Thus, the study of the nitridation chemis
and kinetics assumes a noticeable importance and, in par
lar, questions arise about the fate of the As coming from
anion exchange reaction of GaAs in an N atom environme
Here, it is important to underline that As atom diffusion h
a dominant role in$111% planes facetting.15 In order to ad-
dress these issuesin situ, noninvasive, real-time monitoring
and characterization of surfaces undergoing nitridation us
ellipsometry are herein performed.

This paper focuses on the chemistry and kinetics of
nitridation processes involving~100! GaAs surfaces expose
to the downstream flow of N2, N2-H2, and N2-NH3 radio-
frequency~rf! plasmas. Remote plasma sources of N ato
are receiving keen attention for the growth and processin
GaN-based materials, since with the use of plasma proc
ing low process temperatures with minimal surface dam
can be achieved. The key feature of our approach is to usin
situ real-time single-wavelength ellipsometry for the kine
investigation of the nitridation process and spectroscopic
lipsometry ~SE! for the study of surface morphology an
GaN layer chemistry. In addition, optical emission spectr
copy ~OES! and mass spectrometry~MS! are used to finger-
print the gas-phase chemistry; andex situx-ray photoelec-
tron spectroscopy~XPS! is used to analyze the chemic
composition of the GaN layers.

II. EXPERIMENT

GaAs~100! substrates were nitrided in a remote rf plasm
metal-organic chemical-vapor deposition system describe
detail in Ref. 19.

A preliminary H2 plasma cleaning was performed at
sample temperatureT5230 °C under a H atom flux of about
15 878 ©1998 The American Physical Society
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PRB 58 15 879CHEMISTRY AND KINETICS OF THE GaN FORMATION . . .
1020 atoms/cm2 sec for a complete oxide and contaminati
removal. This is an important step, because it has been d
onstrated in a previous study20 that oxygen acts as a barrie
for the GaAs nitridation. Cleaning was immediately followe
by GaAs nitridation experiments, which are grouped as
lows.

Nitridation performed using N2 plasmas at a rf power o
200 W, N2 fluxes of 100 and 1000 SCCM~SCCM denotes
cubic centimeter per minute at STP!, corresponding to pres
sures of 0.2 and 1 Torr, respectively, and at a surface t
perature in the range 70–600 °C.

Nitridation performed using N2-H2 plasmas at a rf powe
of 200 W, a H2/N2 flux ratio of 3/100, a pressure of 0.2 To
and at a temperature in the range 250–700 °C, a set of
periments was also performed at a pressure of 1 Torr, a2

flux of 1000 SCCM with a H2/N2 flux ratio in the range
0.002–0.03.

Nitridation performed using N2-NH3 plasmas at a rf
power of 200 W, a pressure of 0.2 Torr, a temperature
250 °C and by varying the NH3/N2 flux ratio in the range
0.03–0.5.

The SE measurements were performed with anin situ
ellipsometer ~UVISEL-ISA, Jobin Yvon!, at an incident
angle of 70.45° over the 1.5–5.5 eV energy range. SE s
tra of the pseudodielectric function̂«&5^«1&1 i ^«2& were
modeled using the Bruggeman effective medium approxim
tion ~BEMA!.21 The data of Aspnes and Studna were us
for the pseudodielectric function ofc-GaAs ~Ref. 22! and
a-As.23 For GaN the uncertainty of the GaN layer crysta
linity pushed us to compare the different pseudodielec
functions for the cubic GaN~Ref. 24! and for the hexagona
GaN.25,26 The pseudodielectric function of free gallium G0

was experimentally measured by preparing a 3-mm-thick me-
tallic Ga film on a glass substrate. Once calculated,
BEMA results were compared with the experimental
spectra and an unbiased estimatorx2 ~defined in Ref. 27!,
was used to evaluate the goodness of the fit from which
film layer thickness and constituent volume fractions w
derived. The lower thex2 value, the better the fit. Real-tim
single wavelength ellipsometry performed at 4.5 eV, i.e.,
photon energy of the GaAsE2 interband critical point,28

which is extremely sensitive to surface modifications, w
used to monitor the nitridation kinetics.

XPS analysis was performedex situ to characterize the
chemical composition of GaN layers and to validate the
models. A Perkin-Elmer 5300 spectrometer using a MgKa
source at 1253.6 eV was used to acquire spectra of the Ns,
GA 3d, and As 3d photoelectron peaks. Mixed Gaussia
Lorentzian curves were fit to the spectra, in order to obt
information on the Ga, N, and As bonding configuration.

In order to analyze the gas phase surrounding the s
strate surface, optical-emission spectroscopy was use
conjunction with mass spectrometry. The OES data were
tained by using an optical fiber that is connected to a 1
optical spectrometric multichannel analyzer~OMA!, ~OMA
III from EG&G Princeton Applied Research!. The MS data
were collected by a Elite-600 quadrupole mass spectrom
from VG-Ges Analysis, sampling with a 100mm orifice just
near the GaAs surface.
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III. RESULTS AND DISCUSSION

A. OES and MS analysis of the gas phase

Combined MS and OES analyses have been performe
fingerprint the gas-phase environment at the GaAs surfa
during nitridation.

Typical-emission spectra recorded for N2, N2-H2, and
N2-NH3 plasmas are shown in Fig. 1. In the spectra domin
are the emission peaks from the N2 in the ranges29 500–800
nm and 300–450 nm due, respectively, to the following
diative decay processes:

N2~B3Pg,!→N2~A3Su
1!1hy ~first positive system!,

~1!

FIG. 1. Typical OES spectra recorded in the afterglow region
~a! N2 plasmas, ~b! H2 /N2510/100 plasmas, and ~c!
NH3 /N2550/50 plasmas at a rf power of 200 W and a pressure
0.2 Torr.
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N2~C3Pu,!→N2~B3Pg!1hy ~second positive system!.
~2!

The N2
1 first negative emission at 391.4 nm has on

been detected in the active-plasma region, and is comple
absent in spectra recorded by observing the plasma after
near the GaAs surface. Also, emission lines of excited ni
gen atoms by direct electron impact excitation of N atom
are absent in the spectra. These last observations indicate
electrons are absent at the substrate position where the
sampling is performed. Thus, under our experimental con
tions, the GaAs surface is really in the plasma aftergl
region, and any effect of ions and/or energetic electrons
the nitridation kinetics must be excluded.

Figure 2 shows the effect of total pressure and of2
and/or NH3 addition to N2 plasmas on the N2 first and second
positive emission systems. A decrease of the first posi
system emission intensity with an increase of the H2 and/or
NH3 percentage is observed, whereas the intensity of
second positive system is unaffected. The constant inten
of the second positive system and the experimental obse
tion that, in the OES spectra, the vibrational distribution
the first and second positive systems do not significa
change with H2 and/or NH3 dilution indicate that the emis
sion intensities are not affected by the variation of t
electron-energy distribution function and of the N2 vibra-
tional distribution of fundamental and excited states. This
also confirmed by Matsumoto, Nakamura, and Eguchi,30 who
measured the electron temperatureTe by the double-probe
technique in N2 and N2-H2 ~20% in N2) plasmas and they did
not observe significant differences inTe between the two
plasmas.

The analysis of the OES data, aimed to the evaluation
the N atom density in the plasma afterglow region, requi
to establish the origin of the emitting species. It has be
demonstrated31–33 that in the afterglow region, where th
electrons are absent or relaxed, the excitation of
N2(C

3Pu) state is mainly given by the pooling reaction@see
reaction ~3! below# involving the N2(A

3S1
u) metastable

state that is reported to have a very long radiative lifetime
1.9 sec,

FIG. 2. Normalized emission intensities of the lines at 762.6 a
388.2 nm of the N2 first and second positive system, respectively,
the addition of H2 to N2 plasmas operated at~s! 1 Torr and at~3!
0.2 Torr, and~1! the addition of NH3 to N2 plasmas at 0.2 Torr.
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N2~A3S1
u!1N2~A3S1

u!→N2~C3Pu!1N2~X1S1
g!.

~3!

Thus, the emission intensity of the second positive system
representative of the N2(A

3S1
u) density, which does no

change by the H2 and/or NH3 addition.
As for the N2(B

3Pg) state, it has been reported34,35 that
its formation in the afterglow, in absence of electrons, c
occur by the following reactions:~a! the N atoms three-body
recombination:

N1N1N2→N2~B3Pg!1N2, ~4!

~b! the pooling reaction of N2(A
3S1

u) metastables:

N2~A3S1
u!1N2~A3S1

u!→N2~B3Pg!1N2~X1S1
g!,

~5!

~c! the energy transfer of N2(A
3S1

u) to N2(X
1S1

g) mol-
ecules:

N2~A3S1
u!1N2~X1S1

g!→N2~B3Pg!1N2~X1S1
g!,

~6!

and ~d! the radiative decay from the C state@see Eq.~2!#.
On the basis of our experimental data presented above@in

particular spectrum~c! of Fig. 1#, the contribution of pro-
cesses of Eqs.~2!, ~6!, and~7! to the first positive system ca
be considered constant and very small. Consequently,
observed variation of the first positive system emission w
H2 and/or NH3 addition~see Figs. 1 and 2! must be assigned
to the N atom three-body recombination@Eq. ~4!#, which
remains the main formation channel of the first positive s
tem. Thus, the steady-state density of the N2(B

3Pg) is rep-
resentative of the N-atom density and, hence, the square
emission intensity can be used as a measure of the N-a
density34

I first positive system}@N2~B3Pg!#}@N#2 , ~7!

that is, the higher the intensity of the first positive syste
the higher the N-atom density.

The decrease of N-atoms density observed when hy
gen is added to the N2 plasma can be explained by the fo
lowing scavenging process:36

x/2H2~or xH!1N1M→NHx1M ~x51 – 3!, ~8!

which gives NHx (x51 – 3) species. The presence of th
stable product NH3 has been detected by MS sampling.
fact, Fig. 3 shows the variation of the signal at 17 amu due
the molecular ion NH3

1 as a function of the H2 percentage
added to the N2 plasmas. It is seen that the higher the hyd
gen dilution, the higher is the concentration of the NH3 pro-
duced. In addition, the inset of Fig. 3 shows that the M
signal of the NH3

1 ion depends linearly on the N-atoms de
sity ~represented by the square root of the N2 first positive-
system emission intensity!.

B. XPS analysis of GaN films

Figure 4 shows the XPS spectra of N 1s, Ga 3d, and As
3d photoelectron peaks for typical GaN layers obtained
N2 and N2-H2 plasma nitridation of GaAs surfaces. For Ga
layers prepared using N2-NH3 mixtures, the XPS spectra ar

d
s
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FIG. 3. Mass spectroscopic intensity of th
molecular ion NH3

1 at 17 amu vs the H2 molar
fraction in N2 plasmas. The inset shows the line
correlation between the NH3 formation and the N
atoms density, which is represented by the squ
root of the emission intensity of the first positiv
N2 system~see text!.
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nearly identical to those from the N2-H2 system. By using the
relative atomic sensitivity factors of Ga 3d and N 1s, the
N/Ga concentration ratio has been calculated and reporte
Fig. 4.

The Ga 3d peak for all the samples examined shows
main component assigned to GaN (BE519.5 eV).37 Addi-
tional fitting components atBE518.6 eV due to metallic Ga
and its oxidized form Ga2O3 at BE520.4 eV, are present in
the GaN layers formed by N2-H2 and N2-NH3 plasma nitri-
dations, so explaining the N/Ga,1. These Ga and Ga2O3
components are absent in the XPS spectra recorded fo2
plasma nitridation samples, where the GaAs substrate c
ponent is present due to the small GaN thickness~,40 Å!.

Nitridation by N2 plasmas gives almost stoichiometr
GaN layers. However, the broad As 3d peak indicates tha
As may exist in two different chemical states: the anio
bonded with Ga and free As atoms resulting from the
change reaction between N atoms and GaAs~see below!.
Angle-resolved XPS measurements provide evidence tha
free As accumulates at the GaN/GaAs interface. The c
in
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plete disappearance of the As signal in the thick GaN lay
~.100 Å! formed by N2-H2 and N2-NH3 plasma indicates
that the formed nitride layer is pure GaN, rather than
ternary compound GaxAs12xN, as reported by some
authors.6,14

For all the experiments, the N 1s peak displays a shoulde
at higher energy that is not due to As-N species as dedu
from the As 3d spectra and probably is attributed to N-H
N-N bonds.

C. In situ real-time ellipsometric results

Figure 5 shows thê«2& trends with evolution of the ni-
tridation of GaAs recorded during typical nitridations
GaAs surfaces using N2, N2-H2, and N2-NH3 rf plasmas and
of a typical N2-NH3 thermal nitridation at a surface temper
ture of 700 °C, which is well above the thermal decompo
tion threshold of about 550 °C for the GaAs substrate. T
observed different shapes of the^«2& vs time data indicate
that the replacement of As atoms with N atoms occurs
s

e

FIG. 4. Typical XPS spectra of
the N 1s, As 3d, and Ga 3d pho-
toelectron peaks for GaN layer
obtained by ~a! N2-H2 and
N2-NH3 and ~b! N2 plasma nitri-
dation of GaAs substrates. Th
corresponding N/Ga atomic ratio
is also shown.
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different kinetics. For the interpretation of these data a
^«2& spectra, it should be remembered that the pseudodie
tric function is a composite function of both the chemis
and physics of the situation. In our case the pseudodiele
function is determined by not only the different chemist
i.e., the composition of the GaN layers but also the crys
line structure, i.e., cubic or hexagonal GaN, the morpholo
i.e., surface roughness and material microporosity. In or
to discriminate among these effects, SE spectra have b
acquired at the end of each of the nitridations and repre
tative spectra in terms of^«2& are shown in Fig. 6. These S

FIG. 5. ^«2& value at the photon energy of 4.5 eV vs tim
recorded during GaAs nitridation by~a! N2 plasma atT5250 °C,
~b! N2-H2 ~3% in H2) plasma atT5250 °C, ~c! N2-NH3 ~10% in
NH3) plasma atT5250 °C, and ~d! thermal nitridation by a
N2-NH3 ~10% in NH3) mixture at T5700 °C and P51 Torr.
~Other plasma conditions: rf power5200 W, P50.2 Torr.!
d
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spectra have been analyzed using BEMA models that
based on the XPS results and the models are depicted in
7, which also includes the values of the unbiased estim
x2 for the proposed models for the three plasma syste
The lowestx2 value indicates the best-fit model for eac
plasma nitridation system used in this study. The compo
tion and thickness determined from the best-fit BEMA mo
els for the SE spectra shown in Fig. 6, and that agree qu
tatively with XPS results, are included with the best-
model at the bottom of Fig. 6. Here, it is important to unde
line that the GaN pseudodielectric function^«& used in the
BEMA models is that of the hexagonal phase from Eduar
et al.25 This choice does not mean that the present GaN
ers are hexagonal, as we do not have any structure mea
ments. Since the uncertainty on the crystallinity of t
present GaN layers, the SE data have been fitted by using
^«& of either cubic and hexagonal phases. However, the c
parison of the data derived by the two different fits does
show significant differences in layer thickness and compo
tion. As an example, the SE spectrum~b! of Fig. 6 can be
fitted by a single layer of 5361% a-GaN, 761% Ga, and
4061% voids with a thickness of 10061 Å when hexagonal
GaN is used, and alternatively, by a single layer of
63% b-GaN, 561% Ga, and 4362% voids with a thick-
ness of 10062 Å, when cubic GaN is included. Thus, th
uncertainty, related to the use ofa- or b-GaN, on the layer
thickness and composition is in the range of the fitting err

This insensitivity of the SE fitting to the GaN crystallin
phase is a consequence of the nonideal crystallinity~grain-
boundary regions, microporosity, surface roughness! of the
GaN layers. However, the validity of the thickness valu
f

ri-
r-
FIG. 6. SE spectra of the imaginary part o
the pseudodielectric function̂«2& recorded at the
end of the nitridation runs. Points are for expe
mental data and lines are for fit results. The co
responding best-fit BEMA models andx2 values
are also shown.
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derived from SE modeling has been confirmed by cro
sectional transmission electron microscopy~XTEM! mea-
surements for a typical GaN layer nitrided by N2/H2 plas-
mas. The GaN thickness obtained from XTEM is about
nm, compared with 12.8 nm~53% GaN, 3% Ga, 44% voids!
obtained from SE modeling.

As was mentioned above, the data in Figs. 5 and 6 sug
that a different surface chemistry is operative in each of
three plasma systems and in the following discussion
enumerate some key differences.

~1! For nitridation using pure N2 plasmas, a two-laye
model consisting of a lower-density GaN surface lay
(GaN1voids) on a relatively higher-density interface lay
composed of GaAs plus free As provides the best fit.

~2! For nitridation using N2-H2 and N2-NH3 plasmas with
percentages of H2 and/or NH3 lower than 10%, the best-fi
model is a single inhomogenous layer with three compone
(GaN1Ga1voids), which predicts the presence of metal
Ga in the nitrided layer.

~3! For nitridation using N2-NH3 plasmas with high NH3
percentages, a two-layer model with an interfa
(GaN1GaAs) layer and a rough GaN surface layer conta
ing free Ga and voids is best.

However, the models shown in Fig. 7 are applicable
nitridations performed at temperatures lower than the th
mal decomposition threshold of the GaAs substrateT
<550 °C). Nitridations done atT.550 °C show a high-
volume fraction of free Ga, which is even larger in the pre
ence of H atoms. As an example, the GaAs nitrided
700 °C are best fit by a two-layer model, in which the t
layer is a rough mixture of GaN and Ga, and the interfa
layer is composed of damaged GaAs and Ga~see Fig. 6!.
Thus, from these results, it is concluded that both the n
dation chemistry and kinetics are strongly affected by
surface temperature and by the presence of H atoms.

In order to clarify the role of the surface temperature a
of the H atoms on the nitridation mechanism, GaAs surfa

FIG. 7. BEMA models used to fit the SE spectra. Plotted at
top is the unbiased estimator of the mean-square deviation for
solution to the model depicted at the bottom. The lines were dra
purely to indicate thex2 values for the same plasma system and
guide the eye.
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have been nitrided at various temperatures and at diffe
gas-phase compositions and pressures. Each of the a
best-fit BEMA models have been used to derive the co
sponding GaN thickness profiles from the experimental^«&
profiles.

Figure 8 shows the time dependence of the GaN thickn
during nitridation of the GaAs surface using N2-NH3 plasmas
with various NH3 percentages. Figure 9 shows the effect
H2 addition on nitridation kinetics by N2-H2 plasmas for two
different values of total pressure. In both figures the typi
nitridation kinetics using a pure N2 plasma is also reported
for comparison. In all the three plasma systems, the G
thickness vs nitridation time data is characterized by a re
tively fast initial GaN formation followed by a progressiv
decrease of the nitridation rate and finally the achievemen
a saturation GaN thickness. Typically, the saturation thi
ness, indicative of self-limiting growth, of 40 Å for the Ga
layer has been observed using pure N2 plasmas atT

e
he
n

FIG. 8. Time dependence of the GaN thickness obtained
nitridation with N2-NH3 plasmas at various NH3 percentage. The
GaN thickness profile by the N2 plasma is also shown for compar
son. Solid lines represent fit of the profiles by Eq.~19! defined in
the text.~Other experimental conditions:T5250 °C; rf power, 200
W; P50.2 Torr.!

FIG. 9. Time dependence of the GaN thickness during nitri
tion by N2-H2 plasmas~a! at H2 /N253%, P50.2 Torr and at~s!
T5250 °C and~h! T5350 °C, and~b! at T5250 °C, P51 Torr
and different H2 percentage. The GaN thickness profile by the2
plasma is also shown for comparison. Solid lines represent fit of
profiles by Eq.~21! defined in the text.
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5250 °C for 1 h.9,20 The presence of a few percent~3%! of
hydrogen either as H2 or NH3 increases the GaN layers thick
ness, although the hydrogen addition decreases the N-a
density ~see Figs. 1 and 2!. However, the increase of th
saturation GaN thickness by the H2 or NH3 addition is ob-
served only at 0.2 Torr while at higher pressure~1 Torr! the
H2 addition effects a decrease of the GaN saturation th
ness@see Fig. 9~b!#. In fact, at 1 Torr, the homogeneou
recombination processes by hydrogen@Eq. ~8!# and nitrogen
@Eq. ~4!# atoms become more effective than at 0.2 Torr, a
the density of N atoms impinging on the surface is sign
cantly reduced~OES data for N2-H2 experiments have show
a decrease of about 2–3 times in the relative density of
atoms in going from 0.2 to 1 Torr!. As expected, the lowe
N-atom density in N2-H2 plasmas at high pressure results
a smaller saturation thickness of GaN.

The effect of the GaAs surface temperature on the n
dation kinetics is reported in Fig. 10, which shows the G
thickness profiles at various nitridation temperatures for2
plasmas. It is seen that the higher the temperature, the la
is the GaN thickness.38 However, SE and AFM data20 have
shown that nitridation atT.600 °C yields GaN layers tha
are both very rough and Ga-rich, hence useless for m
applications.

The temperature dependence of the nitridation kinetics
N2-H2 and N2-NH3 systems is more complex. For the
cases, an upper limit of 450 °C is suggested for the nitri
tion. In fact, an almost flat̂ «2& profile is found for T
5450 °C, indicating that nitridation of the GaAs surfa
does not occur. We believe this is due to the fact that foT
>450 °C the heterogeneous recombination of N atoms
H atoms, which desorb as NHx species39 dominates. In fact,
above 450 °C, the XPS, SE, and AFM data have shown
only a small volume fraction of nitrogen is incorporated a
that the GaAs surface rapidly deteriorates: the higher
temperature, the higher the damage in terms of roughn
and Ga-enrichment of the GaAs surface.

D. Chemistry and kinetics

Differently from GaAs oxidation, where it has been po
sible to develop satisfactory chemical and kinet
models,40,41 the GaAs nitridation cannot refer to any theore
ical treatment.

FIG. 10. GaN thickness profiles obtained by N2 plasma nitrida-
tion at various temperatures at 0.2 Torr~empty symbols! and at 1
Torr ~full symbols!. Solid lines represent fit of the profiles by E
~21! defined in the text.
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The overall chemistry of the GaAs nitridation can be si
ply envisaged as

GaAs1N→GaN1As. ~9!

Limited by the inherent complications of this solid-state e
change reaction, we only consider the overall reaction ch
acteristics and analyze the kinetics on the basis of the can
cal laws of the gas-solid interactions.

Thus, Eq.~9! is analyzed in the framework of the heter
geneous reactions in which the following steps are con
ered:~i! chemisorption of nitriding species, N atoms and/
NHx radicals, at the beginning on the GaAs surface and
terwards on the GaN surface;~ii ! inward migration of N
atoms through the product GaN layer, and toward the G
GaAs interface, which at first can be considered to occur
Fickian diffusion;~iii ! chemical reactions at the GaN/GaA
surface, involving the N atoms chemisorption and the
change reaction of As with N, the formation of AsN an
when in the presence of H atoms, of AsHx species;~iv! de-
sorption and outward migration of the As products, also
Fickian diffusion.

We excluded the outward migration of Ga and As io
based on their high mass compared to N atoms, the la
ionic sizes, and also because voltage bias assisted nitrida
does not show any effect even under favorable conditi
unlike GaAs oxidation.28

The problem of establishing which of the above ste
controls the nitridation rate and depth is difficult. While th
concentration of nitrogen atoms~and/or NHx radicals! in the
gas phase depends on electron impact dissociation proce
and on recombination processes~especially the latter in the
downstream plasma region!, the amount of nitrogen at the
GaN/GaAs interface, obviously depends on step~ii !, which
is the N supply function. In order to determine whether tra
port controls the overall nitridation process, we prepa
thickness vs the square root of time and found that the p
are not linear, which indicates that the overall nitridati
process is not determined by the N atom in diffusion. In fa
we can exclude both Fickian transport~chemical diffusion!
and also flow-in micropores~Knudsen-Poiseuville flow!
where both transport processes yield parabolic kinetics
which the N-atoms transport is simply inversely proportion
to the GaN thickness oxidation.42 While this may appear
counter intuitive, the typical examples of diffusion controlle
reactions for apparently similar cases include Si nitridatio43

and Si oxidation,42 where in both cases the molar volume
the solid product (Si3N4 or SiO2) is larger than that of the
reactant~Si!. The consequence is a compressive film str
and the products Si3N4 or SiO2 form a protective layer or
diffusion barrier on Si with the result that the overall reacti
rate is controlled by the low diffusivity of nitrogen or oxyge
through the Si3N4 or SiO2 barrier layer. The situation for
GaAs nitridation is essentially the opposite where the mo
volume of the solid product~GaN! is less than that of the
reactant~GaAs!. In this case, the product layer~GaN! could
be microporous~this is supported by our SE modeling re
sults, which require GaN1voids to achieve the best fit!, re-
sulting in rapid transport so that the rate-determining s
may be the chemical process occurring at the GaN/G
interface. Under these circumstances the rate is determ
by the available surface area of GaAs, and such a proce
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referred to as ‘‘topochemical.’’ 44 Topochemical reactions
are greatly affected by any substance different from the
triding species that adsorbes on the reactant surface and
reduces the area of the GaAs surface available for reac
Such an interfering substance behaves as aninhibitor or poi-
son. In the particular case of GaAs nitridation, the reacti
product As appears at the GaAs surface as was evidenc
the SE models, which show As segregation. The As co
inhibit the reaction and at the same time modify the kine
law. Based on these assertions, a simple chemical mode
the GaAs nitridation is as follows:

N→
D

N~bulk!1GaAs→
k

GaN1As
1

As
kr↓

AsN→1/2N21As

whereD is the diffusion coefficient for the in diffusion of N
atoms,k is the true rate constant of the reactive step at
GaAs surface yielding GaN and free As, andkr is the rate
constant for the N-atoms recombination reaction also a
vated by the As sites. The existence of AsN species at t
peratures lower than 250 °C has been reported by Mas
et al.6 The fate of As depends on the plasma system. Dur
nitridation by pure N2 plasmas, As atoms segregate at t
GaN/GaAs interface, thus reducing both the N-atom den
and the GaAs exposed surface. For nitridation by N2-H2 and
N2-NH3 plasmas, the presence in the bulk of H atoms fac
tates the formation of AsHx species, which outdiffuse an
reduces the As segregation. However, the chemical nitr
tion model above is valid atT,550 °C, since at surface
temperatures higher than 550 °C, the nitridation is assis
by the GaAs thermal decomposition, whatever is the plas
system.20

Using the chemical model, a rate law for GaAs plas
nitridation is derived and tested against the measured th
ness time data. To this end we start from the steady-s
conditions applied to the N atoms fluxF. In the kinetic
model we consider the following fluxes~see scheme in Fig
11!.

First is the Fickian fluxF1 for the indiffusion of N atoms:

F152D
]c

]x
5

D~c02cN!

x
, ~10!

whereD is the diffusion constant of the N atoms through t
GaN layer of thicknessx, and c0 and cN are the N-atom
density at the outermost surface and at the GaN/GaAs in
face, respectively. While we have assumed Fickian diffus
of N atoms, it is important to realize that an alternative tra
port mode is flow-through micropores, but Knudse
Poiseuville flow has a similar inverse thickness depende
and as such the two flux equations are virtua
indistinguishable.42 Next is the flux of N atomsF2 involved
in the heterogeneous recombination to yield N2 and/or AsN:
i-
hus
n.

in
ld
c
for

e

i-
-

da
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e
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-
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d
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a
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te
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-

-
ce

F25krcN , ~11!

wherekr is the recombination rate constant, whose value w
depend on the presence/absence of free As~see the chemica
scheme above!. Finally, there is the fluxF3 of N atoms in-
volved in the reaction, at the GaN/GaAs interface, yieldi
GaN:

F35kcNSGaAs}kcNS 12
x

aD5
k

a
cN~a2x!, ~12!

wherek is the true rate constant for the surface reaction s
and SGaAs is the area of the exposed GaAs surface~to-
pochemical reaction!, also related to the number density
surface-active sites. In the present case, the area of the
posed GaAs surface does not remain constant during the
tridation process. In fact,SGaAs decreases while nitridation i
operative, because of the segregation of free As at the G
GaAs interface, which reduces the number of GaAs sites
nitridation. Thus, theSGaAs decrease can be simply related
GaN thickness by the term (12x/a), wherea is the satura-
tion GaN thickness. Now assuming a steady state where
following relation obtains:

F15F21F3 ~13!

and

D~c02cN!

x
5krcN1

k

a
cN~a2x!. ~14!

The solution for N-atom density is given as

cN5
Dc0

D1krx1
k

a
~a2x!x

. ~15!

This equation enables the fluxF3 to be expressed as

F35
]x

]t
5

k

a
~a2x!

Dc0

D1krx1
k

a
~a2x!x

. ~16!

The relationship between GaN thicknessx and timet is ob-
tained by integrating Eq.~16! and yields the following equa
tion for the time evolution of the nitridation:

FIG. 11. Schematic representation of the steady-state N-a
fluxes (F15F21F3) involved in the GaAs nitridation to GaN.F1

is the diffusive/transport flux of N atoms to GaN/GaAs interfac
F2 is the recombination flux to AsN/N2 andF3 is the reaction flux
to GaN.
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TABLE I. Values of the best-fit parameters by~a! Eq. ~19! and ~b! Eq. ~22! ~see text! for the experimental GaN thickness profile
obtained by the three plasma systems.

N2 N2-NH3 (T5250 °C) N2-H2 ~3% in H2)

70 °C 150 °C 250 °C 450 °C 3% NH3 10% NH3 50% NH3 250 °C 350 °C

~a!

A 7.56 8.76 13.40 15.50 15.35 14.21 14.46 7.18 9.22
B 0.50 0.29 0.38 0.34 0.14 0.17 0.24 0.0005 0.018
C 0.013 0.003 0.0019 0.0011 0.000 08 0.002 0.004 0.0005 0.000
a 29 39 41 54 103 70 65 101 141

~b!

a 28 39 41 54 103 70 65 103 141
b 1.04 1.33 1.15 1.57 0.12 0.021 0.008 0.0006 0.0042
k8 4.51 5.09 5.50 6.02 0.86 0.33 0.27 0.087 0.177
nd
l
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ct

tion
the
nds
. In
ry
N-

2,

in
t of
t5
a~D1akr !

kDc0
ln

a

a2x
2

kra

kDc0
x1

1

2Dc0
x2, ~17!

which can be rewritten for ease of manipulation as

t5A ln
a

a2x
2Bx1Cx2. ~18!

This equation has been used to fit all the experimentalx(t)
profiles; the best fitA,B,Cparameters have been derived a
are listed in Table I~a!. Interestingly, we found that for al
experiments theC(51/2Dc0) values are almost equal t
zero (,1022) and, therefore, negligible with respect to oth
terms. We conclude that the transport term whether by
fusion or micropore flow is fast, and therefore kinetically n
important. Thus, Eq.~18! reduces to

t5A ln
a

a2x
2Bx, ~19!

or in its complete form@see Eq.~17!#,

kc0

a
t5

D1akr

D
ln

a

a2x
2

kr

D
x. ~20!

This equation reduces to the following:

k8t5~11ab!ln
a

a2x
2bx ~21!

and includes, as a fitting parameters, the constantsk8 andb,
which are representative of the true-rate constantk of the
surface-reactive step, and of the disappearance of N at
through the As-activated recombinationkr . The fitting of all
the experimentalx(t) profile ~Figs. 8–10! by Eq. ~21! pro-
duce the values listed in Table I~b!. The parametera repre-
sents the maximum nitridation depth. Theb parameter is a
measure of the reaction inhibition by the As poison, and
value increases with temperature~in fact an increase of As
segregation at the GaN/GaAs interface has been found20! and
decreases with H2 and/or NH3 addition. The presence of hy
drogen favors the As desorption, and the higher the H a
content, the lower theb value. The pseudorate constantk8
obviously increases with temperature and its value depe
on the plasma mixture, being higher for pure N2 plasmas
f-
t

ms

s

m

ds

than for N2-NH3 and N2-H2 plasmas. The fact that thek8
value decreases when in the presence of hydrogen is bec
it includes besides thek constant, the N atoms densityc0 ,
which decreases with the H2 and NH3 addition ~see Figs. 1
and 2! and the saturation thicknessa, which is lower for N2
plasmas than for N2-NH3 and N2-H2 plasmas.

The temperature variation of the pseudorate constank8
can be examined using an Arrhenius plot to derive the
parent activation energyEa8 of the nitridation process. The
low value ofEa8 of 0.05 eV can be understood using the fa
that for gas-solid reactions the true activation energyEa is
reduced by the heat of adsorption of the reactant~N atoms!.

Also, a direct consequence of the suggested nitrida
model is that, with other parameters kept constant,
amount of nitrogen incorporated as the GaN layer depe
upon the partial pressure of N atoms in the gas phase
particular, the initial nitridation rate, i.e., the rate at the ve
beginning of the nitridation process, is a measure of the
atom density at the gas-solid interface. Equation~16! evalu-
ated forx50 reduces to

S dx

dt D
x50

5kc0 , ~22!

whose validity is confirmed by the data shown in Fig. 1

FIG. 12. Linear correlation between the initial nitridation rate,
terms ofd«/dt, and N-atom density evaluated by the square roo
the first N2 emission system.
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where the initial nitridation rate, in terms ofd«/dt, is plotted
as a function of the N-atom density, in terms of the squ
root of the first N2 emission system~see Sec. III A!.

IV. CONCLUSIONS

The GaAs nitridation by N2, N2-H2, and N2-NH3 remote
plasmas has been investigatedin situ and in real time using
spectroscopic ellipsometry, and the following conclusio
are drawn.

The GaAs nitridation is atopochemicalreaction, i.e., the
nitridation rate is determined by the area of the GaAs surf
available for the N-atoms chemisorption.

Free As has a dual inhibiting role in the nitridation kine
ics: it is a recombination site of N atoms by forming As
and, since it segregates at the GaN/GaAs interface, As
duces the available GaAs surface.

The GaAs nitridation is a self-limiting process and is i
hibited by As, which segregates at the GaN/GaAs interf
and limits the thickness of the GaN layers formed by2
plasmas to few tens of angstroms. In N2-H2 and N2-NH3
plasmas, the presence of a small amount of H atoms~;3%!
promotes the As desorption as AsHx , so reducing the poi-
soning effect of As and increasing the GaN thickness~.100
Å!.

A very narrow range of surface temperature exists wh
the GaAs plasma nitridation can be operated successfully
N2 plasmas, atT.600 °C GaAs surface decomposes yie
A
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ing very rough and Ga-rich GaN layers. In N2-H2 and
N2-NH3 plasmas, the nitridation does not occur whenT
>450 °C because of the heterogeneous recombination
cess of N and H atoms.

The composition and morphology of the GaN layers
pends on the plasma mixture. N2 plasmas yield stoichio-
metric and smooth GaN layers with As segregation at
GaN/GaAs interface. N2-H2 and N2-NH3 plasmas give Ga-
rich GaN layers without As segregation. However, the exc
Ga can be easily nitrided by a subsequent exposure for
min to a N2 plasma.

Nitridation using N2-H2 plasmas yield very stable GaN
layers, since neither etching nor damage is induced by
mitting the GaN layers to H atom plasma treatments, eve
temperature as high as 500 °C and at very high H a
doses. On the contrary, GaN layers prepared using eithe2
or N2-NH3 plasma nitridation are easily etched by H ato
treatments.45
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